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EXECUTIVE SUMMARY

Rationale

Invasive alien plants pose a major threat to a sustainable future for South Africa’s water resources. A
recent estimate of efforts to control the major invasive taxa, Acacia, Pinus and Hakea, over the past
two decades, puts the cost at R564 million. Already experiencing major drought conditions, South
Africa’s Cape Floristic Region (CFR) is predicted to become drier overall. Rivers in the area may lose
significant stream flow in the near future, causing losses in biodiversity and water quality. Invasive alien
plants aggravate the shortfall of available water and pose a serious threat to the functions and
processes of the region's ecosystems. Models predicting future consequences of a lack of management
of invasive alien plants and water resources in the Western Cape indicate that if the current growth of
alien plants goes unchecked from the present state for 100 years, some species might invade up to
62.4% of the catchment area with about 87 million m3 of water lost due to this invasion. This could
severely constrain the economies and quality of life in the CFR’ major towns and cities, and lead to
major biodiversity losses in a recognised global biodiversity hotspot.

Restored river systems not only provide more fresh water, but also buffer against floods and bank
erosion, recycle nutrients, and create habitats for an array of biota. In an effort to control invasive alien
plants and eventually restore riparian areas, the government of South Africa initiated the Working for
Water (WfW) programme. The major objective of WfW is to restore and maintain natural resources by
clearing invasive alien plants while creating jobs and economically empowering unemployed people
from historically disadvantaged communities. However, stream restoration mainly focuses on removing
invasive alien plants to increase water availability. Riparian zones are left to self-repair without
monitoring, which causes them to revert back to alien stands, making future clearing as costly as initial
clearing.

Little attention is paid to the high loads of effluent discharge, particularly nitrogen and phosphorus
concentrations, that many streams carry. For example, in a comprehensive study of 20 of the largest
river catchments in South Africa and their prevailing nutrient status between 1970 and 2005, it was
found that nutrient levels generally exceeded water quality guidelines, which threaten both plant and
animal biodiversity. Indeed, in the Western Cape, the Berg River system provides favourable conditions
for eutrophication for most of the year. The dire findings and future predictions of water scarcity in the
CFR highlight the need for more concrete information on the ecology of the effect invasive plants may
have before and after clearing on water quality, sedimentation and aquatic biodiversity.

Study aims
The project had three overall study aims:

1. To determine the effects of riparian restoration on stream species functional diversity and
abundance of stream species and compare this to natural and invaded conditions.

2. To determine the effect that riparian zone restoration has on nutrient cycling (nitrogen) on
streams and compare this to natural and invaded conditions.

3. To quantify the nature and significance of the relationship between functional diversity and
abundance of stream organisms and nutrient cycling.

Expected results or products

The expected major contribution of the project was to publish information with the potential to influence
policy guidelines on water quality monitoring after removing alien trees and thereafter restoring riparian
corridors. In addition, the recommendations from this project were expected to have a direct impact on
water quality, and thus enhance indirect benefits derived from streams with high ecological integrity, i.e.
functioning of trophic cascades. Finally, by focusing on the dynamics of nutrient inputs by invasive



species in the sampled streams, and how the streams are affected by invasion and clearing, this project
aimed to contribute to the sustainable management of clean water for delivery to communities. Part of
the physical outputs were to include a publication on the targeted management and restoration methods
for Cape streams, and a student was to be trained, enhancing and building the capacity in the fields of
restoration ecology and freshwater ecology, areas of scientific scarcity in South Africa.

Summary results

Our overall findings indicate that invasive Acacia stands had no effect on surface water quality, but on
nutrient concentrations (total nitrogen and phosphorus) of infiltrated sediment. Furthermore, where
there was a high connectivity between the riparian zone and stream, sedimentation was high and
showed no sign of depletion. In contrast, where riparian connectivity was low at the invaded site,
sediment loads were low and showed signs of depletion. However, nutrient concentrations of those
sediments were also high, and there were elevated nitrogen and phosphorus concentrations in
infiltrated sediments and at cleared sites (> 10 years). Annual leaf litterfall of Acacia mearnsii in riparian
zones was five to seven times greater than that of native vegetation with two peaks in litterfall: one at
the end of the dry season in mid-autumn, and the other in mid-summer. Nutrient (nitrogen)
concentrations in Acacia leaf litter were up to ten times higher than that of native vegetation. While
macroinvertebrates responded strongly to differences in invasion status, algae did not. There were only
weak relationships between algal biomass and nutrients in streams.

Managing the clearing activities is perhaps most indicative here, as is prioritising areas for clearing.
Riparian zones that have dense stands of invasive plants with high connectivity to streams, i.e. low
banks, should be prioritised for clearing. This reduces the potential effect of continued sediment and
biomass input. Clearing activities need to be geared towards reducing sediment input into the stream
channel. These methods may come at increased costs. The water needs of downstream stakeholders
need to be considered to choose management methods that reduce sedimentation, for example, simply
including immediate replanting with indigenous plants, and active stream stabilisation methods.

This project addresses several needs identified in the National Resource Management (NRM) strategy
document, which is deeply rooted also in the overarching vision and mission of the Department of
Environmental Affairs regarding safeguarding and enhancing ecological integrity. Particularly relevant
is that this project links threats to the functioning of natural systems by invasive alien species. The NRM
strategy document also identifies the need for assessing the ecological outcomes of management
interventions, such as invasive alien plant control.

The results from the project are not only primarily relevant to the WfW programme, but also to the
Working for Ecosystems programme. WfW has identified the needs for ecological and hydrological
information such as the need to (a) understand the impact of invasive plants on stream flow resources
to prioritise investments in invasive alien plant management; and (b) knowledge on whether activities
are improving water quality and flow. Working for Ecosystems seeks to understand the impacts of
different invasive plant species on soil stability, erosion and siltation.

While this project did not find that invasion has negative impacts on surface water quality, it needs to
be noted that this is entirely subject to catchment characteristics. In other studies outside South Africa,
water quality effects have been demonstrated to be significant with related effects on aquatic biota.
Thus, the potential negative effects on water quality from nitrogen-fixing invasive woody plants should
not be discounted, but catchment characteristics mapped as part of a clearing strategy to target
catchments where effects on water quality may be greatest. Nutrient concentrations of infiltrated
sediment and the mobilisation of sediment are of concern. In natural streams with natural flow patterns
this may be less of a concern, flow-regulated systems are likely to be impacted. The recommendation
here is to consider flow management with catchment characteristics and reach consensus on which
riparian zones to clear. This should be possible to do using appropriate desktop models.



Study objectives

A major objective of this project was to measure stream faunal and floral recovery based on the biotic
measures of aquatic flora (green algae and cyanobacteria), benthic invertebrate species diversity and
abundance, and the abiotic indicators of nutrient dynamics as a function of invasion (natural, cleared
and invaded). Three research objectives were proposed to:

1. Quantify the effects of riparian restoration on stream species functional diversity and
abundance of stream species.

Are there detectable differences in the functional diversity and abundance of stream species in
the control (natural), cleared and invaded sections?

2. Quantify the effect that riparian zone restoration has on nutrient cycling (nitrogen) on streams.

Does dissolved nitrogen input differ between upstream and downstream sections of the
sampling sites? Are there detectable differences in dissolved nitrogen between the control
(natural), cleared and invaded sections?

3. Quantify the nature and significance of the relationship between functional diversity and
abundance of stream organisms and nutrient cycling.

Are there correlates between macroinvertebrate species functional diversity and abundance
and the amount of available nitrogen in streams? Are there correlates between algal flora
functional diversity and abundance and the amount of available nitrogen in streams?

On the advice of the review group, a fourth objective regarding sediment was added. Sediment may be
a major driving factor in nutrient cycling, and thus the focus of the project included investigating relative
suspended sediment loads and nutrient concentrations.

Study area

Two perennial rivers located in the CFR, namely, Wit River (Bainskloof) and Du Toit's River
(Franschhoek Pass) were chosen for this study. Each river had three experimental reaches with
different riparian vegetation categories, namely, (a) near-pristine fynbos; (b) cleared of alien vegetation;
and (c) invaded. The study sites were located in protected areas that were free of land use that could
affect water quality and trophic interactions (e.g. agriculture).

Methodology

Data were assessed during low- and high-energy flow events from January 2016 to February 2017. For
the sediment study, nine bedload sediment baskets and one time-integrated suspended sediment
sampler were placed at each site to quantify the relative sediment load, and to test for nutrients: total
nitrogen, total carbon and total phosphorus. Samples were also used to determine the percentage of
clay using particle size analysis to compare nutrient loading between sites. Temporal variation of the
water level at the sites was measured every 30 minutes with pressure transmitter probes. In conjunction
with the water level data, channel cross sections (five per site) were surveyed. These data were used
to calculate discharge by means of a discharge rating curve.

For the litter study, litter traps were placed under both native and alien tree canopies in the near-pristine
and invaded sites of the Du Toit's and Wit rivers. Samples were collected monthly from January 2016
to December 2016. Mean monthly values of leaf litterfall, expressed as dry weight in g-m=2 were
calculated for each trap per site. For each season, leaf litter nitrogen and carbon concentrations (mg/g
dry mass) were determined. Foliar samples of A. mearnsii and reference fynbos tree species were
collected in mid-autumn (early April 2006) for 815N analyses. The natural abundance 15N technique was
used to determine the nitrogen-fixing ability of A. mearnsii growing in the riparian zones of the rivers.
The fractional contribution of biologically fixed nitrogen was determined. In order to understand nutrient



conservation strategies and determined absorption of nitrogen and phosphorus, the resorption
efficiencies of the nutrients were determined from senesced leaves.

In order to test the home field advantage hypothesis that plant leaf litter tends to decompose faster in
its native environment and that macroinvertebrates in the same environment favours the plant material
above them, fynbos species and A. mearnsii leaf were placed litter in fine mesh bags in the native and
new reach environments. A total of 384 (192 per river) leaf bags were placed in the river reaches for
two experiments — decomposition without herbivory and decomposition with herbivory. Leaf bags were
imbedded at both rivers from 4 November 2016 to 6 February 2017. Incubation periods were 14, 28,
48, 64, 80 and 102 days. At the end of each incubation period, 64 bags (32 per river, or eight per
experiment per river) were removed.

For the study on benthic organisms, five rocks were collected at each sampling site for macro-
invertebrate and algal sampling, and an additional five rocks for chlorophyll analysis. Ten rocks were
selected randomly in-stream. Rock depths ranged from 10 cm to 60 cm in riffles and pools. The rocks
were sampled starting downstream of the flow direction to avoid disturbing the sampling sites. Each
rock was dislodged with as little disturbance as possible and immediately placed in a white plastic meat
tray. Excess water was drained carefully without losing macroinvertebrates. The macroinvertebrates
were picked off the rock and placed in a 50 ml plastic vial with 70% ethanol. The same rock was
scrubbed with a toothbrush for a minimum of five minutes. Up to 45 ml of stream water was used to
rinse the rock’s surface at intervals. Once scrubbing was completed, the algal solution was added to a
50 ml vial with 5 ml 95% ethanol. The rock’s area (length x width) was then measured and recorded on
prelabelled waterproof self-sticking labels, which were placed on the tubes. Five rocks were collected
for chlorophyll a analysis. These were selected from the same biotopes as the previous samples. The
same general procedure was followed, except that a total of 50 ml of stream water was used to rinse
the rock’s surface at intervals. Once scrubbing was completed, the algal solution was added to a 50 mi
vial. The vial was then placed on ice and kept dark and cold in an ice cooler.

Results

Mean suspended sediment yields (SSYs) were significantly higher at the invaded sites than at the
cleared and fynbos sites — increasing steadily from up- to downstream at Wit River. The results suggest
that SSYs in all sites are supply-limited and subject to depletion, except for the invaded site on the Wit
River. During the wet season, up to 80% of the total annual suspended sediment load was transported.
Analysis of the hysteresis loops showed that the dominant sources of suspended sediment at the
Du Toit’s River were from in-channel sources, which were primarily bank erosion and stored sediment
on the riverbed. Additionally, relative specific SSYs were found to be solely related to catchment
contributing areas. In contrast, the dominant sources of sediment on the Wit River were from a
combination of in-channel and catchment sources. SSYs in the Wit River were found to be inversely
related to the catchment contributions, indicating that invaded and cleared ecotones enhanced
sediment delivery to the river. The sediment load increase in the invaded site was up to 260% compared
with natural fynbos, with only a 60% increase at the cleared site. In contrast, invasion and clearing
appeared to have no effect on sediment loads at the Du Toit’s River.

Invasion by A.mearnsii and clearing of the invasive plant increased total nitrogen and total phosphorus
in infiltrated sediments of the Wit River. Mean total nitrogen concentrations in infiltrated sediments of
invaded site were up to 30% and total phosphorous were up to 43% higher than in fynbos site.
Furthermore, a long-lasting biogeochemical effect of invasion after clearing was detected at the Wit
River regarding total phosphorus concentrations in infiltrated sediment. The mean concentration of total
phosphorus was 40% higher in the cleared site than the fynbos site on the Wit River. The phosphorus
concentrations in surface water were not significantly different between invasion statuses on both rivers.
Similarly, ammonia, nitrate and nitrite concentrations in stream water were similar between invasion
statuses.
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Annual leaf litterfall of A.mearnsii in riparian zones was seven to ten times greater in A. mearnsii species
(on average 297.49 g/m?2) than native vegetation (on average 34.44 g/m?2), with two peaks in litterfall:
one in mid-autumn and the other in mid-summer at both perennial streams. In contrast, the native
vegetation only drops leaves once a year in the early summer month of December. A. mearnsii also
retained higher nitrogen concentrations (with a mean value of 24.82 mg-g™* in leaf litter) than the native
species throughout the year, which ranged from 3.23-8.63 mg-g™! between seasons. The &1°N/5'*N
isotope ratio showed positive 8N signatures in A. mearnsii, suggesting that the deep rootedness of
the species allowed it access to 1°N-enriched organic matter in deep soils — an ability that the native
plants did not have. The co-occurring native species were more efficient in the resorption of nutrients
(nitrogen and phosphorus), which was on par with global averages of 56%. In contrast, A. mearnsii was
inefficient in the resorption of nitrogen with an average of 21.86% resorbed.

Decay rates differed locally. At all sites, decay rates were initially similar, but diverged to twice as fast
at the Wit River for A. mearnsii, while at the Du Toit’s River, decay rates remained fairly similar. Nearly
twice as many genera and up to four times the abundances of herbivores were observed at the Wit
River sites. Herbivore preferences for alien vegetation differed locally. Litter bags with alien vegetation
had twice the abundances of individuals at the Du Toit’s River, whereas at the Wit River, at least for the
alien site, there was no clear preference for either fynbos litter or alien litter. Functional feeding groups
generally had no clear preference for either alien or native litter in any of the treatments across rivers.

There were no consistent differences between invasion statuses in the rivers, algal or macroinvertebrate
densities. There were significant differences in benthic algal density and benthic macroinvertebrate
densities and functional feeding groups only during the transition period between spring and summer
(month of November). At the Wit River, where differences were found to be significant, the invaded site
was dominated by scrapers, deposit feeders and predators. The cleared site had a high density of
grazers, and also a very high density of deposit feeders.

Conclusions

e Mountain streams are suspended sediment supply-limited systems. The local hydraulic properties
and site characteristics (e.g. channel morphology, lithology, vegetation cover, and topography) are
important controls and produce substantial variations in the quantity of suspended sediment.

e The impacts of invasive alien plants on suspended sediment dynamics strongly depend on riparian
zone connectivity. Low banks with dense stands of invasive alien plants increase SSYs and
maintain sediment supplies in systems normally subject to sediment depletion.

e A. mearnsii leaf litter is highly abundant with seven to ten times that of native leaf litterfall. Leaves
are dropped twice a year and are high in nutrient content, which is in contrast to native leaf litter,
which is nutrient-poor and only shed once a year. This changes the diversity and abundances of
macroinvertebrate genera — at least in the short term.

e Indeed, in this study, macroinvertebrates responded strongly to differences in invasion status, while
algae did not. Weak relationships between algal biomass and nutrients in stream environments
have been attributed to the complex interaction between physical and biological factors in mountain
streams.

Recommendations

Management

Here, only two stream systems were investigated. We are cautious, therefore, to make broad
management recommendations. However, in principle we suggest that:

e Rivers upstream of reservoirs or wetlands should be prioritised for clearing. This would reduce
sedimentation and nutrient loads received.

Vi



Riparian zones slotted for clearing need to be assessed for stream bank zonation and connectivity
to the main channel of the stream bank.

Invasive stands in riparian zones with low banks and high connectivity to main channel need to be
prioritised for clearing. Stands with high connectivity to the main channel and vulnerable features
(reservoir/wetland) should be prioritised over all other clearing activities in riparian zones.

Clearing needs to be adapted where connectivity to the stream is high. We suggest that invasive
stands could initially be thinned and revegetated with native fynbos plants tolerant of higher nitrogen
soil content. While initially more expensive than clearing and leaving woody debris to decay,
immediate revegetation may lead to more rapid recovery while at the same time being a cost-
effective and rapid method for stabilising stream banks.

Research

This project highlights that although vast amounts of money are spent on clearing invasive alien plants
such as A. mearnsii, which are touted as among the worst of invaders, knowledge of their basic ecology
is lacking. We suggest that the principle of “know your enemy” should applied here. By understanding
the ecology and physiology of Australian Acacias better, new avenues for the control of these invasive
plants, which have not been considered before, become plausible.

Our study suggests that A. mearnsii in established stands do not continually fix nitrogen. The
conditions under which the plants fix nitrogen need to be investigated further.

The long-term effect of A. mearnsii leaf litter input on the river food web remains unknown. A study
investigating the energy value of A. mearnsii leaf litter would increase our understanding whether
the leaf litter has any adverse effects on the reproductive potential or survival of aquatic
macroinvertebrates. This is important as macroinvertebrates form the basis of the food chain on a
relative level, and are important for maintaining fish populations.

The impacts of riparian zone invasion by A. mearnsii depend on the highly complex and dynamic
environments they invade, and their severity or benefit to the environment will differ substantially.
We recommend that desktop models be established to determine the severity of potential impact in
catchments. The same model could be used to help prioritise areas for clearing.

viii



ACKNOWLEDGEMENTS

We gratefully acknowledge the Water Research Commission (WRC) for funding this research project
as well as the members of the Steering Committee for their advice, guidance and review of various
deliverables and the final report, namely:

Mr B. Madikizela WRC (Chairperson)

Dr N Allsopp South African Earth Observation Network

Dr H Dallas Freshwater Research Centre

Dr E Day Freshwater Consulting Group

Mr A Khan Department of Environmental Affairs

Dr P Ntshotsho Council for Scientific and Industrial Research
Dr K Reinecke Southern Waters

Dr N Rivers-Moore Rivers-Moore Aguatics

Dr D Sharp Department of Environmental Affairs

We would also like to thank Pashni Pillay, Adrian Simmers, Charlene Simaika, Cole Granger,
Navan Langeveld and Earlon MCcloen (Project assistant), Kyle (Siva) Gertze, Juandre Ford,
Bryan Meyer, Adam Railoun, Nick Marais (extra — project assistance), Imelda Heyns (Department of
Water and Sanitation), Celeste Mockey, Riaan Keownn, Nigel Roberston, Annatjie French, Monean
Jacobs (University of Stellenbosch Administration), Dr Alyssia Kleinert (Botany), Hanelie Botha
(Department of Engineering, University of Stellenbosch), for their participation in the project.



PROJECT TEAM

Project leader Dr John P Simaika

Researcher Dr Shayne Jacobs

Student Mr Zaid Railoun

Student Mr Kenwinn Wiener

Student Mr Armand van Wyk

Supervisors Dr John Simaika!, Dr Shayne Jacobs?, Dr Suzanne Grenfell?

1 University of Stellenbosch

2 University of the Western Cape



TABLE OF CONTENTS

EXECUTIVE SUMMARY ...ttt ettt ettt ettt e he e e s ab e e st et e sa bt e e abe e e abee e sabe e e aabeesabeeeabeeesnbeeannes iii
ACKNOWLEDGEMENTS. ...ttt ettt ettt ettt et et e e e be e e abe e e sabe e e abb e e ehbe e ambe e e aabeeenbeeesbbesanbeeenneeas ix
PROUJECT TEAM ...ttt ettt bttt et e ettt e s s bt e he e e eh bt 24kt eeehb e e eabe e e ebee e smbe e e beeesabeeeebeeesnbeeanbeas X
LIST OF FIGURES ... oottt ettt ettt sttt skt b e e e ebb e e e bt e e shbe e eabe e e ebbe e smbeeebeeesabeasbaeenabaaans Xiv
LIST OF TABLES ...ttt ettt bt b e e e b bt e e bt e e s bt e e sab e e e ebbe e embe e e abeeeanbeaebneesabeaan XVi
ABBREVIATIONS ...ttt sttt ettt ettt b e s h bt e ekt e e b et e 4 a ke e e ehb e e em b e e et ee e e be e e ambeesmbeeeabbeesnbeeennnens XViii
CHAPTER 1 — GENERAL INTRODUCTION ....cciiitiiiititaitiee sttt ettt seae e b e e snaeesneeas 1
1.1 Sediment Dynamics and NUHENt LOAAING . ......uueieiiiiiieiiiiie ettt 1
1.2 Leaf Litter Input and DECOMPOSILION .......coevvviiiiiiiiiiiiieeeeeeeeeeeee ettt 2
CHAPTER 2 — GENERAL METHODS ...ttt e 3
2.1 Climate, Geology and HYArOIOQY .........uuuuuuiuiureiiieieieieieieieieieierererererererereere—————————————————————. 3
2.2 Desktop Site SeleCtion fOr SUIVEYS......cccoiiiiiiiiiie ettt 3
R B - 110 = LIS (1 PP PP PURRR 7
A O 1T U= To IR | 1= PR 7
S T 1 VZ=To [T o IR | (= PP PP PP PUPRRP 8
2.6 DesCription Of SItE ON RIVEIS ... ..ciiiiiiiiiei ittt e e 8
CHAPTER 3 — QUANTIFICATION OF RELATIVE SUSPENDED SEDIMENT LOADS IN TWO

A. MEARNSII-INFESTED MOUNTAIN STREAMS OF THE CFR, SOUTH AFRICA .......cocoiiiiiiee 10

I A 1411 0T [0 Tox 1o o PP PP OUPRPPPPPURPPOTPRP 10

1 0 /11 1 T o £SO 11
3.21 Study Site and GENETAI SEIUP ...oiiiiiiiie it 11
322 Time-integrated SAMPIETS .........uiiiiiiie et e e 13
3.2.3 SeAIMENT DASKELS.....ciiii e e e e e r e e e e e s e eeeeeeeaanns 13
324 RIVET AISCRAIGE ..ot e e e e e e e e e e e 14
3.25 SAMPIE ANAIYSES .....eiieieieee ettt anaees 14
326 StAtISHCAl ANAIYSES ..ot a e 14

3.8 RESUIES et e e et e e s e e e e e e nr e e e s re e 15
3.31 Channel morphology and hydrology ... 15
3.3.2 Suspended SEAIMENT FIUX.........coiiiiiii e 16
3.33 Temporal and spatial patterns in sediment infiltration .............cccccviie i 18
3.34 Spatial pattern in fine sediment iNfiltration ..., 21
3.35 Catchment suspended sediment Yield (SSY) ....cocvviiiiiiiiiiieee e 23

I B 1 1Yol 13- (o] [ TP PPRP PP 25
3.4.1 Temporal variability in sediment infiltration .............cccccoi 25
34.2 Spatial variability in sediment INfIltratioN ..o 26
343 CatChMENT-SCAIE SSY ...ttt e e e e e e bbb ee e e e e e e aans 27
344 Impacts of different vegetation conditions on suspended sediment loads .............ccccveeee.... 27

G TS T @ o Tod U1 T 1SR 28
CHAPTER 4 - INVESTIGATING THE IMPACTS OF INVASIVE NITROGEN-FIXING A. MEARNSII
SEDIMENT NUTRIENT DYNAMICS IN MOUNTAIN STREAMS OF THE CFR ....c.cooiiiiiiiiiieeeiee 30
o R 1o o o [F od 1T o O PR UPP R TUUPTPPPPTTT 30
4.2 MEINOUAS. ...t 31
421 Study SItES AN AESIGN ... e e e e e e e e e e e e s e e e e e e e s n i rraaeeeaann 31

Xi



422 Sediment collection and ANAIYSIS ............eiiiiiiiiieii e 32

423 PArtiCIE SIZE COMECHIONS ... .veiieiiiiiee ettt ettt e e st e e e s bt e e e s nbbeeeeanbbeeeeaa 33
424 SEAtIStICAI BNAIYSES ...t 33
4.3 RESUILS ..ot e et e e e e e a— b e te e e e e e e e e abbeeeeaaeeeaaabanreeeaaeeeaann 33
431 Temporal dynamics of carbon and nitrogen in infiltrated and suspended sediments.......... 33
432 Spatial dynamics of carbon and nitrogen in infiltrated sediment and suspended sediment 36
4.3.3 Spatial and temporal dynamics of TP in riverbed sedimentsS...........cccoocvvviiiiiieiniiee e, 39
434 Spatial variation in nutrient content between invasion StatuSes ...........cccccevveeeeinieeeeineenn. 40
4.3.5 Spatial and temporal variability in stream water nutrient concentrations..............ccccceevveeee. 42
N B 1o U 11T I PRSP SPPPRRT 43
441 Temporal variability in sediment-bound nutrient concentrations .............ccccccceeeviiiiiieeennn. 43
44.2 Spatial variability in sediment-bound nutrient concentration ..............cccccccviiiniiiiinieinin. 45
443 Impacts of nitrogen-fixing A. mearnsii on nutrient contents in fynbos streams ................... 46
444 Effects sediment-bound NULHENt CONTENT ............coiiiiiiiiiiii e 46
445 Effects on stream nutrient CONCENIIALIONS ........ocuvveiiiiiiiei it 47
T O T 11 ] T o PRSP PPRRRR 48
CHAPTER 5 - NITROGEN INPUTS FROM INVASIVE A. MEARNSII INTO RIPARIAN ZONES IN THE
L PO RP SRR 49
L% R [ o1 1o T [V T 1o o AT T OO PRPP PP 49
LT /111 T To £ PR 50
5.21 Study area in the Fynbos Biome, CFR ...........cccociiiiiiiiii e 50
522 Leaf litterfall traps and seasonal carbon and nitrogen concentrations ............ccccceeeeveiinneee. 51
523 Isotope analysis (nitrogen acquisition strategies using **N natural abundance)................. 52
524 Resorption efficiencies (retranslocation of nutrients in A. mearnsii and native plants) ....... 53
5.25 SEAIStICAI BNAIYSIS ....ei ittt 53
LR T (= T 1SS 54
5.3.1 Annual litterfall, nitrogen and carbon concentrations, and nitrogen return to soil estimation of
A. mearnsii and co-occurring native species in CFR riparian zones ............cccccccvvvvvevennnn. 54

532 Nitrogen-fixation status of A. mearnsii in riparian zones in the CFR ............ccccovviiiiiiieeee 58
533 Nutrient allocation and conservation strategies in A. mearnsii and competing co-occurring
NALIVE SPECIES ....etiiei ittt e ettt e e e s bt e e e e b bt e e e st bt e e e aabb e e e e sabb e e e e abbeeeeabbeeeeaa 60

LS I 1Yo 1 £ (o) o SRRSO 63
541 Litterfall estimates of A. mearnsii and co-occurring Native SPECIES .........cocvvveeeviieeeeiiieeeenns 63
54.2 Seasonal carbon and nitrogen concentrations, and nitrogen return to Soil ..............cc..c...... 65
543 A. mearnsii and reference plants leaf 85N SIgNAtUreS ..........cccccveiieeiiieenie e 66
LSS T @ o U1 T 1SR 71

CHAPTER 6 - TESTING HOME FIELD ADVANTAGE EFFECTS ON DECOMPOSITION RATES AND
MACROINVERTEBRATE COMMUNITIES OF NATIVE AND INVASIVE LITTER SPECIES IN

FYNBOS MOUNTAIN STREAMS IN THE CFR....ccoieiiiiieiieeeeeeeeteeeeee ettt 72
L2 R 101 o T [ ox 1T PO RPUPURPOTPPP 72
8.2 MEBENOAS. ... e e e e e e e e ee e 75
6.2.1 1106 |V 1T B O OO PP PP PP PPPPPP PP 75
6.2.2 Experimental set up for decomposition and herbivory...........cccocovii 77
6.2.3 SEALIStICAI BNAIYSIS ....eeiitiiii et 78
8.3  RESUILS .ttt e e b e e e e Rt e e s R r e e e e s b e e e e e b e e e e nnreee e 79
6.3.1 Decomposition rates in near-pristine and alien-invaded reaches...............cccccvviieiiiiieeee 79

Xii



6.3.2 Macroinvertebrate abundances between near-pristine and invaded reaches and general

(o] o LST=T Y= U0 o PSPPSR 83

6.3.3 FFGs in between fynbos species and A. mearnsii litter types in different treatments......... 84
L S I 1Yo L1 (o] o [ PR UPRPRT 104
6.4.1 Decomposition rates between Fynbos species and A. MEAINSIi .......ccceevvviviieeereeeiiiinnne. 104
64.2 Macroinvertebrate herbivore litter affinity effects in home and away environments.......... 105
LS T O] [od 013 o] o FO PSPPI 107

CHAPTER 7 — EFFECT OF RIPARIAN ZONE INVASION BY ALIEN TREES ON AQUATIC ALGAE
AND INVERTEBRATE DIVERSITY ON MEDITERRANEAN MOUNTAIN STREAM ECOSYSTEMS

107
4% S 111 o T [0 Tox 1o o PSPPSR 107
42 /11 1 T To £ USRS UPRPRR 109
Y (SRS =T o ) o PSPPSR 109
7.2.1 Sample collection and IdentifiCatioN...............uuuiuiiiriiiiiiii . 109
722 Environmental Variables...........ooooiiiiiiiie e 110
7.2.3 StAtISHCAl BNAIYSES ... a e e 111
7.3 RESUILS ...ttt e oo oottt e e e e e o b e e e e e e e e e e e e bbb a e et e e e e e e e bnrrreeeaeeaaaan 111
7.31 AlGAI HBNSILIES ...ttt e e e e e s e e e e e e s s b ab e e e e e e e e e e nnnneeees 111
7.3.2 1031 (0] 70} o] 117/ | I N PP PP PP OTPPP 112
7.3.3 MacroinVertebrate dENSITIES ........o..eviiiieie e e e e 113
7.3.4 ENnvironmental VariablesS..........ooii i 115
4 I 1Yo [ (o ] o S URERR 120
CHAPTER 8 — GENERAL SUMMARY AND CONCLUSIONS.......cooi i 121
L o L SRS 123
A e = N1 T 147

Xiii



LIST OF FIGURES

Figure 1: Map showing the location of the sites used in the main part of the study ..........ccccceeiiiiiiiie i, 4

Figure 2: Example of natural sites (see Table 1 for complete set). Left: Lower Eerste River natural site, with Prionium
serratum a prominent component of wet banks. Right: Upper Eerste River natural sites, with dry banks consisting

of Brabejum stellatifolium and Metrosideros angustifolia. Photos: S Jacobs............ccccceoviiiiiiiiic e, 7
Figure 3: EXamPIe Of ClEAIEA SItES .......ccuiiiiiei ettt e e e e e e e e e e e e s e e e e e e e s e a bt b e e e eeeeeannneraeeaaeas 7
Figure 4: EXxample Of INVAAEA SITES .........eeeiiiiiee ettt e e e e ettt e e e e e e s ane e e e e e e e s e e nnnebeeeaeeeeanneaeeeaaens 8

Figure 5: Sediment Infiltration baskets filled with gravel used in capturing fine sediment (left); embedded basket in

LAV g T=To I (4T [ o] T TP PPPRRP 14
Figure 6: Longitudinal profiles of the (above) Du Toit's and (below) Wit RiVEr............ccoooiiiiiiiiciiiiiieieee e, 15
Figure 7: Monthly suspended sediment load caught by suspended sediment samplers...........cccoecvveiiiiieeiiieeene 17

Figure 8: Photos showing the distinct visual difference between (left) base flow and (right) high-flow conditions at
the iNvaded Site 0N the Wit RIVET..........oiiiiii et et e e et e e e ettt e e e b e e e antr e e e anneeeesnaeeas 19

Figure 9: Sediment infiltration rate in relation to mean discharge at sites during the measurement month........... 20

Figure 10: Channel classification, criteria and description of the geomorphic process based on SSP and average

SEAIMENT INFIFALION FALES ... .eeieii ittt e st e e et e e e e hb et e e nab e e e e s br e e e asne e e e nnneeas 22
Figure 11: Monthly relative silt and clay iNfilEration .............cuoiiiiiii e e 22
Figure 12: Temporal and spatial variability in fine sediment infiltration rates ............ccccooeeiiiiiiiiii e 23
Figure 13: Catchment SSY fOr INVASION STAUSES .........uuiiiiiiieeiiii ettt e e e s e e e e nnee e 24
Figure 14: Relationship between catchment contributing area and SSY .......cccciviiiiiiiiiiiiee e 24
Figure 15: Sediment and nutrient dynamics during the field period...........cccouiiiiiiii e 35

Figure 16: Relationship between TN and (a) average infiltrated sediment (< 2 mm); (b) total suspended sediment;

(c) clay and silt fraction of infiltrated sediment and (d) TC .......ccooiiiiiiiiiiei e 36
Figure 17: TN and TC in infiltrated SEAIMENT.........viiiiiiie e e s 38
Figure 18: TP in infiltrated sediment (< 63 pum) for invasion statuses acroSS SEASONS...........cceeevriiirrieereenennienenns 39
Figure 19: Mean TN in infiltrated sediment for invasion StatuSes aCrOSS MVEIS.......cc.couuiuiiiieieeeiiiiiiiieeee e e 41
Figure 20: Mean TP in infiltrated sediment for invasion StatuSes aCroSS MVErS ..........ccoiveeeiriiiieiniieee e 41
Figure 21: Location of the two perennial rivers in the Western Cape, Breede WMA ..........oooiiiiiiiiiieiiiiee e 51
Figure 22: Photographs of the different invasion treatMents ..o 51

Figure 23: Patterns of (a) mean and (b) seasonal (g/m?) for A. mearnsii and co-occurring native species growing in
near-pristine and invaded areas in riparian zones at the Wit RIVET ... 54

Figure 24: Patterns of (a) mean and (b) seasonal litterfall (g/m?) for A. mearnsii and co-occurring native species
growing in near-pristine and invaded areas in riparian zones at the Du Toit's River.............cccccciiii i, 55

Figure 25: Mean seasonal patterns of nitrogen concentrations (%) for A. mearnsii and co-occurring native species
growing in near-pristine and invaded areas in riparian zones at (a) Wit River and (b) Du Toit’s River.................. 56

Figure 26: Seasonal patterns of C:N ratio concentrations (%) for A. mearnsii and co-occurring native species
growing in near-pristine and invaded areas in riparian zones at (a) Wit River and (b) Du Toit's River.................. 57

Figure 27: Mean foliar 8'°N (a) and nitrogen concentration (b) in A. mearnsii and associated reference plants... 58
Figure 28: Mean foliar 8'°N (a) and nitrogen concentration (b) in A. mearnsii and associated reference plants... 59

Figure 29: Representation of the fIOWEriNg SEASON ..........coi i e e aaaes 65

Xiv



Figure 30: Location of the two perennial rivers in the Western Cape, Breede WMA: Wit and Du Toit’s River, and

the four treatment sites (green: near-pristing; red: iINVaded SIte) ...........ccoiiiiiiiiiie i 75
Figure 31: AFDMR% over 102 days inCUbation PEIHOQ ...........uuviiieiiiiiiiiieee e e e e e s e e e e e s saaaees 81
Figure 32: AFDMR% over 102 days inCUbatioN PEIHOM ...........uuiiiiiiiiiiiiiieee et e et e e e e e e e aneneeas 82

Figure 33: Scatter plots of mean (a) nitrogen concentrations (b) C:N ratios against AFDMR% of fynbos species and
A. mearnsii in near-pristine and iNVaded rEACNES ............ueiiii it 82

Figure 34: PCA of the environmental conditions in-stream at the study site of the Wit River (above) and Du Toit’s
LAV =T (0 1= 11 TSP 84

Figure 35: Mean abundances of FFGs (m~2, n = 3) of deposit feeders, scrapers and predators at the Wit River near-
LIS =TS (PO PPPRS 85

Figure 36: Mean abundances of FFGs (m™2, n = 3) of deposit feeders, scrapers and predators at the Wit River,
1)Y= e (=T ST = PRSPPI 85

Figure 37: Mean abundances of FFGs (m™2, n = 3) of deposit feeders, scrapers and predators at the Du Toit's
LAY B Lo T o4 53 1] TN == o o PP PPTII 88

Figure 38: Mean abundances of FFGs (m™2, n = 3) of deposit feeders, scrapers and predators at the Du Toit’s
L YT BT 1Y= Lo (=T BN =TT o IR 88

Figure 39: Mean genera (m~2) abundances (above) of fynbos species (HFA) and (below) A. mearnsii litter type in
near-pristing reach at the Wit RIVET ..........ooi ittt et e e e st e e e enbee e e e snbeeeeanteeeeans 92

Figure 40: Mean genera abundances (above) of A. mearnsii (HFA) litter and (below) fynbos species litter type in
the invaded reach at the WIt RIVET ........coii e e e e e e et e e e e e e s st b e e e e e e s eansnereeeaeeeaanes 93

Figure 41: Mean genera abundances (above) of fynbos species (HFA) litter and (below) A. mearnsii litter type in
the near-pristine reach at the DU TOit's RIVET ......ccooiiiiii i 98

Figure 42: Mean genera abundances (above) of A. mearnsii (HFA) litter and (below) fynbos species litter type in

the invaded reach at the DU TOIt'S RIVET ........ccuuiiiiiiiiiiiie et e e 99
Figure 43: Box plot of macroinvertebrate family denSity..........cooiiiiiiiiiii e 115
Figure 44: Box plot of macroinvertebrate FFG AeNSItY..........uuuiiiiiiiiiiiiieei e 115

Figure 45: dbRDA of DistLM analysis at the Du Toit’s River on the effect of environmental variables on structuring
AIGAI COMMIUINITIES ...ttt ettt e ke e h bt e e ettt e e b e et e e en b bt e e eab e e e e e bbe e e e anbe e e e ennn e e e s nreees 116

Figure 46: dbRDA of DistLM analysis on Wit River on the effect of environmental variables on structuring algal
[ol0] 1010010 01 11T T TP U PR PPPPPRPPTN 116

Figure 47: dbRDA of DistLM analysis on the Du Toit's River on the effect of environmental variables on structuring
family level macroinvertebrate COMMUNILIES ........coooiiiiiiiii e 117

Figure 48: dbRDA of DistLM analysis on the Wit River on the effect of environmental variables on structuring family
level macroinvertebrate COMMUNITIES ...........cuiii i e 118

Figure 49: dbRDA of DistLM analysis on the Du Toit’s River on the effect of environmental variables on structuring
MACTOINVEITEIIAIE FFGS ..ottt ettt e et oo bt e e e b bt e e s bb et e e bb e e e e anbe e e e nbre e e s nneeeean 119

Figure 50: dbRDA of DistLM analysis on the Wit River on the effect of environmental variables on structuring
MACIOINVEMEIRIAtE FFGS ...ttt 119

XV



LIST OF TABLES

Table 1: Characteristics and site-specific information of the selected sites within the Western Cape region.......... 5

Table 2: Geomorphological characteristics and site-specific information on each of the selected sites within the
VTS (T OF= T o TR (=T [ o] o SRR 9

Table 3: Morphometric characteristics of the Du Toit's and Wit MiVers...........ccceeeiiiiiiiieiic e 12

Table 4: Mean values and ranges of daily sediment (< 2 mm) infiltration rate of the two rivers at the three sites and
of the coefficient of variation of the monthly values within the nine samplers per site..........cccccceeiiiiiiiiee e, 21

Table 5: Comparison of average values (+ standard deviation) at the three sites sampled of TC, TN and TP in
infiltrated sediment (I1S) and suspended SEdIMENT (SS) .....cccuiiiiiii i 37

Table 6: Pearson’s correlation coefficient (r) for selected soil physical and chemical properties of infiltrated sediment

Table 7: Spearman’s correlation coefficients p (rho) and significance for clay percentage versus selected nutrient
properties in infiltrated sediment (< 63 pm) from fynbos, cleared and invaded sites on the rivers ........................ 40

Table 8: Comparison of mean values (z standard deviation) of nutrient concentrations for ammonium (NH4*), nitrate
+ nitrite (NO3™ + NO2"), nitrate (NOs") and phosphate (PO43") between invasion statuses of the respective rivers
ACTOSS the STUAY PEIIOM ... ettt ettt e e e b e e e ek bt e e e b et e sk et e e anb e e e nabn e e e s nbneeeeas 43

Table 9: Mean annual litterfall, nitrogen percentage, C:N ratio % and seasonal nitrogen percentage returned to soil.
The data reflect means + [Standard €rror (SE)] .. ..o cueuee ettt et et e e st e e s nnaeee e anneeas 57

Table 10: 8*°N (%o) and nitrogen (%) in leaves of A. mearnsii and reference species plants growing in the Bainskloof
and FransChNOEK PasS MPANAN ZONES .......cciiuiiieiiiiie ittt et e et e et e e st e e s asb et e e nnne e e e snneees 60

Table 11: Nitrogen and phosphorus mean concentrations, N:P ratios of green and senesced leaves’ nitrogen and
phosphorus resorption proficiencies/efficiencies for the Bainskloof and Franschhoek Pass sites ........................ 62

Table 12: Nitrogen and phosphorus mean concentrations, N:P ratios of green and senesced leaves nitrogen and
phosphorus resorption proficiencies/efficiencies for the Bainskloof and Franschhoek Pass sites. ....................... 63

Table 13: Summary of site characteristics of the Wit River and associated invasion statuses (near-pristine and
iNnvaded) iN the Bre@de WIMA ... .ottt e oottt e e e e e e e kb bttt e e e e e e s hbb e et e e e e e e e anbbbeeeeaeeesannenees 76

Table 14: Summary of site characteristics of the Du Toit's River and associated invasion statuses (near-pristine
and invaded) iN the Bre@de WIMA ...ttt e et e s bt e e e b e e e s st e e e e e e e anree s 77

Table 15: The decay rates over 102 days (grams/per day %) in near-pristine and invaded reaches at the Wit River
aNd DU TOI'S RIVEI SIHES ....eeeieiiiici e s e e s e s nneees 79

Table 16: Mean abundances (individuals m™2, + SD, n = 4) of FFGs (deposit feeders, scrapers and predators)
recorded at the Wit RIVEr NEAI-PriStNE SIte .......cocuuiiiiiiiieiiiiie et e st sb e e sbb e e s snbneeeaas 86

Table 17: Mean abundances (individuals m=2, = SD, n =4) of FFGs (deposit feeders, scrapers and predators)
recorded at the Wit RIVETr INVAAEA SITE .........viiiiiiiieiiie et e e e s s e 87

Table 18: Mean abundances (individuals m™2, + SD, n = 4) of FFGs (deposit feeders, scrapers and predators)
recorded at the Du Toit’s River, NEaAr-priSting SItE ...........cooiiiiiiiiiiie e 89

Table 19: Mean abundances (individuals m=, + SD, n = 4) of FFGs (deposit feeder, scraper and predators)
recorded at the Du Toit’'s RiVer, INVAAEA SItE .........uuiiiiiiii e e e e e e e e e e e reaas 90

Table 20: Mean (individuals m™2, + SE, n = 4) genera distributions represented the most at the Wit River near-
[STEES (][ (=T Tl T PP PP OO PPPPUPPPRTUPP 94

Table 21: Mean (individuals m™2, + SE, n = 4) genera distributions represented the most at the Wit River invaded
Table 22: Mean (individuals m2, + SE, n = 4) genera distributions represented the most at the Du Toit’s River near-

LIS =TT (=PSRRI 100

XVi



Table 23: Mean (individuals m?, + SD, n = 4) genera distributions represented the most at the Du Toit's River

1N Z= e [T o S (T TP O U PP TP PP PP PUPPPRPI 102
Table 24: Permutational MANOVA 0N algal deNnSItieS .........cuiiiiiiiiiiiiiic et e e 111
Table 25: Pairwise comparisons of algal deNSItIeS............uiiiii i e s 112
Table 26: Pairwise comparisons of chlorophyll CONCENIatioNS ............ccoiiiiiiiiiiiie e 112
Table 27: Pairwise comparisons of macroinvertebrate densities ...........cccoocviiiiiiiiiiiiiiie e 114

Table 28: Parent ions and daughter ions with their respective cone and collision energy for each active ingredient
and DCPAA (INterNal STANTAI) .........eeeieeeiiiiiiiee ettt e e e e e et e e e e e e e e s aebaeeeeaeeeaannaseseeaaeesaannnsneeaaaaeaanns 147

Table 29: Results obtained from LC/MS analysis. Concentrations in PPM ........occueeeerireeeinieee e e 148

XVii



AFDMR%
ALl
ANOVA
c

CFR
CLE
C:N
CSIR
dbRDA
DistLM
EC

FFG
HFA
IAP
LC/MS
LMA
LSD
MANOVA
N

NAT
NH4*
NO3~
N:P
NRE
NRP

PCA

pH

PRE

PRP

PVC
RMANOVA
SD

SE

ABBREVIATIONS

Ash-free Dry Mass Remaining

Alien Sampling Site

Analysis of Variance

Carbon

Cape Floristic Region

Cleared Sampling Site
Carbon:Nitrogen

Council for Scientific and Industrial Research
Distance-based Redundancy Analysis
Distance-based Linear Model
Electrical Conductivity

Functional Feeding Group

Home Field Advantage

Invasive Alien Plant

Liquid Chromatography—Mass Spectrometry
Leaf Mass Area

Least Significant Difference
Multivariate Analysis of Variance
Nitrogen

Natural Sampling Site

Ammonium

Nitrate

Nitrogen:Phosphorus

Nitrogen Resorption Efficiency
Nitrogen Resorption Proficiency
Phosphorus

Principal Component Analysis
Potential of Hydrogen

Phosphorus Resorption Efficiency
Phosphorus Resorption Proficiency
Polyvinyl Chloride

Repeated Measures Analysis of Variance
Standard Deviation

Standard Error

XViii



spp.
SSP
SSY
SSY-A
TC

TN

TP
USA
WiHwW
WMA
WRC

Species
Specific Stream Power

Suspended Sediment Yield

Area Suspended Sediment Yield

Total Carbon

Total Nitrogen

Total Carbon

United States of America
Working for Water

Water Management Area

Water Research Commission

XiX



Page left blank intentionally

XX



CHAPTER 1 - GENERAL INTRODUCTION

Owing to the Cape Floristic Region’s (CFR) very high globally distinct diversity in a small area and
exceptionally high threats to the area’s biodiversity, the CFR is considered a global biodiversity hotspot
(Mittermeier et al., 1998). Among the greatest threats to the CFR’s biodiversity is invasive alien plants
(IAPs) (Raimondo et al., 2009). Indeed, if plant invasions were to reach the full extent of their potential
distribution, biodiversity may decline by as much as 40% in the region (Scholes & Biggs, 2005; Van
Wilgen et al., 2008). Ongoing invasion, particularly by woody IAPs, threatens to reduce surface water
run-off by as much as 36% (Van Wilgen et al., 2008). This in turn can lead to reduced dilution and
increased concentrations of nutrients, pollution and suspended solids (Chamier et al., 2012). Coupled
with climate change, such reductions will lead to extinctions and enormous economic costs (New, 2002;
Richardson & Van Wilgen, 2004).

Several woody IAPs seem to thrive in a Mediterranean climate with nutrient-poor soils, which is
characteristic of the Fynbos Biome of the CFR. Alien woody plants, particularly Australian Acacia spp.
(Acacia mearnsii, A. longifolia and A. saligna) are widespread in the CFR. The most successful of these,
measured by biomass and geographic spread, is the black wattle (A. mearnsii) (Brown et al., 2004).
Black wattles form dense evergreen monoculture stands, effectively shading out any competing
vegetation (Werner et al., 2010; Le Maitre et al., 2011). The plants also use more water than indigenous
vegetation because of the increased above-ground biomass and higher evapotranspiration rates (Le
Maitre et al., 2002), which decrease both surface water run-off and groundwater recharge (Gérgens &
Van Wilgen, 2004).

Recognising the economic and biodiversity threat, the South African government initiated the Working
for Water (WfW) programme in 1995. WfW’s mandate is to protect and maximise water resources, and
to promote social equity through job creation for marginalised communities (Van Wilgen et al., 1998).
Although vast tracts of land are being cleared, with some R564 million spent on clearing in the CFR in
the last two decades, estimates are that even under moderate invasion scenarios, much more money
would have to be spent to bring invasion under control in the coming two decades (Van Wilgen 2016).

1.1 Sediment Dynamics and Nutrient Loading

Clearly, clearing IAPs holds significant benefits in enhancing run-off from catchments and groundwater
recharge. However, clearing also causes the loss of nutrient-rich top soil. Coupled with this is a lack of
understanding of how these disturbances in the riparian zones will impact riparian bank stability,
streambed morphology and water quality. In South Africa, no studies have quantified the amount of
sediment that is released by invasion and subsequent clearing, and the nutrients that nitrogen-fixing
invasive plants may be adding to the nutrient-poor aquatic ecosystems of the CFR.

Excessive sediment delivery may change channel morphology, aquatic ecosystems and habitats
(Walling, 2008; Vigiak et al., 2016). Estimating the relative suspended sediment loads in rivers that
drain areas invaded by woody IAPs and land cleared thereof provides new knowledge regarding
sediment delivery to invaded and cleared river catchments. This research is among the first to
investigate whether widely colonising invasive Acacia spp. do in fact alter the rate and timing of
sediment transfer from the catchments to the stream.

Fynbos soils are oligotrophic and particularly poor in nitrogen, which is slow to cycle through the system
(Stock et al., 1995). Few fynbos plants fix nitrogen: most are pioneers that colonise after fires and are
replaced as other plants move in through succession (Cocks & Stock, 2001). These pioneers are short-
lived and only contribute 0.5% of the nitrogen stocks to the ecosystem (Cocks & Stock, 2001). Invasive
species such as Acacia spp. are by contrast effective nitrogen fixers, altering the nitrogen and carbon
cycles, increasing productivity, and soil nitrogen and phosphorus nutrient stocks twofold (Ehrenfeld,
2003) while outcompeting native flora (Maron & Jefferies, 1999). The added nutrient in the riparian zone



can strongly influence stream nutrient dynamics, turning the streams from sinks to sources (McClain et
al., 2003; Vidon et al., 2010).

Stream ecosystems have a strong capacity to transform and retain nutrients; thus, in-stream biogeo-
chemical processes can further influence nutrient chemistry along the stream (Peterson et al., 2001;
Dent et al., 2007). While much attention has been focused on riparian soil biogeochemistry and water
guality changes in streams as a function of invasive nitrogen-fixing plants, much less is known about
the role of suspended sediment as nutrient carriers.

1.2 Leaf Litter Input and Decomposition

The ecology of A. mearnsii nitrogen inputs is not well understood, and require a deeper investigation
into the amount and timing of litterfall, leaf nitrogen concentrations, nutrient acquisition and resorption
of nutrients. The knowledge gained from this study will give a better insight regarding nitrogen
contribution to terrestrial ecosystems and a critical understanding of the nutrient economy of A. mearnsii
in the nutrient-poor fynbos riparian zones in the CFR in the Western Cape, South Africa.

Leaf litter inputs are a key source of energy for stream organisms (Kuglerova et al., 2017). IAPs
dramatically change the quantity and quality of leaf litter inputs available to in-stream macro-
invertebrates (Boyero et al.,, 2012), change consumer densities and growth rates, and lead to
substantial changes in ecosystem function and macroinvertebrate communities (Levine et al., 2003).
The additional nutrient input from plant invasion may change a river system from autochthon-trophic to
allochthon-trophic (Powell et al., 2011). In the CFR, effects of A. mearnsii invasion on leaf processing
and macroinvertebrate communities in streams remains unstudied.



CHAPTER 2 - GENERAL METHODS

2.1 Climate, Geology and Hydrology

The CFR is characterised by a seasonal Mediterranean climate with cool wet winters and hot dry
summers. More than 70% of rain occurs between April and September (Sieben, 2003; Rebelo et al.,
2006). The Fynbos Biome is thus characterised by small, narrow streams defined by strongly seasonal
patterns of flow, with high flows in winter and spring in response to precipitation, and low flow in summer
(Corbacho et al., 2003). Fynbos ecosystems are adapted to periodic fires while soils tend to be old,
shallow, sandy and acidic in nature with low nutrient status (Rebelo et al., 2006).

Characteristics of a particular site within the river network in part depend on the geological substrate of
the catchment (Reinecke et al., 2007). Site characteristics are in part determined by geology, hydrology
and inputs of organic/inorganic material from the surrounding catchment. In the Fynbos Biome, the hard
sandstone and granite bedrock has led to constrained river reaches in the headwaters. As a result,
erosion is the dominant geomorphological process in mountain stream zones. As elevation is relatively
steep, stream flow is high. High-powered headwater stream sections of the river dominate the
landscape because of the short distance between the mountains of the Cape Fold Belt and the coast
(Prins et al., 2004). The lithology downstream changes to calcareous sand and shale-derived soils
(Sieben et al., 2009). As a result of these dominant geological substrates, many river floodplains in the
Fynbos Biome are covered with deep sandy alluvium (Rebelo et al., 2006).

2.2 Desktop Site Selection for Surveys

Sample sites were chosen based on the history and intensity of the Acacia invasion, the absence of
appreciable invasion by IAPs, the management history, and where feasible, the same location where
previous studies were carried out, for example, the studies of Reinecke et al. (2007), Vosse (2007),
Blanchard and Holmes (2008), Naude et al. (2012), and Jacobs et al. (2013). The sampling design
called for nine sites consisting of three natural (reference), three invaded sites and three cleared sites
(Figure 1, Table 1). We followed further sampling constraints as in Jacobs et al. (2013): invaded sites
had to be predominantly A.mearnsii or a mixture of A.mearnsii and A. longifolia, must have been
invaded for at least more than 10 years, and have an aerial cover of at least 50% A. mearnsii or a
mixture of Acacia spp. Cleared riparian sites were prior invaded sites that had been cleared more than
seven years ago with regular follow-up treatment, and with A.mearnsii as the dominant invader.

Further to these selection criteria, sites were primarily chosen based on their similarity to each other
(same or similar geology). However, both upper and lower foothill sections were chosen as not enough
sites were found in one longitudinal zone. Upper foothills have a slope of between 0.005 and 0.0019.
The main substrate on the riverbed is cobbles or a mixture of bedrock as well as cobbles (Rowntree et
al., 2000). Cobbles are characterised as being 64 mm to 256 mm in diameter while gravel is mostly
between 2 mm to 4 mm in diameter (Ollis et al., 2013). On occasion, sand and gravel may be present
on the riverbed. Upper foothills have pools, riffles and rapids as river flow types. The lengths of the flow
types are similar; therefore, the length of the pools will be roughly equal to the length of the riffles or
rapids (Rowntree et al., 2000). Generally, the slopes of lower foothills slope range between 0.001 and
0.005. The substrate of the riverbed consists mainly of sand and gravel but occasionally bedrock may
also be present. Flow types include pools, riffles and rapids. Sand bars may be present within pools.
The extent of pools is often larger than riffles or rapids (Rowntree et al., 2000).



Primary study sites
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Legend
- Hawequas Sandstone Fynbos
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- Boland Granite Fynbos

(Mucina & Rutherford 2006)

Figure 1: Map showing the location of the sites used in the main part of the study. Natural (reference) sites are indicated with green symbols, invaded sites with red symbols, and
cleared sites with orange symbols. The map was created with spatial data provided by the South African National Biodiversity Institute BGIS. The colours denote different
vegetation types as described by Mucina and Rutherford (2006). Vegetation types associated with sites are Kogelberg sandstone fynbos (Jakkals; Eerste; Dwars), Hawequas
sandstone fynbos (Wit; Molenaars), Boland granite fynbos (Sir Lowry’s Pass; Eerste; Dwars), and Breede alluvium fynbos (Molenaars; Wit).



Table 1: Characteristics and site-specific information of the selected sites within the Western Cape region. Information was gathered from local conservation agencies, farm

managers and owners (from Jacobs et al., 2013)

Sites Geology Invasion Coordinates Landowners History of History of Fire history Gradient Longitudinal
status invasion clearing zone
Upper Sandstone/ Natural 33.9537 S; CapeNature No evidence None Burned in 0.038 Mountain
Eerste River  granite 18.9788 E March 2009 stream
transitional
Lower Sandstone/ Natural 33.9895 S; CapeNature No evidence None Burned in 0.058 Mountain
Eerste River  granite 18.9675 E March 2009 stream
and in 2015
Upper Dwars Sandstone/ Natural 33.9544 S; CapeNature No evidence None Burned in 0.120 Mountain
River granite 18.9799 E March 2009 headwater
stream
Wit River Sandstone/ Invaded 33.5384 S; Mount Bain Invaded for = 15 No evidence No evidence of 0.022 Transitional
quartzite 19.0154 E Development years A. mearnsii fire at the start
of the
fieldwork,
however,
burned in
March 2012
Lower Sandstone Invaded 33.7047 S; CapeNature Invaded for > 10 Cleared in Burned in 0.020 Transitional
Molenaars 19.2332 E years A. mearnsii/ summer 2011 March 2011
A. longifolia
Lower Sandstone Invaded 33.2088 S; Beaumont Wine  Invaded for > 15 Yes, some No evidence of 0.050 Mountain
Jakkals 19.1774 E Farm, Bot River  years A. mearnsii/ evidence recent fire stream
River A. longifolia
Lower Dwars Sandstone/ Invaded 33.9481 S; CapeNature Invaded for > 10 No evidence No evidence of 0.050 Mountain
River granite 19.9698 E years A. mearnsii/ recent fire stream
A. longifolia
Sir Lowry’s Sandstone/ Cleared 34.0948 S; Wedderville Mixed invasions: Cleared in No evidence of 0.068 Mountain
Pass River granite 18.9444 E Estate, Sir Acacia spp.+ 2002 and recent fire stream
Lowry’s Village Pinus spp. annual fooled
> 8 years ago up by
landowner: fell
and burn



Upper Sandstone  Cleared 33.7107 S; CapeNature Invaded for > 7 Yes. Initial No evidence of 0.044 Mountain
Molenaars 19.1970 E years mostly treatment: fire at the start stream
A. mearnsii 2002-2003. of the
Follow-up fieldwork;
treatments however,
clearing burned in
treatment: fell March 2011
and remove
Upper Sandstone  Cleared 33.2169 S; CapeNature A. mearnsii/ Initial Burned in 0.040 Mountain
Jakkals 19.2072 E A. longifolia clearance: January 2010 stream
> 12 years 1996-1997.
Two follow-up
treatments.
Treatment: fell
and burn



2.3 Natural Sites

Reference (i.e. control/natural) sites are critical in restoration and rehabilitation efforts to provide
compositional and structural information on vegetation communities and on historical disturbance
conditions, which provide direction for restoration goals (Blanchard & Holmes, 2008; Sieben &
Reinecke, 2008). Natural (control) sites were chosen based on a pristine or near-pristine condition, with
no or minimal invasion by woody IAPs, free of, or with a minimal amount of human disturbance (Figure
2, Table 1). Natural sites were chosen to be within or as close as possible to the longitudinal zones
(based upon river gradient and other characteristic) (King & Shael, 2001) where the invaded and cleared
sites were also located. Currently, selected natural sites are mountain headwater streams with a
gradient of 0.04—0.12, within the boundaries of protected areas, and no previous history of invasion.

Figure 2: Example of natural sites (see Table 1 for complete set). Left: Lower Eerste River natural site, with Prionium
serratum a prominent component of wet banks. Right: Upper Eerste River natural sites, with dry banks consisting
of Brabejum stellatifolium and Metrosideros angustifolia. Photos: S Jacobs

2.4 Cleared Sites

The cleared sites are all mountain streams with gradients ranging from 0.04 to 0.07. Two of the sites
are within protected areas and one is on private land (Figure 3, Table 1). These sites have been cleared
between 10 and 20 years ago (1996—1997 and 2002—-2003). Ideally, cleared sites to be sampled are
five years post-clearing and follow-up treatment as sites cleared in the more distant past may have
recovered to near-reference condition.

Figure 3: Example of cleared sites (see Table 1 for complete set). Sir Lowry’s Pass River site (cleared).
Left: Riparian zones supporting high grass cover. Right: Scars present in terrestrial zones caused by slash that
was burned in piles. Photos: S Jacobs



2.5 Invaded Sites

Of the invaded sites, two are mountain streams and one is transitional (Figure 4, Table 1). The riparian
site consists mainly of A. mearnsii or a mixture of A. mearnsii and A. longifolia invaded for at least more
than 10 years, or reinvaded after clearing. The gradients range from 0.02 to 0.05. One site is in a nature
reserve, one on a wine farm, and one is home to a development. As some of the previously selected
sites have burned or have been cleared since the completion of previous projects, replacement sites
were selected based on selection criteria set out above.

Figure 4: Example of invaded sites (see Table 1 for complete set). Left: The Molenaars River invaded site (mostly
A. mearnsii). Right: Jakkals River invaded site (mostly A. mearnsii). Photos: S Jacobs

2.6  Description of Site on Rivers

After visiting the selection site, the Wit and Du Toit’s Rivers were considered as the most suitable. The
main geomorphological features and the invasion status of each of the sampling sites are summarised
in Table 2. There are additional factors to consider for each of these rivers.

Wit River:

e The campsite, Tweede Tol, is in close proximity to the cleared site.
e The presence of invasive fish species.
e Interbasin transfer.

The invasive fish species Micropterus dolomieu is present downstream of the waterfall upstream of the
Tweede Tol camping site (Shelton et al., 2014). The invaded site and the cleared site are both situated
below the waterfall. Therefore, fish species composition will be different at the natural sampling point.

Du Toit’s River:

e Clearing history of cleared as well as invaded site needs to be confirmed.
e Sewage discharge from camping site upstream of natural site.

The clearing history of the Du Toit’s River will be established with the WfW programme or CapeNature
prior to initiation of sampling. Owners of the campsite will be contacted regarding the treatment or
removal of sewage.



Table 2: Geomorphological characteristics and site-specific information on each of the selected sites within the Western Cape region

Wit River
Wit River 1 —-33.583296 330 Natural None Mountain Sandstone/ CapeNature Bedrock, large
stream quartzite boulders
19.134988
Wit River 2 -33.569920 294 Cleared A. mearnsii/ Transitional Sandstone/ CapeNature Bedrock, large
A. longifolia quartzite boulders
19.129420
Wit River 3 -33.551780 262 Invaded Invaded more than Transitional Sandstone/ Mount Bain Large Boulders,
15 years A. mearnsii quartzite Development Stones
19.160930
Du Toit’s River
Du Toit's 1 -33.916610 601 Natural None Mountain Sandstone/ CapeNature Bedrock, large
stream quartzite boulders
19.162592
Du Toit's 2 —-33.946636 354 Cleared A. mearnsii Transitional Sandstone/ CapeNature Large Boulders,
quartzite Stones
19.168288
Du Toit's 3 -33.954028 345 Invaded A. mearnsii Transitional Sandstone/ CapeNature Large Boulders,
quartzite Stones

19.171662




CHAPTER 3 — QUANTIFICATION OF RELATIVE SUSPENDED SEDIMENT LOADS IN TWO
A. MEARNSII-INFESTED MOUNTAIN STREAMS OF THE CFR, SOUTH AFRICA

3.1 Introduction

Freshwater resources of the CFR are under constant and increasing threat from the establishment and
spread of IAPs (Richardson & Van Wilgen, 2004) as well as climate change (New, 2002). IAPs are
specialised in establishing in mountain catchments along watercourses of nutrient-poor and disturbed
environments, as is characteristic for riparian zones of the Fynbos Biome in the CFR (Versfeld et al., 1998;
Cullis et al., 2007). Several Australian Acacia spp. (A. mearnsii, A. longifolia and A. saligna) are widespread
in the CFR, especially the Berg and Breede River catchments of the Western Cape, with the Breede
catchment having a densely invaded area of 84 398 ha (Versveld et al., 1998). The primary invader is
A. mearnsii (Brown et al., 2004), which tends to form dense evergreen monoculture or near monoculture
stands that severely transform and degrade riparian ecosystems and often render the invaded area
unsuitable for the survival of indigenous plants (Richardson et al., 1997; Holmes et al., 2005; Werner et al.,
2010; Le Maitre et al., 2011).

Comprehensive research has shown that dense IAP stands, especially along watercourses in South Africa,
use more water than indigenous vegetation such as plant communities in the fynbos and grassland biomes
because of their increased above-ground biomass and evapotranspiration rates (Le Maitre et al., 1996;
2002). This decreases both surface water run-off and groundwater recharge (Gorgens & Van Wilgen, 2004)
and puts more strain on natural resources and water-dependent ecosystems (i.e. wetlands, estuaries and
springs) (Le Maitre et al., 2002; Ehrenfeld, 2003, Van Wilgen et al., 2012). In turn, this can lead to reduced
dilution and increased concentrations of nutrients, pollution and suspended solids (Chamier et al., 2012).

Given the increasing spread and threat of IAPs on South Africa’s limited water resources, the WfwW
programme was initiated in 1995 to eradicate and control IAPs. WfW seeks to protect and maximise water
resources and enhance sustainability by eliminating IAPs, thus enhancing ecological integrity while
promoting social equity through job creation for marginalised communities (Van Wilgen et al., 1998).
Currently, extensive areas of land are being cleared under WfW (Jovanovic et al., 2009).

Studies on vegetation recovery following IAP removal in the Western Cape province of South Africa have
outlined that natural vegetation recovery is slow, and a trajectory towards restoration does not always occur
(Ruwanza et al., 2013a). Despite the gains in terms of water resources through these clearing initiatives,
extensive areas are being exposed and have become vulnerable to erosion (Richardson & Van Wilgen,
2004). The dense vegetation overgrowth and increased above-ground biomass associated with IAPs often
result in a shift from fynbos (shrubland) to tree-dominated stands, a loss of ground cover, and development
of understorey vegetation. This increases soil erodibility, destabilisation and erosion rates; especially during
storm events (Rowntree, 1991; Versfeld et al., 1995; Richardson & Van Wilgen, 2004). Thus, the invasion
of woody IAPs, such as A. mearnsii, and clearing thereof are the main causes of change in vegetation and
land cover in the headwater catchments of the Western Cape.

Soil erosion is a major problem confronting land resources in South Africa with 70% of the country’s surface
area affected by varying types of soil erosion (Le Roux et al., 2007; Le Roux 2011). Scott et al. (1998)
estimate that soil erosion rates in undisturbed mountain catchments in the Fynbos Biome are on average
very low: less than 1 t-ha-yr-! compared with the 0.02 t-ha-yr- and 0.16 t-ha-yr~! on afforested slopes. Van
der Waal et al. (2012) report increased soil movement on slopes that are invaded and then cleared of
A. mearnsii, with erosion rates doubling on invaded slopes in the Kouga Mountains, South Africa. Increased
soil erosion not only involves reduced soil productivity through loss of fertile topsoil, but also further extends
off-site, for example, increased sediment delivery to watercourses and of suspended sediment loads
transported by streams and rivers (Imeson, 1974; Wolman, 1977; Walling, 1983; 2005;; De Vente et al.,
2007).
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The suspended sediment load of a river is sensitive to both climate change and to a wide range of
anthropogenic activities (e.g. land clearance, agricultural development and infrastructure development)
within its catchment area that could influence sediment yield due to higher rates of soil erosion and sediment
mobilisation. Although all streams carry sediments under natural conditions, excessive sediment delivery
can: (a) pose a serious threat to water resource development through reservoir sedimentation and siltation
of river channels; and (b) influence channel morphology and aquatic ecosystems and habitats (Walling,
2008; Vigiak et al., 2016).

The sediment loads of many of the world’s major rivers have changed significantly in recent years due to
land use change, reservoir construction and other anthropogenic impacts on their drainage basins (Walling,
2008). However, this aspect has received little attention in South Africa. The amount of sediment transported
by rivers is often used as an indicator of catchment disturbance as driven by extrinsic (e.g. climate or land
use change) or intrinsic (e.g. vegetation or soil erodibility change) factors (Foster et al., 2012). For example,
Grenfell and Ellery (2009) state that suspended sediment concentrations in the Umfolozi River (Kwa-Zulu
Natal) are poorly correlated to discharge. Instead, the availability of sediment in the catchment is likely the
result of a reduction in vegetation cover through vegetation dieback during dry months, and the capacity of
overland flow to transport available sediment into the river channel during the rainy season.

Estimating the relative suspended sediment loads in river-draining areas invaded by woody IAPs and land
cleared thereof will provide a good estimate and a more complete understanding of the level of disturbances
these changes in vegetation structure have on sediment delivery to these river catchments. This research
is among the first to investigate whether widely colonising invasive Acacia spp. do in fact alter the rate and
timing of sediment transfer from the catchments to the stream. The aim of this study was to:

o Evaluate the spatial and temporal variability and physical properties of relative suspended sediment
loads of two mountain streams in the CFR.

e Compare the results to hydrological and geomorphic data.

¢ Quantify the sediment contributions from near-pristine fynbos, Acacia-cleared and A. mearnsii-invaded
riparian sections.

3.2 Methods

3.21 Study site and general setup

The mean annual temperature in the Breede water management area (WMA) is 12°C with a mean annual
rainfall of 1800 mm in high lying areas where the rivers are situated (Rebelo et al., 2006). The geology of
the two rivers is dominated by Quarzitic Table Mountain Group sandstones (Rebelo et al., 2006). However,
the fault system at the Du Toit’s River is responsible for a mixture of rock types throughout the course of the
river system. The Upper Du Toit's is dominated by sandstone where the lower sections consist of a
combination of sandstone, shale, mudstone and siltstone. The hard impermeable quarzitic sandstone
produces coarse textured soils with relatively low silt and clay concentrations, which accounts for the clear
waters (Le Roux, 2011). The land use in the catchment is dominated by woody IAPs, which are
predominantly A. mearnsii. The riparian zones of upper reaches of the rivers that occur in protective areas
are still mostly in a near-pristine state with fynbos shrubland.

Measurements were set up in two perennial rivers of the CFR, namely, the Wit River (Bainskloof Pass) and
Du Toit’s River (Franschhoek Pass). Each river had three experimental reaches, namely: (a) near-pristine
fynbos, (b) cleared and (c) Acacia-invaded (from up- to downstream; Figure 6) at different longitudinal zones
and elevations of above sea level (see Table 3 for site characteristics). The reaches were relatively straight
to ensure that discharge and sediment transport were distributed uniformly across the channel. Each site
was equipped with nine bedload sediment traps that were equally spaced across the channel. The first row
of three was placed towards the upstream section of the reach and the next two towards the downstream
end. One time-integrated suspended sediment sampler was installed towards the downstream end of each
treatment. Data was assessed from February 2016 to January 2017 to cover both high- and low-flow events.
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Table 3: Morphometric characteristics of the Du Toit’s and Wit rivers. Shear stress and stream power data are given as
bankfull flow conditions

River Du Toit’s Wit

Site Fynbos Cleared Invaded | Fynbos Cleared Invaded
Catchment elevation (masl) 982 947 924 958 919 901
Drainage area (km?) 15.6 46.7 49.6 68.5 79.6 86.0
Mean catchment slope (%)?2 37 44 43 38 37 38
Riverbed slope (%)° 5.1 3.4 2 15 0.8 2.9
Average channel width (m) 7.6 18.4 17.5 18.7 17.6 21.3
Average channel depth (m) 0.9 0.6 1.0 0.6 0.8 0.9
Cross-sectional area (m?) 6.8 11.0 175 11.2 14.1 18.9
Boundary shear stress (N/m?3) 233 155 165 112 51 291
Specific stream power (W-m™2) 1066.1 847.3 1052.3 1407.9 774.7 313.3

a Calculation based on the slope value for each pixel from a digital elevation model of the catchments

b Slope value based on calculation from a total station survey of the channel bed hz;hl)

Surveys of channel and riverbed characteristics, and channel and riparian morphological characteristics
were assessed through river cross-profile surveys on five predefined transects along each study reach. The
channel cross-profiles were surveyed with an electronic total station (Top-Shot GP — 122L) with a standard
reflecting prism fixed onto a staff and measuring tape.

The river channel slope was defined by measuring elevations along the channel thalweg using the total
station. This was ultimately used to calculate the specific stream power (SSP) of each reach expressed by
the following equations:
Total stream power (TSP; W-m™)

Equation 1. TSP = yQS
SSP (W-m™)

Equation 2. SSP = %

Where y is the specific weight of water (980.7 kg:-m=3), Q is the discharge (m3-S™?), S is bed slope (m-m™),
w is the channel bankfull width (m) (Bagnold, 1966; 1977).
Boundary shear stress (N-m~)

Equation 3. Oo=p.0.R.S

Where o is bed shear stress, p is water density (1000 kgrm3), g is acceleration due to gravity
(9.80665 m-s—2), R is the hydraulic radius at bankfull water level, and S is the slope.
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3.2.2 Time-integrated samplers

Time-integrated suspended sediment samplers following Phillips et al. (2000) were installed at each reach
and emptied at monthly intervals to determine the spatial variation of the suspended sediment load. The
suspended sediment samplers were 1 m long and consisted of commercially available polyvinyl chloride
(PVC) pipes with an outer diameter of 110 mm and a wall thickness of 4.2 mm. They were sealed with a
plastic traffic cone at the inlet and a PVC-threaded end cap at the outlet. A PVC tube with an inner diameter
of 4 mm was passed through the funnel and the cap as inlet and outlet. The suspended sediment samplers
were mounted parallel to the riverbed attached to two upright pieces of steel rebar driven into the channel
bed, with the inlet tube pointing directly into the direction of the flow. The greater cross-sectional area of the
main cylinder compared with that of the inlet tube reduces the flow velocity within the samplers. This
reduction in flow velocity induces sedimentation of the suspended sediment particles as the water moves
through the cylinder towards the outlet tube. The suspended sediment samplers collect a statistically
representative sample under field conditions (Phillips et al., 2000).

At the end of each sample period, the contents of each sampler were washed out on-site using distilled
water, and collected in a sealable 10 L plastic bucket. The buckets were predisinfected using phosphorus-
free cleaning agents. The samplers were returned to their rebar anchorages and the depth was adjusted for
monthly stage changes. Material collected by the suspended sediment sampler was allowed to settle
(usually over 24 hours) in the buckets and the supernatant was removed by siphoning. Wet samples were
transferred to foil buckets and oven-dried at 105°C for 24 hours. The sediment was weighed to determine
the suspended sediment load. This was used to calculate the overall suspended sediment discharge for
each sample site in g-d™.

3.2.3 Sediment baskets

Fine sediment on the riverbed was determined with sediment basket traps following Bond (2002) and
Schindler Wildhaber et al. (2011). Fifty-four traps (27 per river) were buried in the riverbed at three different
locations and sampled monthly over one water year. The locations of each river were chosen in a way that
the different vegetation conditions (i.e. Acacia-invaded, cleared and near-pristine fynbos) were represented.
This experimental setup allowed the alien, cleared and natural sections of the rivers to be compared.

The baskets were made of a 50 x 50 piece of squared wire mesh (50 mm mesh) with the following
dimensions: length (200 mm), width and depth of 160 mm (200 x 160 x 160). The traps were installed so
that the top was flush with the streambed and were filled with clean gravel from the stream reach (grain size
> 50 mm) (Figure 5). This setup allowed cobbles to roll over the basket while fine sediment could move
through the basket and cobbles. To retrieve the baskets without sediment sample loss, a polyethylene bag
with two long handles was placed around the baskets. The bag was pulled to the bottom of the trap before
it was buried to enable water to flow through the trap while it was buried. The bag was pulled over the basket
during removal to prevent loss of fine sediment.

The traps were buried in situ in a hole that was dug in the riverbed. The traps were placed far enough apart
and in such a manner that there was no disturbance to the sample when a trap was placed or removed
within its vicinity. Each reach was equipped with nine bedload sediment baskets. The first row of three was
placed towards the upstream section of the reach and the next two towards the downstream end. The
baskets were equally spaced at each of the three predefined traverses. The baskets were emptied at
monthly intervals to investigate the monthly bedload sediment. The baskets’ sediments were sieved in-field
with a 4 mm sieve and refilled with the same gravel during each sampling event. The < 4 mm sediment was
taken to the laboratory for drying, sieving and particle size analyses. The monthly infiltrated sediment load
(< 2 mm) for the sample sites were weighed and expressed in kg-m™2-d™.
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Figure 5: Sediment Infiltration baskets filled with gravel used in capturing fine sediment (left); embedded basket in
riverbed (right)

3.24 Riverdischarge

Discharge in the Wit River was monitored at high frequencies at the Drosterskloof weir. However, in the Du
Toit’s River, the flow was not gauged and therefore it was necessary to develop a stage-discharge rating
curve. The temporal variation of the water level was measured at 30-minute intervals at each of the six sites
using capacitive pressure loggers (HOBO — U20L-02). The pressure was later converted to stage (h) and
then transformed into discharge (Q) by means of the corresponding h/Q rating curve. At each site, h/Q rating
curves were developed from direct velocity measurements. Velocity measurements were taken at each of
established cross sections at each site. Mean velocity and water depth were measured at eight to ten points
across each of the cross sections. Velocity was measured using a Marsh—McBirney Electronic Flo-Mate
current meter on a top-setting wading rod. Aggregate discharge was calculated using the velocity—area
method described by Gordon et al. (1992). The discharge of the river was used to assess temporal variability
in suspended sediment concentration, as well as to calculate total sediment loads.

3.2.5 Sample analyses

Particle size distributions of grains with a diameter < 63 ym were measured with a Saturn DigiSizer 5200
(Micrometrics). Grain size fractions were classed according to Wentworth Udden (1922): sand: 63 um=2-mm;
silt: 3.9-63 pym; and clay: < 3.9 um and used to compare the grain size distributions between sites. The total
loads were normalised for the catchment area to compare sites in different longitudinal zones within the
catchments.

3.26 Statistical analyses

For monthly sediment infiltration rates, a two-way repeated measures analysis of variance (RMANOVA) was
applied to test for significant interactive effects between invasion statuses across the sampling period. When
the invasion statuses were compared, one-way analyses of variance (ANOVASs) were computed on all data
collected irrespective of the months. Least significant differences (LSD) tests were used for post hoc means
separations. The Spearman’s rank correlation coefficient (rho) was done individually to analyse the
relationships between sediment infiltration rates, suspended sediment flux with discharge, and suspended
sediment infiltration rates and clay percentage. All statistical analyses in this project were done using the
Statistica 13 software package (Statsoft, 2013).
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3.3 Results

3.3.1 Channel morphology and hydrology
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Figure 6: Longitudinal profiles of the (above) Du Toit’s and (below) Wit River. Locations and channel cross sections of
the three sites in their respective longitudinal zones. Dotted line indicates the transition from one zone to the next based
on slope values calculated from 5 m digital elevation models. Inset (i) and (ii) show the channel cross-sectional surveys
at each site with the blue line indicating water level at bankfull and black line the macro channel. Abbreviations:
DT = Du Toit’s River; WR = Wit River; F = Fynbos; C = Cleared; | = invaded
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Site abbreviations:

e DT-F = Du Toit’s River fynbos site

e DT-C = Du Toit’s River cleared site
e DT-1=Du Toit’s River invaded site
¢ WR-F = Wit River fynbos site

¢ WR-C = Wit River cleared site

e WR-I = Wit River invaded site

In general, the width of the river cross sections at the Du Toit’s River increased progressively with distance
downstream, ranging from 7.5 m at the upper section (DT-F) to 17-18.38 m in the lower sections (DT-C and
DT-I; Table 3). The active channel at the DT-I site was deeply incised into the macro channel with relatively
high and steep banks (Figure 6i). Cross sections WR-F and WR-I, located in the Wit River, were similar in
terms of channel width riverbank height and depth (Table 3). The macro channel at the WR-C and WR-I
sites were more pronounced on the right bank than the left bank (looking downstream) (Figure 6ii). Site
DT-F had the highest stream gradient of 5.1% (Table 3). This was followed by sample site DT-C at 3.4%
and site DT-I at 2%. Site WR-I had the highest stream gradient of 2.9% at the Wit River followed by WR-F
at 1.5% and WR-C at 0.8%.

The SSP between the WR-F and WR-I sites is roughly comparable with 956 W-m™2 and 1053 W-m=2,
respectively (Table 3). The SSP in the WR-C site, 470 W. m~2, is around half that at WR-F and WR-I. The
SSPs (W-m~2) are different across the three sites at the Du Toit's River, with the SSP in the DT-F site
approximately 3.85 times higher than in the DT-I site and twice as high as the DT-C site (Table 3). This
indicates that the channel at the DT-F site has a higher sediment transport capacity than DT-C and DT-I.

3.3.2 Suspended sediment flux

Only a small number of suspended sediment samplers withstood the high-energy flows; consequently, a
reduced data set across the study period was available:

Wit River: Du Toit’s River:
e WR-F:n=09. e DT-F:n=11.
e WR-C:n=10. e DT-C:n=11.
e WR-l:n=12. e DT-n=12.

This made statistical analyses and comparison between sites difficult. Thus, only general statements
concerning the nett suspended sediment loads were possible. Generally, suspended sediment load at the
Du Toit's River increased from upstream to downstream, i.e., from site DT-F to site DT-I. The maximum
suspended sediment caught by the suspended sediment samplers at the Du Toit’s River increased along
the river from 4.34 g-d™! at site DT-F and 13.43 g-d™! at the DT-C site to 15.41 g-d™! at the DT-I site (Figure
7c and Figure 7d). The maximum suspended sediment measured at the Wit River was 4.5 g-d™* (Figure 7a).

Spearman rank analyses between suspended sediment samplers and sediment infiltration baskets were
only feasible at the most downstream sites (WR-I and DT—I; Figure 7b; Figure 7d) of the rivers. Within and
between seasons, strong monthly fluctuations in the suspended sediment loads occurred, which are largely
a function of the mean monthly discharge and rainfall. There is an observable pattern in the timing of
variations in suspended sediment load (demonstrated in Figure 7). The seasonal suspended sediment loads
are also quite varied throughout the monitoring period with individual months contributing to the annual load.
The spring and summer months contribute the least to the annual load with 0.16 g-d* and 0.99 g-d*
respectively (Figure 7). The periods of highest suspended sediment transport are in autumn and winter.

The relationship between monthly rainfall and suspended sediment load reveals periods of the year where
there is an abundance of suspended sediment available for transport, followed by depletion. These periods
can be visualised and analysed through hysteresis loops (Figure 7). At WR-I, the hysteresis loop is a figure-
eight shape. The figure-eight hysteresis loop can be interpreted as a counter-clockwise loop during low
rainfall events and a positive clockwise loop during high rainfall events. Figure-eight hysteresis suggests
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that sediment was derived from remote sources. During summer and spring, suspended sediment transport
was relatively low, which yielded only 0.04 g-d-! and 0.24 g-d~1, respectively. The highest suspended
sediment transport was during autumn and winter, which yielded 1.18 g-d~! and 5.52 g-d™.

In the Du Toit’s River, the relationship between suspended sediment and discharge shows a positive
clockwise hysteresis loop (Figure 7c and Figure 7d). Suspended sediment increased rapidly and peaked
during the first high intensity rainfall event in June, before peak rainfall in July. After suspended sediment
and rainfall reached their peaks, suspended sediment and rainfall decreased considerably. The periods of
highest sediment transfer occurred in autumn and winter, which yielded 1.25 g-d™! and 27.80 g-d™! of
suspended sediment respectively. The dry season (spring and summer) contributed the least suspended
sediment with 0.16 g-d™* and 0.99 g-d™* respectively. Although there is still relative depletion in January,
there is a greater availability of suspended sediment than the levels in August and September.
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Figure 7: Monthly suspended sediment load caught by suspended sediment samplers compared with rainfall at the
three sites for (a) Wit and (c) Du Toit’s Rivers and suspended sediment load in relation to discharge at invaded sites for
the Wit (b) and (d) Du Toit’s Rivers. Note that April at the Du Toit’s (fynbos and cleared) and May-July at the Wit River
(fynbos and cleared) are not represented in the record. Note the different scales on the suspended sediment load axes
In positive clockwise hysteresis loops, sediments are derived from readily available sources. At the invaded
site on the Du Toit's River, sediment transport peaked before rainfall and discharge (Figure 7d). This
suggests that sediment has become available for transport throughout the dry season, and as soon as water
is available to transport it, it moves. In contrast, in the cleared and fynbos sites, sediment transport peaks
at the same time as rainfall. This suggests that less sediment has become available, and the system tends
towards being supply-limited at the beginning of the rainfall season. The invaded site is conversely transport-
limited at the beginning of the wet season. From this data, it is clear that more sediment is available for
erosion and transport at the invaded site. In addition, the cleared site is producing more sediment than the
fynbos site.
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3.3.3 Temporal and spatial patterns in sediment infiltration

Significant overall temporal variation was observed for the sediment infiltration at the Du Toit's River
(ANOVA: F (10, 2400 = 64.10; p < 0.001) with values ranging between 0.001 kg:m~2-d~! during low-flow
conditions and 2.10 kg:-m~2-d~! during high flow events (Table 4). Mean sediment infiltration rates during the
dry season (October to March) were significantly lower at all sites with a mean of 0.08 + 0.09 kg'm=2-d~*
compared with the wet season (April to September) with a mean of 0.48 + 0.26 kg'm~2-d1 (ANOVA:
F 10, 2401 = 64.10; p < 0.001) (see Figure 10a). Similarly, significant temporal variation was observed at the
Wit River with sediment infiltration rates ranging of 0.001 kg'm=2-d™* and 0.90 kg'm=2-d!. The mean
sediment infiltration rate at the Wit River was 0.02 + 0.04 kg-m~2-d~* during the dry season (October to April)
compared with 0.29 + 0.16 kg-m=2-d~! during the wet season (May to September) (ANOVA: F o, 216] = 68.16;
p < 0.001) (see Figure 10b). At all sites, an exponential increase in fine sediment infiltration rates was
observed after the first high intensity rainfall event.

A linear regression model was applied to examine the relationships between sediment infiltration and
discharge. The Spearman’s correlation coefficients (rho) for the Wit River were all above 0.7 and reached
up to 0.94 at the most downstream site (Figure 9a—c). These results suggest a strong relationship between
sediment infiltration and water discharge (R2 > 0.7; p < 0.01). Sediment infiltration rates show considerable
temporal variability in the mean sediment infiltration rates for a given average monthly discharge, resulting
in the generation of clockwise hysteresis loops at all sites of the respective rivers.

In February, at the start of the sampling period, discharge and sediment load were both low, at 0.09 m3-s~1
and 0.05 kg-m~2-d-1 respectively. In May, the discharge increases substantially to a value comparable to
that seen in September (0.33 m3-s71). At the sites, WR-F and WR-C, the increase in sediment load is not of
the same magnitude, with total mass of 0.07 kg'm=2-d! and 0.13 kg'm~2-d~! being transported at the
respective sites. These values are over 50% smaller than the mass flux during May 2016 (0.17 kg-m~2-d~1
and 0.31 kg-m=2-d-1). These findings suggest that between June and September, there seems to be a
depletion of available sediment sources. However, this depletion never occurred at the WR-I site.

Similar patterns were observed at the sites of the Du Toit’s River (Figure 9d—f). However, a lower coefficient
(R? < 0.5) was observed at all the sites (Figure 9d—f). In general, relative sediment loads were low at the
end of the summer dry season (February and March). The progressive increase in discharge produced a
rapid rise in sediment load with high loads on the rising limb acting to produce strong clockwise hysteresis
loops. At sites DT-F and DT-C, sediment loads and discharge produced a peak in August, whereas site DT-I
produced a peak in May prior to discharge peak. This pattern parallels the data from the suspended
sediment samplers (Figure 7c¢). Throughout the remainder of the monitoring period, sediment loads were
reduced dramatically compared with those with comparable discharge. This was an indication of sediment
depletion over progressive high flow events at all sites due to the flushing of readily available sediment
accumulation in the channel.

Figure 10 shows the relationship between average grain size distribution of the sediment finer than 63 pm
and mean sediment infiltration rates (< 2 mm) that infiltrated the samplers. The grain size analyses showed
a decrease of silt and clay with increasing fine sediment infiltration in relative values (i.e. fraction of silt and
clay of the total fine sediment deposition; Figure 10). Coarser grain sizes (2 mm and < 63 um) had a
tendency to be enriched during periods of higher discharge. Conversely, lowest concentrations of these size
classes were found during low-flow periods, particularly over the summer months. The finer grain-size
categories (< 63 um), showed the opposite pattern; tending to be enriched during low-flow periods and
depleted during winter peaks flows. During periods with low sediment infiltration rates and low-flow events,
up to 0.97% of the sediment consisted of sediment < 63 um compared with the 0.62% during high flows.
Sediments of these size classes are most likely to be transported in suspension (Sear, 1993; Acornley &
Sear, 1999).
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Figure 8: Photos showing the distinct visual difference between (left) base flow and (right) high-flow conditions at the
invaded site on the Wit River
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3.3.4 Spatial pattern in fine sediment infiltration

Significant interaction between sediment infiltration rates and the three sites was noted at the Wit River
(two-way ANOVA: F 2, 241 = 22.92; p < 0.001; Figure 12b). The highest values for sediment infiltration
were observed at the most downstream site (WR-I; ANOVA,; p <0.001). In general, sediment infiltration
rates on the Wit River increased from upstream to downstream (Figure 12b). The averaged sediment
infiltration was significantly greater in both WR-C (0.08 kg'm~2-d-1; p < 0.001) and WR-1 (0.18 kg-m~2-d~1;
p < 0.001) than in WR-F (0.05 kg'm~2-d™1) (Table 4), especially during a period of high discharge (May
to September; Figure 12b). The overall relationships between mean sediment infiltration rates and SSP
for sites WR-F, WR-C, and WR-I are shown in Figure 10.

Similarly, significant overall interaction was evident between sediment infiltration rates and sites at the
Du Toit's River (F [2, 241 = 46.74; p < 0.001). The mean sediment infiltration rates observed at the Du
Toit’'s River ranged from 0.21 kg'-m=2-d™* at DT-F and 0.17 kg:-m=2-d~! DT-C to 0.41 kg'm~2-d~* at DT-I
(Table 4). Sediment infiltration rates were significantly greater in DT-I (0.405 kg-m=2-d-1) than DT-C
(0.17 kg'm=2d%; p < 0.001) and DT-F (0.21 kg:-m=2-d™%; p < 0.001), with no differences difference
between DT-F and DT-C (ANOVA; p = 0.054, Figure 10a).

Table 4: Mean values and ranges of daily sediment (< 2 mm) infiltration rate of the two rivers at the three sites and
of the coefficient of variation of the monthly values within the nine samplers per site

Du Toit’s (DT) Wit (WR)
Site Infiltrated sediment Coefficient of Infiltrated sediment Coefficient of
(kg'm=2-d1) variation (%) (kg-m~2-d-1) variation (%)
Fynbos (F)  0.21 (0.001-0.75)** 76 (13.3-187.8) 0.05 (0.001-0.50)* 83 (3-156)
Cleared (C)  0.18 (0.001-0.82)** 103 (25.6-208.8) 0.08 (0.001-0.55)* 83 (14.7-118)
Invaded (1) 0.41 (0.002—2.10)** 73 (15.7-168.2) 0.18 (0.002—0.90)** 102 (22.3-184)

* Differs significantly from the two other sites (one-way ANOVA,; p < 0.05)
** Differs highly significantly from the two other sites (one-way ANOVA; p < 0.01)

Sediment infiltration rates at the Wit River sites appear to be roughly inversely related to SSP. For the
traps situated at WR-F, low rates of sediment infiltration were found at SSP greater than 1000 W-m~2,
whereas much greater rates were found in the WR-I site for SSP less than 1000 W-m~2 (Figure 10). The
higher rates of sediment infiltration in these areas reflect enhanced sediment availability and delivery in
the WR-I site. Conversely, on the Du Toit’'s River, SSP is roughly comparable between the DT-F and
DT-I sites; however, DT-I exhibits significantly higher sediment infiltration rates than DT-F (Figure 10).

The cross-sectional variation in sediment infiltration rates among infiltration baskets at each site as
expressed by the coefficient of variation was very high with coefficients of variation up to 184% at the
Wit River and 208.8% at the Du Toit’s River (Table 4). The percentage of silt and clay (< 63 um) in the
mean captured infiltrated sediment was generally highest at DT-C and DT-I and WR-C and WR-I. This
is probably attributable to the availability of these particle size classes in the lower parts of the
catchments compared with the sites in the upper sections (Figure 9). The fraction of the sediment
smaller 63 um decreased with higher averaged sediment infiltration rates (Spearman rank correlation;
p < 0.05; Figure 9).
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3.3.5 Catchment suspended sediment yield (SSY)

When the monthly suspended sediment loads are recalculated to represent the area SSY (SSY-A,
kg-km=2-yr1), a different pattern of sediment production and transport is apparent with the smaller sub-
catchment of the Du Toit's River generating a greater load of suspended sediment per unit area than
the larger subcatchments of the Du Toit’s River (Figure 13a). Significant interaction was noted between
sites and SSY (F 2, 241 = 59.80; p < 0.001, Figure 14). Mean SSY differed significantly between the
upstream site, DT-F, and the most downstream site, DT-I, at the Du Toit’'s River (one-way ANOVA:
F 12,241 = 55.65; p < 0.001). The mean SSY decreased significantly from DT-F (0.002 kgm=2-d~1) to DT-I
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(0.001 kg'm=2-d™%; ANOVA,; p <0.001) and DT-C (0.0004 kg-m~2-d-1; ANOVA; p < 0.001) at the Du Toit’s
River (Figure 13a).
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Figure 13: Catchment SSY for invasion statuses at (a) Du Toit’s and (b) Wit River. Mean values are indicated by
different point symbols and whiskers indicate +95% confidence interval. Letters indicate significant differences
(LSD tests; p < 0.05) for interaction effects based on one-way ANOVAs. Note the different scales on the SSY axes
The general decrease in SSY from up- to downstream broadly indicates a general trend that as
contributing area increase, SSY decrease, resulting in an inverse relationship (Figure 14). Overall,
significant interaction was observed between SSY and sites at the Wit River (F 2,24y = 17.43; p < 0.001).
SSY differed significantly between WR-F and WR-I (ANOVA; p < 0.001). However, mean SSY increases
from 0.0001 kg-m=2-d-1 at WR-F to 0.0003 kg-m=2-d-1 at WR-I (Figure 13b). The increase in SSY from
down- to upstream results in a positive relationship between SSY and contributing area (Figure 14).

0.0018

. e) WR River: r = 0.90, p = 0.30; r2= 0.79
0.0016 | DT River:r = -0.83, p= 0.38; 1= 0.69
DT-F
0.0014 |
o~ 00012 |
s DI
o 0.0010 |
IS
X
o 0.0008 |
4
N—r
5 0.0006 |
%)) DT-C
0.0004 | "
WR-|
0.0002 | “e_Riwver: WR °
“m i : -
_River: DT WR-F WR-C
0.0000 . . . . . .
10 20 30 40 50 60 70 80 90

Contributing area (km?)

Figure 14: Relationship between catchment contributing area and SSY. Sites on the Du Toit’s River are coloured
red, and sites on the Wit River are indicated by blue

24



3.4 Discussion

3.41 Temporal variability in sediment infiltration

There was a consistent tendency of higher rates of sediment infiltration to be associated with the higher
flow events, particularly during the wet season (autumn and winter). Conversely, lowest infiltration rates
were associated with the summer low-flow period. The clear association between sediment infiltration
rates and discharge with greater sediment infiltration rates being associated with high winter flows is a
feature supported by other investigations (e.g. Acornley & Sear, 1999; Greig et al., 2005; Zimmermann
& Lapointe, 2005; Maturana et al., 2014; Milan, 2017).

The association is shown more clearly in Figure 9a—f, where sediment infiltration rate is plotted against
discharge. An analysis of the relationship shows that sediment infiltration rates can be characterised by
clockwise hysteresis loops at all sites (Figure 9a—f). The initial peak in suspended sediment occurs with
marginal increases in discharge until sediment depletion of readily available sources results in a
subsequent decline in suspended sediment. The early flushing and exhaustion of readily available
sediment often drives clockwise hysteresis loops. This phenomenon is well documented in sediment
transfer literature, whereby peak sediment concentrations precede the peak in river discharge and
depletion results in a subsequent decline in sediment load before a decrease in discharge (Scott et al.,
1998; Salant et al., 2008; Grenfell & Ellery, 2009; Smith & Dragovich, 2009). This also implies that the
available sediment is easy to mobilise and quickly entrained and is likely to be within (and proximal) to
the river channel (Lefrancois et al., 2007; Ba¢a, 2008; Rodriguez-Blanco et al., 2010). These sediment
sources include bed material (Arnborg et al., 1967; Bogen, 1980), bank material (Seeger et al., 2004;
Lefrancois et al., 2007; Smith & Dragovich, 2009) and floodplains (Mano et al., 2009).

The assessment of the hysteresis loops on the Du Toit's River separately highlights the control of
sediment availability within and proximal to the river channel. The relationship between monthly
discharge and sediment infiltration rates also reveals periods of the year where there is a relative
abundance and depletion of sediment available for transport. At the invaded site on the Du Toit’s River,
sediment transport peaks before discharge. This suggests that in this part of the catchment, sediment
has become available for transport throughout the dry season, and as soon as water is available to
transport it, it moves. The latter feature indicates that the invaded site is transport-limited at the
beginning of the wet season.

In contrast, in the cleared and fynbos sites, sediment transport peaks at the same time as discharge.
This suggests that less sediment has become available, and the system tends towards being supply-
limited to varying degrees. Furthermore, the results indicate that twice as much sediment is available
for transport at the invaded site. In addition, the fynbos site is producing more sediment than the cleared
site. The actual amount of sediment available for transport is also a major control on rates of sediment
transport, as described in Grenfell and Ellery (2009). This is illustrated in Figure 9d—f, where sediment
infiltration rates vary considerably during discharge of similar intensity and magnitude. Although
discharge is frequently considered the dominant control of temporal variation in suspended sediment
(Maturana et al., 2014), variability may also occur due to of sediment availability in the catchment as is
evident at the Du Toit’s River. The invaded site on the Wit River shows a relatively strong relationship
between sediment infiltration rates and discharge compared with the other sites. This finding is often
associated with a lack of sediment depletion and constant supply. Sediments tend to accumulate in the
catchment during low magnitude flows governed by low transport capacity (transport-limited) whereas
during peak transport events, erosional processes and sediment availability become the dominant
control (supply-limited) (Grenfell & Ellery, 2009; Perks, 2013). On the contrary, at the cleared and fynbos
sites, sediment infiltration peaks with discharge and shows evidence of sediment exhaustion during
later stages of the wet season. Again, suggesting that in these sections, less sediment becomes
available, and the system tends to be more supply-limited.
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Temporal variations in the grain size distribution in the sediment infiltration baskets also reflect changes
in flow conditions in the channel in this study, higher winter flows transported greater quantities of
varying grain sizes. This result supports the finding that increases in flow facilitate the transport of larger-
sized particles (Horowitz, 1991; 2008). However, finer fractions of suspended sediment (< 63 um) are
more prevalent during lower energy flows. Sear (1993), Acornley and Sear (1999), and Schindler
Wildhaber et al. (2012) found that during flows, sediment composed of sediment transported in
suspension was predominantly < 0.25 mm in size. During high flows, a greater proportion of a diameter
between 0.25 mm and 4 mm was transported. During low-flow conditions in summer months, sediments
of a size likely to be transported in suspension (< 63 pm) accounted for most infiltrated material.

3.4.2 Spatial variability in sediment infiltration

Sediment infiltration rates were highly variable between sites. Significantly higher sediment infiltration
tended to occur in the traps situated in the downstream/invaded reaches of the respective rivers. To
develop insight whether this was related to river geomorphological processes or changes in vegetation
structure, the SSP was calculated to classify the reaches according to Nanson and Croke’s (1992)
generic classification of floodplains. SSP has widely been used to assess sediment transport and
geomorphic behaviour of river channels (e.g. Bagnold, 1977; Chang, 1979; Nanson & Croke, 1992;
Ferguson, 2005; Bizzi & Lerner, 2015).

Based on the commonly used floodplain classification system of Nanson and Croke (1992), the
floodplains of all sites were characterised as high-energy non-cohesive floodplains where SSP
exceeded 300 W-m~2. The invaded and fynbos sites on the Du Toit’s River and fynbos site on the Wit
River were classified as Al orders where SSP is greater than 1000 W-m~2, This indicates that in these
sections, the streams have an extremely high capacity to transport sediment. Despite the comparable
SSP, the suspended sediment loads at the invaded site on the Du Toit’s River were around seven times
higher than at the fynbos site on the Wit River and twice as high as the fynbos site on the Du Toit’s
River. This could be an indication of enhanced sediment availability and transport at the invaded site
on the Du Toit's River. On the Wit River, the invaded site was classified as an A2 order, where the
stream’s capacity to do work is almost four times lower than the fynbos site. Regardless of the lower
stream power in WR-I, suspended sediment load in the invaded site was almost 2.6 times higher than
the fynbos site. These high sediment infiltration rates in the invaded sites could reflect enhanced input
and availability of fine sediment from within the channel and A. mearnsii-invaded riparian zones in the
downstream sections of these rivers.

The WR-C and DT-C sites did not respond in a linear fashion, but valuable information could be drawn
from the results. DT-I compares well with WR-I in terms of both SSP and suspended sediment loads.
Suspended sediment load WR-C is two times higher in WR-F. In contrast, at DT-C, suspended sediment
load was almost 1.3 times less than in DT-I with no significant difference compared with DT-F. The
clearing of IAPs dramatically reduced the protective vegetation cover, which consequently exposed soil
surface to increase erosion. Many authors reported that after removing IAPs, native species have the
chance to re-establish (Galatowitsch & Richardson, 2005; Blanchard & Holmes, 2008; Reinecke et al.,
2008). However, the rate at which this occurs depends on several factors such as invasion intensity
and magnitude before clearing. Thus, the variable response in the cleared sites in this study could be
related to the rate of native vegetation recovery over the last 10 years and also the time since clearing.

The progressive increase in fine suspended sediment (< 63 ym) infiltration downstream at the Du Toit’s
River may have been the result of increasing downstream distance causing a longitudinal reduction in
slope and shear stress, which created opportunities for the selective deposition of finer particles. Davide
et al. (2003) documented a similar phenomenon. They found that with increasing distance downstream,
suspended sediments became enriched in the clay fraction (0.4—4 um) of the Po River, Italy. Therefore,
the enrichment of silt and clay-sized particles in the lower reaches of the Du Toit’s River could be
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attributed to the longitudinal reduction of slope and shear stress (shear velocity and stream power)
(Sear, 1993).

3.4.3 Catchment-scale SSY

SSYs are often reduced with increasing catchment area (Lane et al., 1997; De Vente et al., 2005). This
could be a consequence of a decrease in local slope and the presence of wide floodplains with distance
downstream, creating sediment sinks (Walling et al., 1999; Birkinshaw & Bathurst, 2006). When the
monthly suspended sediment loads are transformed to represent SSY-A (kg-km=2-d™1), a different
pattern of sediment production and transport is apparent with the study reach in the smaller
subcatchments generating a greater load of suspended sediment per unit area than the reaches in the
larger subcatchments of the Du Toit’s River (Figure 11a).

Along the Du Toit’s River, sediment loads per unit area decrease with increase in contributing area,
resulting in an inverse SSY-A relationship, although sediment infiltration rates increase. This could be
a consequence of poor vegetation cover and high surface erosion (Dedkov & Mozzherin,1996; Walling
& Webb, 1996; Dedkov, 2004; De Vente et al., 2007), which consequently increases the catchment
sediment contributions to the river network. This supports the assumption that the change in vegetation
structure — natural fynbos shrub to invasive A. mearnsii woody trees — and consequent loss of protective
ground cover through clearing might contribute significantly to increased suspended sediment loads in
lower section of the Du Toit’s River.

Conversely, SSY generally increased with an increase in contributing area in the Wit River. The
magnitude of increase was proportional to the catchment contributing area resulting in a positive SSY-A
relationship. This suggests that suspended sediment originated from and was transported from within
channel sources and proximal to the channel (Walling & Webb, 1996). Similarly, Dedkov (2004) reports
that a positive relationship between SSY and drainage basin area often results when channel erosion
(bank and bed) is the dominant source of suspended sediment. This may occur in headwater areas
with good vegetation cover and resistant rocks where erosion rates increase downstream in response
to greater entrainment and transport of sediment (Walling & Webb, 1996), or where large volumes of
unconsolidated sediment in the channel are available for erosion (Church & Slaymaker, 1989).
Therefore, the increase in contributing area and discharge within the channel at the Wit River are clearly
important controls that may be expected to produce substantial variation in sediment load downstream.

3.44 Impacts of different vegetation conditions on suspended sediment loads

At the natural sites, fynbos shrubland vegetation appeared to make low contributions to the suspended
sediment loads of the Wit and Du Toit's Rivers with total contributions of 15% and 27%, respectively.
The dense undergrowth in undisturbed natural vegetation provides protection against soil loss through
its ability to bind soil, withstand flooding and consequently dampening the speed of overland flow
ensuring sediment deposition. The geology and soils are also considered as important controlling
variables of soil erosion rate, with quarzitic sandstone having a relatively low erodibility (Scott et al.,
1998). Scott et al. (1998) showed that soil erosion rates in an undisturbed fynbos mountain catchment
in the Western Cape, with underlying sandstone, are naturally low (< 1 t-ha-yr1).

The invaded sites on the Wit and Du Toit’'s Rivers appeared to deliver significantly higher suspended
sediment loads with total contributions of 59% and 52% respectively during the monitoring period. The
total contribution of the invaded site on the Wit River is almost three times higher than that at the fynbos
sites. The contribution of the invaded site on the Du Toit’s River is almost twice as high as the fynbos
site. The change in vegetation structure and dense overgrowth of these woody invasive trees inhabit
vegetation undergrowth and groundcover, which leaves soil unprotected against soil erosion. Scott et
al. (1998) found a strong increase in water repellence in soils under Eucalyptus and A. mearnsii
plantations compared with soils under fynbos, which could impede water infiltration and percolation into
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the soil (Scott et al., 1998; Ruwanza et al., 2013), resulting in increased generation of overland flow and
subsequent soil erosion. The doubling of erosion rates found on Acacia-invaded slopes in a study by
Van der Waal (2009) partially supports this finding. Similarly, Kosmas et al. (1997) recorded increased
erosion rates under woody Eucalyptus (23.8 ttkm=2yr-1) invasions compared with shrubland
(6.7 tkm=2-yr™1) in a Mediterranean region. This was mainly attributed to the loss of native species
richness — in particular groundcover and understorey vegetation that no longer bind and protect the soil.

The sites cleared of IAPs in riparian corridors did not respond in a linear fashion, but valuable
information can be drawn from the results. The suspended sediment load contribution in the cleared
site (26%) of the Wit River was significantly higher than in the fynbos site (15%). In contrast, no
significant differences in suspended sediment loads were found between the cleared (22%) and the
fynbos site (27%) on the Du Toit’s River. The heterogeneity between sites in terms of riparian and
stream characteristics, such as stream width, riverbank height and slope of the riparian areas, could
explain the unexpected results observed at the Du Toit’s River. The fynbos site on the Du Toit’s River
are characterised by a relatively narrow stream channel and low riverbanks with steep riparian slopes
compared with the fynbos site on the Wit River with a wider channel and gentle riparian slopes, similar
to the two downstream sites.

The clearing of IAPs dramatically reduce the protective vegetation cover which, in turn, expose soll
surface to increase erosion. Many authors reported that after the removal of IAPs, native species have
the chance to re-establish (Galatowitsch & Richardson, 2005; Blanchard & Holmes, 2008; Reinecke et
al., 2008). In their study on the short-term recovery of native riparian vegetation along the Berg River in
the Western Cape (South Africa), Ruwanza et al. (2013) found increased richness, cover and
abundance of native vegetation four years after clearing of Eucalyptus spp. However, the rate at which
this occurs depends on several factors such as invasion intensity and magnitude before clearing. Thus,
the variable response in the cleared sites in this study could be related to the rate of native vegetation
recovery.

3.5 Conclusions

There is a dearth of information about the temporal, spatial and transfer dynamics of suspended
sediment through the hydrological networks that drain mountain catchment areas, with a lack of
understanding of sediment dynamics in Western Cape rivers as a whole. The assessment of this
variability can provide valuable information on the sediment delivery of these catchments and is a novel
approach to assess the provenance of sediment delivery to the rivers.

This study has investigated the spatial and temporal variability of suspended sediment (and its
properties) across two mountain catchments in the CFR. The study does not clearly demonstrate the
link between IAPs and clearing on suspended sediment loads. Our results showed that the impacts of
IAPs were indeed highly context-dependent as patterns of sediment loads did not respond in a linear
fashion for the two rivers. This was mainly attributed to the distinctive stream characteristics such as
stream width, riverbank height and riparian slope. Although the patterns are inconsistent, valuable
trends could still be observed for certain variables. Overall, the invaded sites were found to contribute
more than 50% of the total suspended sediment load compared with the relatively low suspended
sediment contributions of the sites surrounded by natural fynbos (15-27%).

In general, suspended sediment loads of mountain streams may be characterised as complex and
supply-limited systems. The local hydraulic properties and site characteristics such as channel
morphology, vegetation cover, and topography are clearly important controls and produce substantial
variations in the quantity of suspended sediment. SSY is relatively low, especially when considering the
steep terrain and high transport capacity of these streams.

This study provided important benchmark data, furthering the understanding of fluvial geomorphological
processes in Western Cape rivers. Additionally, the findings of this study, especially with respect to
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sediment loads of mountain streams in the CFR, may facilitate future research and highlight problem
areas (natural or human-induced changes) at the local catchment scale. Further research needs to be
undertaken to enable better understanding of the behaviour of suspended sediments in these river
systems and to determine the holistic impacts of IAPs and clearing thereof on these river processes.
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CHAPTER 4 - INVESTIGATING THE IMPACTS OF INVASIVE NITROGEN-FIXING A. MEARNSII
SEDIMENT NUTRIENT DYNAMICS IN MOUNTAIN STREAMS OF THE CFR

4.1 Introduction

Riparian ecosystems in South Africa and particularly the Western Cape are constantly under threat from
invasion by woody nitrogen-fixing IAPs (Richardson & Van Wilgen, 2004). Due to these threats, the
interaction between invasive plants and indigenous ecosystems has been a major focus in the field of
restoration ecology (Ehrenfeld, 2003). The introduction of invasive species into natural ecosystems is
the result of human activities (Forsyth et al, 2004; Milton, 2004). One of the key aspects thus far has
been the impact of invasive plants on indigenous vegetation and the attributes of natural ecosystems
that make them susceptible to invasion (Rejmanek & Richardson, 1996). Many invasive species can
transform a landscape and negatively affect ecosystem processes (Richardson & Van Wilgen, 2004).
The invasion of non-indigenous species such as Australian Acacia in fynbos riparian zones reduced
native plant species diversity (Richardson et al., 2007), and reduced stream flows because of increased
water use and changes to nutrient cycling (Yelenik et al., 2004).

The fynbos region of the Western Cape is dominated by oligotrophic soils, and characterised by
sclerophyllous shrubs (Cowling et al., 2004). In general, fynbos soils are nitrogen-poor and the nitrogen
cycle appears to be very slow (Stock et al., 1995). Very few fynbos plants have the ability to fix nitrogen
(Cocks & Stock, 2001). Nitrogen-fixing fynbos plants (such as Encephalartos spp. and Morella
cordifolia) are short-lived and they only contribute 0.5% of nitrogen stocks to the ecosystem (Cocks &
Stock, 2001). In contrast, invasive species such as Acacia are effective nitrogen fixers and alter nitrogen
and carbon cycles (Richardson & Cowling, 1992; Ehrenfeld, 2003). Invasion by non-indigenous plants
often cause an increase in nutrient stocks, as well as an increase in the productivity of many ecosystems
regardless of the decrease in plant diversity (Stock et al., 1995; Maron & Connors 1996; Maron &
Jefferies 1999; Tye & Drake, 2012).

Le Maitre et al. (1996) modelled the predicted impacts of Acacia spp. on water resources. These models
suggested that if there is no management plan in place, Western Cape catchments could lose up to
87 million m3 of water to invasive species. WfW, initiated by the Department of Water Affairs and
Forestry in October 1996, aims to control woody IAPs to reduce water use and preserve stream flow in
South African catchments. Many alien invasive species that are being targeted by WfW are
nitrogen-fixing legumes. For example, A. saligna, A. mearnsii and A. cyclops are commonly found in
Western Cape landscapes. While it is generally accepted that clearing IAPs in South Africa will have
significant benefits in enhancing run-off from catchments and groundwater recharge, concerns have
been raised that some of the nitrogen will be mobilised causing a flux of nitrogen into streams (Jacobs
et al., 2013). It is unclear how the clearing of invasive nitrogen-fixing trees in the riparian zones will
affect water quality and other aspects of the aquatic ecosystems ecology. Indeed, little attention has
been paid to quantify the amount of nutrients that nitrogen-fixing invasive plants may be adding to
aquatic systems in South Africa.

Research on the changing levels of nitrogen in riparian soils has largely been documented in central
Japan (Akamatsu et al., 2011), New Mexico (DeCant, 2008) and, more recently, in South Africa (Jacobs
et al., 2013). Soils under terrestrial Australian Acacia species were found to have a twofold increase in
soil elemental concentrations compared with adjacent fynbos soils (Musil & Midgley, 1990). This
enrichment has been ascribed (Musil & Midgley, 1990) to the higher annual dry litterfall of Acacia spp.
(Milton 1981b; Mitchell et al., 1986), higher foliar litter nitrogen and phosphorus concentrations (Milton,
1981b), and slow rate of litter decomposition (Milton, 1981b; Mitchell et al., 1986).

Any changes in nutrient cycling within the riparian zone can strongly influence stream nutrient
concentrations as these ecosystems are hotspots of biogeochemical processing (become sources
rather than sinks) (McClain et al., 2003, Vidon et al., 2010). For instance, the woody nitrogen-fixer
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Russian olive (Elaeagnus angustifolia) that invades riparian ecosystems in the western United States
alters stream nitrogen dynamics (Mineau et al., 2011), while Falcataria moluccana can increase stream
nitrogen levels up to sixfold (Wiegner et al., 2013). However, it remains unknown how nitrogen-fixing
invasive plants increase nitrogen concentrations in streams, although several mechanisms have been
proposed (Wiegner et al., 2013). Thus, further research is required to determine which mechanisms, if
any, are primarily responsible for the elevated nutrient concentrations in streams. No studies have
emphasised the importance of nutrient transport in association with sediments.

Stream ecosystems have a strong capacity to transform and retain nutrients; thus, in-stream biogeo-
chemical processes can further influence nutrient chemistry along the stream (Peterson et al., 2001,
Dent et al., 2007). While much attention has been focused on riparian soil biogeochemistry and water
quality changes in streams as a function of invasive nitrogen-fixing plants, much less is known about
the role of suspended sediment as nutrient carriers. Nutrients, in particular phosphorus, have a relatively
higher bonding affinity for clay particles in soils and sediments than the low bonding affinity to water
molecules (Paudel et al., 2015). The suspended sediment can have direct and indirect effects on the
primary productivity of a stream: directly by affecting photosynthesis by blocking sunlight, and indirectly
by affecting water chemistry by releasing and adsorbing nutrients. Permanently suspended particulate
matter and resuspension of particulate matter adsorb and regulate release of different forms of nutrients
into the water column (Tappin et al., 2010).

The purpose of this study is to determine the impacts of invasive nitrogen-fixing A. mearnsii and clearing
thereof on nutrient dynamics in suspended sediment of mountain streams in the CFR. Estimating the
amount of nutrients attached to sediment in the rivers draining areas invaded by woody IAPs and land
cleared thereof will provide good insight and improve understanding of how invasive nitrogen-fixing
species change the nutrient contents and delivery to these river systems. This research is among the
first to investigate whether widely colonising invasive Acacia spp. do in fact alter sediment-associated
nutrient concentrations (carbon, nitrogen and phosphorus) in fynbos mountain streams. The aim of this
study was to:

e Evaluate the spatial and temporal variability in nutrient concentrations of two mountain streams in
the CFR.

e Compare the results to physical and other chemical properties data.

e Quantify the nutrient contributions from near-pristine fynbos, A. mearnsii-invaded and Acacia-
cleared riparian sections.

4.2 Methods

4.21 Study sites and design

The rivers selected for this study fall in the Breede WMA in the Western Cape Province, South Africa.
The rivers are situated in largely mountainous upper subcatchments and a designated mountain
catchment area. Much of it is located within the protected areas. As a result, it is largely undeveloped
with no anthropogenic disturbances, with land use primarily limited to recreation and IAPs. The sampling
design called for three sites at each river, each consisting of:

e One upper stream natural site (reference) (pristine or near-pristine condition, with no or minimal
invasion by woody IAPs, and free of human disturbance).

e A mid-stream cleared riparian site (a previously invaded site that has been cleared more than seven
years ago with A. mearnsii as the dominant invader).

e Aninvaded site (predominantly A. mearnsii or a mixture of A. mearnsii and A. longifolia invaded for
at least ten or more years).
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The dominant lithology in the catchment is Quarzitic Table Mountain Sandstone of the Peninsula
formation (Rebelo et al., 2006). The hard impermeable quarzitic sandstone produces shallow, coarse
textured soils and are characterised as nutrient-poor, leached and acidic (CapeNature, 2017). The
Breede WMA is characterised by a Mediterranean-type climate, with rainfall occurring predominantly in
winter (most of which occurs between April and September) while the summer months are notably hot
and dry (Deacon et al., 1992; Sieben, 2003). The mean annual precipitation in the catchment varies
considerably with values exceeding 1800 mm in the mountainous regions, and values dipping to
300 mm in the lower eastern parts (DEADP 2011). The mean annual temperature for the Breede
catchment area is 12°C on higher-lying areas and 19°C on lower-lying areas. The mean annual
temperature measured at the study areas for the monitoring period, Wit River (19.3°C) and Du Toit’s
River (17.8°C) are well within the long-term average for the Breede WMA. The hydrological regime of
streams is driven by precipitation. Discharge in the rivers is high in winter with major peaks in May
through to August, and lowest between December and March.

Suspended sediment, infiltrated sediment and water samples were collected at three sites from up- to
downstream: natural (control), cleared and invaded. For more information regarding the characteristics
of the rivers and sites, see Chapter 3 (cf. Table 3).

4.2.2 Sediment collection and analysis

Suspended sediment was sampled with one time-integrated suspended sediment samplers at each site
following Phillips et al. (2000). The apertures of the suspended sediment samplers were about 60 mm
above the riverbed towards the downstream end of each treatment. Infiltrated sediment samples were
collected in nine sediment baskets per site following Bond (2002) and Schindler Wildhaber et al. (2012).
The first row of three was placed towards the upstream section of the reach and the next two towards
the downstream end. The baskets were spaced equally at each of the three predefined traverses.
Suspended sediment samplers and sediment baskets were both emptied monthly. The basket's
sediment was sieved with a 4 mm sieve and the basket refilled with the remaining coarse sediment
during each sampling event. Sediments < 4 mm were taken to the laboratory for further analyses.

The term ‘infiltrated sediment’ refers to the total sediment < 2 mm infiltrated during one month in the
sediment basket. ‘Suspended sediment’ refers to the total amount of sediment caught during one month
in the suspended sediment samplers. Sediment samples were oven-dried at 105°C for 24 hours and
then disaggregated and homogenised using a pestle and mortar. All samples were dry-sieved through
a 63 um mesh to minimise the influence of the grain size as recommended by Horowitz and Elrick
(1987). Water was sampled using 250 ml plastic bottles, which were pre-rinsed with stream water.
Water was filtered in the field through 0.45 um Milliex-HP syringe filter units (Whatman, Piscataway,
New Jersey, USA). All water samples were immediately placed on ice, transported to the laboratory,
and stored frozen until analysis. Water sample collection was done quarterly during periods of low,
moderate, intermediate and high flow.

The samples collected by the sediment baskets and suspended sediment sampler were measured for
the following parameters: monthly total nitrogen (TN) and total carbon (TC); particle size distribution;
and on a seasonal basis, total phosphorus (TP) and iron while aluminium, pH and electrical conductivity
(EC) were determined biannually. TC and TN of the infiltrated sediment and suspended sediment were
measured by dry combustion followed by a CN elemental analyser (Euro EA Analyser) using standard
processing techniques (Sollins et al., 1999) at the Central Analytic Facility, Stellenbosch University
(Stellenbosch, Western Cape, South Africa). TP and iron in infiltrated sediment were analysed using a
Thermo iCap 6500 Inductively Coupled Plasma Optical Emission Spectrometer, after sample
preparation by microwave digestion at the laboratories of the Council for Scientific and Industrial
Research (CSIR), Stellenbosch. Water samples were analysed for ammonium, nitrite + nitrate, and
orthophosphate by the CSIR laboratories, KZN.
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4.2.3 Particle size corrections

Particle size distributions of the previously dried and sieved sediment sample (< 63 pm) from infiltrated
sediment were assessed with a high definition digital laser particle size analyser (Micromeritics Saturn
DigiSizer 5200). Grain size fractions were classified according to Wentworth Udden; Silt: 63—3.9 ym
and clay: < 3.9 um. The classification was used to determine the percentage of clay in each sediment
sample. Previous studies have established that particle size can exert a strong influence on associated
geochemical concentrations (Horowitz & Elrick, 1987; Horowitz, 1991; He & Owens, 1995; He &
Walling, 1996).

Carbon, nitrogen and phosphorus properties were tested for correlation between sample clay
percentage and property concentration within the individual sites. The non-parametric Spearman’s rho
correlation coefficients test was used as both nutrient concentration data and clay fraction data were
not normally distributed. Previous studies have commonly based particle size correction factors on
specific surface areas ratios; however, due to time and resource constraints, the correction factor of
this study was based on clay percentage to further minimise the effect of grain size.

In instances where significant correlation was observed between clay and nutrient concentrations,
nutrient concentration values were corrected to account for any particle size dependencies to allow for
direct comparison between sites. Where correlation between nutrient concentrations and clay was not
significant across all three sites, it was assumed that by disaggregating and sieving samples to < 63 ym
during processing, a sufficient account had already been taken of any nominal grain size dependencies.
Thus, enabling direct comparison between sediment samples without the requirement for additional
correction (Klamer et al., 1990; Wang & Chen, 2000; Whiting et al., 2005; Stutter et al., 2009). However,
where the particle size effect correlation test indicated that the nutrient concentrations were significantly
correlated with clay percentage across all sites, the particle size correction was considered appropriate.
The clay percentage and geochemical concentrations of each sample were then used to make
corrections for differences in particle size composition between samples and sites using Equation 4:

Equation 4. Cc=C/Cp

Where C is the measured property concentration, Cc the property concentration corrected for particle
size to be directly comparable with the value for suspended sediment, Cp is the clay percentage of
suspended sediment.

4.2.4 Statistical analyses

All statistical analyses for chapter were done using the Statistica 13 software package (Dell Inc., 2015).
The null hypotheses that A. mearnsii invasion and clearing thereof do not affect TC, TN and TP were
tested using ANOVA, and the significance was determined at p < 0.05. Fisher's LSD test was used for
post hoc means separations. Non-normal distributions of data for sediment loads and geochemical
property concentrations justified the use of non-parametric tests. A combination of Pearson’s (r) and
Spearman rank correlation (rho) were done individually to test for significant relationships at significance
p < 0.05 between chemical and physical properties of sediment (< 63 um) (TC, TN, and TP with clay
percentage) and (TC with TN, TC with TP, TN with TP and, lastly, TP with iron).

4.3 Results

4.31 Temporal dynamics of carbon and nitrogen in infiltrated and suspended sediments

Wit River

The TN in infiltrated sediment at the Wit River showed significant interaction between seasons (two-
way ANOVA: F pg, 451 = 36.51; p < 0.001; Figure 15c). TN had significantly higher mean concentrations
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during the autumn months (mean = 1.09 * 0.34%) than winter months (0.54 + 0.07%), spring months
(0.60 £ 0.12%) and summer months (0.77 + 0.27%).

The TC concentrations in infiltrated sediment showed a similar temporal pattern to TN in infiltrated
sediment with significant overall seasonal trends (two-way ANOVA: F 19, 451 = 64.35; p < 0.001; Figure
15b), with higher overall mean concentrations in autumn months (21.03 = 5.07%) and significantly lower
concentrations during the winter (11.56 £ 1.42%), spring (13.47 + 3.77%), and summer (14.19 £ 7.9)
months.

The mean TN and TC concentrations were typically lowest during the wet season (with high flows and
sediment infiltration rates) and peak concentrations during low flows in the autumn months. The effect
of season on C:N ratio showed a significant overall interaction (two-way ANOVA: F [3, 181 = 31.99;
p < 0.001). Overall, lowest C:N ratios were measured during winter (mean = 17.45) and peak ratios
during summer (mean = 22.14).

TN and TC concentrations in suspended sediment showed similar temporal patterns as TN and TC
concentration in the infiltrated sediment: the smallest concentrations were assessed during winter
months with a mean of TN = 0.6% and mean TC = 14.13%. TN and TC concentrations were significantly
higher in summer with means of 1.47 and 23.95%, respectively (Figure 15b and Figure 15c).

Du Toit’s River

In the Du Toit’s River, significant seasonal variability was observed between TN in infiltrated sediment
and seasons (two-way ANOVA: F 1, 6] = 18.21; p < 0.001; Figure 15c). The highest mean TN
concentration was observed during summer months (0.68 * 0.14) relative to autumn (0.43 + 0.19%),
winter (0.40 + 0.15%) and spring (0.55 + 0.09%).

The seasonal pattern in TC showed a comparable trend to TN, with significantly higher average TC
concentrations during the summer months (13.51 + 3.12%) and spring (12.78 + 2.49%) than winter
(9.37 £ 3.37%) and autumn (8.72 + 4.69%) months.

The lowest C:N ratios were measured during summer (19.91) and peak concentrations during winter
(23.59). The temporal dynamic of TN and TC concentrations of suspended sediment showed the same
characteristics as in infiltrated sediment with low levels at high discharge and high sediment yield during
the wet winter months and high levels at low discharge and low sediment yields in the dry summer
months.

Overall, TN concentrations showed significant inverse relationships with the total amount of suspended
sediment and averaged infiltrated sediment (Figure 16a; Figure 16b). Infiltrated sediment and
suspended sediment generally increased with increasing discharge (cf. Chapter 3). However, lowest
TN concentrations in infiltrated sediment and suspended sediment were measured during high flows
and sediment yields in winter and peak concentrations during base flows and low sediment loads in
summer (Figure 16a; Figure 16b). This finding is also supported by the significant positive relationships
between the clay fraction and TN in infiltrated sediment (Figure 16d). The clay fraction in infiltrated
sediment is generally higher during the base flow than in high flows (cf. Chapter 3). A significant positive
correlation exists between TN and TC concentrations in captured sediments (Figure 16c). The linear
regressions between TC and TN gives an R? for infiltrated sediment of 0.81 and of 0.74 for suspended
sediment (Figure 16c).
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Geomorphological characteristics and site-specific information on each of the selected sites within the
Western Cape region
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Figure 15: Sediment and nutrient dynamics during the field period. (A) monthly sediment infiltration rates (infiltrated
sediment; < 2 mm) and the monthly suspended sediment; (B) TN of infiltrated sediment and suspended sediment;
(C) TC of the monthly infiltrated sediment and suspended sediment; (D) C:N ratios of infiltrated sediment and
suspended sediment. It should be noted that the patterns of infiltrated sediment suspended sediment, TN, TC and
C:N ratios depicted were consistent for the sites on both the Wit (WR) and Du Toit’s (DT) River
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4.3.2 Spatial dynamics of carbon and nitrogen in infiltrated sediment and suspended

sediment

The interaction between invasion statuses were not significant for TN in infiltrated sediment at the Wit
River (two-way ANOVA: F |2, 61 = 4.796; p = 0.001). Nevertheless, when TN was averaged over the
course of the sampling period, there was a general trend towards enhanced TN concentrations in the
invaded site. The highest mean was found at the invaded site (mean = 0.83 £+ 0.23%) compared with
the cleared (0.78 + 0.30%) and fynbos sites (0.77 + 0.37%).

Significant interaction was observed between TC and invasion statuses (two-way ANOVA:
F 12,61 = 32.96; p < 0.001). TC increased in a way similar to TN from fynbos (mean = 14.31 + 6.19) to
the cleared (15.18 £ 6.44%) and invaded sites (17.81 + 6.31%). The invaded site had high C:N ratios
(mean: 21.28) and differed significantly from cleared (p < 0.05) and natural (p = 0.01) sites with means
of 19.46 and 18.95, respectively (Table 5).
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Table 5: Comparison of average values (+ standard deviation) at the three sites sampled of TC, TN and TP in
infiltrated sediment (IS) and suspended sediment (SS)

Rivers Wit Du Toit’s

Sites Fynbos Cleared Invaded Fynbos Cleared Invaded
TC IS (%) 143 +£6.2 152+6.4 17.8£6.3 129+ 35 10945 10+ 3.6
TN IS (%) 0.77 £0.37 0.78 £0.30 0.83+0.23 0.56 £0.15 0.53+0.21 0.48 £0.17
TC SS (%) 24.66 +4.09 23+3.78 23.36+3.68 16.67+4.75 16.98+3.78 15.15+5.77
TN SS (%) 1.33+0.43 1.11+0.52 1.14+0.48 0.85+0.31 0.93+0.29 0.80+0.42
TP IS (mg-g™}) 0.47 £0.33 0.88 £ 0.69 0.78 £ 0.51 0.41+0.22 0.59 +0.27 0.59+£0.31
C:NinlIS 18.95+0.64 195%0.39 21.3+0.58 22.98+0.82 21.08+0.41 21.11+0.83
C:Nin SS 19.49+3.94 2158+7.30 1951+4.29 20.14+3.37 18.78+2.75 19.73+3.88

In the Du Toit’s River, TN concentration in infiltrated sediment differed significantly between invasion
statuses (two-way ANOVA: F 2,61 = 14.68; p < 0.01). TN content was significantly lower in the invaded
site (mean = 0.48 + 0.17%) than in the cleared (0.53 = 0.21%; p < 0.05) and fynbos sites (0.56 + 0.15%;
p < 0.01), with no differences between fynbos and cleared (p = 0.07).

Similarly, the highest mean TC content was found at the fynbos site (12.87 + 3.53%) and was
significantly higher than cleared (10.87 + 4.52%; p < 0.05) and invaded sites (10.02 + 3.64; p < 0.01).

The C:N ratios differed significantly between sites (two-way ANOVA: F 2,6=6.70; p < 0.05). Fynbos
had the highest C:N ratios (mean = 22.98) and differed significantly from invaded (mean =21.11,;
p < 0.05) and cleared sites (mean = 21.08; p < 0.05). No significant differences were found between
the cleared and invaded sites (p = 0.95) (Table 5).

The TN concentration of the suspended sediment showed a different spatial pattern as TN
concentration of the infiltrated sediment (Table 5): the highest concentrations were found at the cleared
site with a mean of 0.94%; fynbos and invaded sites had lower concentrations with means of 0.85%
and 0.80%, respectively (Table 5).

The TC in suspended sediment increased similar to the TNs from the cleared site (16.98 £ 3.78) to the
fynbos (16.67 £ 4.75) and invaded (15.15 £ 5.77) sites. The increase of TC in the suspended sediment
from the invaded site with a mean of 14.50% to the fynbos and cleared sites with means around 16%
was significant. Overall, mean TN and TC concentrations in suspended sediment was 0.34% and 4.8%,
respectively, higher than in infiltrated sediment.
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TC and TN in infiltrated sediment are highly correlated with one another at all sites (r = 0.90; Table 6).
Clay fraction of infiltrated sediment was significantly correlated with TN. The linear regressions between
the clay fraction and TN gives R? values for the natural and cleared sites greater than 0.60 (Table 7).
The invaded sites on the Du Toit's and Wit River had relatively lower R? values of 0.26 and 0.47,
respectively (Table 7). Overall, C:N ratios showed a significant and inverse correlation with iron
concentrations (r = —0.84; p < 0.001) and clay percentage (r = —0.54; p < 0.001) (Table 6).

Table 6: Pearson’s correlation coefficient (r) for selected soil physical and chemical properties of infiltrated
sediment. Correlations were calculated from all available data irrespective of invasion status; however, different

variables differed in the regularity of sampling: monthly (TC, TN, clay percentage, stream temperature: °C),
seasonally (TP and iron) and biannually (aluminium and pH). Correlation values represent only instances where

comparisons could be made

TN (%)

TP TN TC C:N Iron Aluminium pH Clay

(mg-g™) (%) (%) (mg-g™) (mgg™)  (H0) (%)
Temperature in 0.84** 0.50** 0.29* —-0.60** 0.96** N/A —-0.80** 0.81*
water (°C)
TP (mg-g™t) 0.32** -0.07  -0.67* 0.90** 0.57* -0.27 0.89**
TN (%) - 0.90** N/A 0.39** N/A N/A 0.65**
TC (%) - N/A —0.45** N/A N/A 0.25**
C:N ratio - —0.84** 0.03 N/A —0.54**
Iron (mg-g™1) - 0.54* -0.17 0.95**
Aluminium - -0.05 0.33*
(mg-g™)
pH (H20) - -0.34
Clay (%) -

* Significant relationship between the two properties at p < 0.05
** Highly significant relationship between the two properties at p < 0.01
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4.3.3 Spatial and temporal dynamics of TP in riverbed sediments

Significant seasonal trends were noted for TP in infiltrated sediment on the Wit River (F 3, 18) = 290.38;
p < 0.001) with significantly higher concentrations in summer (1.63 £ 0.39 mg g™1) relative to autumn
(0.50+0.11mg g%, winter (0.32+0.11mg g*) and spring (0.52+0.18 mg g™%). TP differed
significantly between invasion statuses (two-way ANOVA: F 2,6y =18.07; p < 0.01). On average over the
sampling period, invaded sites had significantly higher TP concentrations (mean = 0.78 + 0.51 mg-g™?)
than natural sites (0.47 £ 0.33 mg-g™%; p < 0.05), but no significant difference was apparent between
invaded and cleared sites (0.88 + 0.69 mg-g™*; p = 0.3729).

Similar spatial trends were observed at the Du Toit’s River, with significant differences between invasion
statuses (F 2, 6 = 6.04; p < 0.05). Natural sites had significant lower mean TP concentration than
invaded (p < 0.01) and cleared sites (p < 0.01) with no significant differences between cleared and
invaded sites (p = 0.9819). TP concentrations differed significantly between invasion statuses with
lowest concentration in the fynbos sites (0.41 = 0.22 mg-g™1), followed by higher concentrations in the
cleared (0.59 £+ 0.27 mg-g™!) and invaded sites (0.59 + 0.31 mg-g™?1). Significant seasonal trends were
observed for TP in infiltrated sediment seasons (F [3, 18] = 46.10; p < 0.001) with significant higher mean
concentration in summer (0.98 £ 0.25 mg-g™!) compared with spring (0.46 + 0.1 mg-g™1), autumn
(0.40 £ 0.16 mg-g1) and winter (0.41 + 0.08 mg-g™).
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Figure 18: TP in infiltrated sediment (< 63 pm) for invasion statuses across seasons. Mean values are indicated by
different point symbols and whiskers indicate +95% confidence interval. Letters indicate significant differences
(LSD tests; p <0.05) for interaction effects based on RMANOVASs: invasion status and seasons. Mean seasonal
measurements for TP are depicted in (A) invasion statuses at the Du Toit’s River and (C) at the Wit River. Mean
seasonal measurements for TP are depicted in the bar graphs for Du Toit’s River (B) and (D) Wit River for invasion
statuses. In (B) and (D), letters represent significant differences (LSD tests; p < 0.05) based on one-way ANOVAs
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TP concentrations in infiltrated sediment were significantly correlated with clay percentage, iron and
aluminium concentrations, regardless of invasion status. TP showed a significant inverse relationship
with C:N ratios (Table 6). TP concentrations had significant relationship with TN. pH (H20) had no effect
on TP (r = -0.27). C:N ratios showed a significant and inverse correlation with iron concentrations and
clay percentage.

4.3.4 Spatial variation in nutrient content between invasion statuses

In this section, the nutrient concentration measured in Section 4.3.2 and 4.3.3 has been corrected for
differences in particle size composition. The method accounts for variations in particle size composition
via the clay percentage of the samples. The general trend is that an increase in nutrient concentration
is associated with a decrease in particle size. This equates to an increase in specific surface area and
the number of potential sorption sites with decreasing particle size. It was found that grain size
composition differed both spatially and temporally between the invasion statuses on the two rivers (see
Section 3.2.1 for explanation). Therefore, to minimise the influence of grain size variations on nutrient
concentrations, a particle size correction factor was applied to allow the direct comparisons between
invasion statuses.

Particle size effect correction test

The correlation analysis of the association between clay percentage and nitrogen, phosphorus and iron
concentrations values for the individual sites from the respective rivers within this study indicated that
particle size influence was highly significant across the geochemical properties and sites concerned.
Therefore, particle size correction was considered appropriate. The correlations between TC and clay
percentage for the individual sites from the rivers was variable across sites resulting in a non-linear
relationship. Thus, it was considered inappropriate to apply particle size correction to the TC
concentration values.

Table 7: Spearman’s correlation coefficients p (rho) and significance for clay percentage versus selected nutrient
properties in infiltrated sediment (< 63 um) from fynbos, cleared and invaded sites on the rivers

Rivers Du Toit’s Wit
Fynbos Cleared Invaded Fynbos Cleared Invaded
TP (mg-g™t) 0.63** 0.90** 0.47** 0.53* 0.97** 0.98**
TN (%) 0.62** 0.64** 0.26** 0.64** 0.79** 0.47*
TC (%) 0.36** 0.30** 0.08 0.17* 0.00 0.08
Iron (mg-g™%) 1.00** 0.92** 0.90** 0.73* 0.99** 1.00**

* Correlation is significant at p < 0.05
** Correlation is significant at p < 0.01

Between site variations in TN content

Significant interaction between invasion statuses and rivers was observed (two-way ANOVA:
F 2,121=29.11; p < 0.01; Figure 19). The invaded site on the Wit River had significantly higher TN
content (mean = 5.75%) than the fynbos sites on the Wit (4.44; p < 0.001) and Du Toit’s River (4.58%;
p < 0.001), with no differences between the fynbos sites (p = 0.56).

Conversely, the invaded site on the Du Toit’s River had significantly lower TN content (3.52%) than the
fynbos sites on both the Du Toit’s (p < 0.001) and Wit River (p < 0.01; Figure 19). Mean TN content for
the cleared sites on the Wit and Du Toit’s Rivers, 3.25% and 3.76% respectively, was significantly lower
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than both fynbos sites (p < 0.001) and the invaded site on the Wit River (p < 0.001). The differences
between both cleared sites and the invaded site on Du Toit’s River were not significant for TN (p > 0.05)
whereas significant differences were noted between the cleared sites (p > 0.05; Figure 19).
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Figure 19: Mean TN in infiltrated sediment for invasion statuses across rivers. Bars represent means and whiskers
represent + 95% confidence intervals for TN. Significance levels (LSD post hoc test; p < 0.05) are indicated by
different letters for two-way ANOVAs. TN concentrations are particle size corrected
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Interaction between invasion statuses and rivers for TP in sediment infiltration was significant (two-way
ANOVA: F 12,121 = 9.60; p < 0.01; Figure 20). The invaded site on the Wit River had a significantly higher
TP content (mean = 5731.73 mg-g™?) than the fynbos site on the Wit River (p < 0.001) and the Du Toit’s
River (p < 0.01) with mean values of 3242.73 mg-g™! and 4271.05 mg-g~%, respectively. The invaded
site on the Du Toit’s River had significantly lower TP content (4150.01) than the invaded site on the Wit
River (p < 0.01; Figure 20).

The mean TN content did not differ between the invaded site on the Du Toit’s and the cleared sites on
both the Du Toit's and Wit River (p > 0.05). Similarly, no differences were noted between the invaded
and fynbos site on the Du Toit’s River (p = 0.78; Figure 20).

4.3.5 Spatial and temporal variability in stream water nutrient concentrations

Ammonium (NH4*) concentrations were below the detection limit of 10 pg-¢-* in May 2016 at all sites.
The highest mean NH4* concentrations on the Wit River and Du Toit’'s River were observed in November
with maximum values of 86 ug-{* and 80.3 ug-{1, respectively. Averaged over the course of the
sampling period, fynbos sites had the highest NH4* concentrations (mean = 56.9 ug-{?) relative to the
cleared (45.9 pg-f1) and invaded sites (44 pg-f1) on the Du Toit's River; however, this was not
significant (one-way ANOVA: F 2,241 = 0.39; p = 0.68; Table 8).

The highest mean NH4* concentrations on the Wit River were observed at the cleared site with a mean
of 34.3 pg-L~* compared with the fynbos and invaded sites with means of 31.2 pug-{* and 26.8 ug-£1,
respectively (Table 8). Again, no significance was found between invasion statuses (one-way ANOVA:
F 12,300 = 0.14; p = 0.87). This is supported by the substantial variation in NH4* concentrations among
the sites with different invasion statuses.

Nitrate + nitrite (NO3z™+ NOz2") concentrations were below the detection limits of 5 pug-£ in May 2016,
June 2016 and February 2017 at all sites. NO3™+ NO2~ concentrations peaked in September at 9 pug-£*
at the Du Toit’s River and 25 ug-£ at the Wit River. Averaged over the course of the sampling period,
NOs~ + NO2~ concentrations on the Du Toit’s River increased from the fynbos site (mean = 6.7 pg-{?)
to the cleared and invaded sites with means of 7.7 pug-{?*and 8.3 ug-t™1, respectively (Table 8).
NOs~+ NO2~ concentrations on the Wit River were highest at the cleared site (13.7 ug-{™1) compared
with the fynbos and invaded sites with means around 7.7 ug-£-* (Table 8). However, NOz™ + NO2™ data
were not sufficient for a valid statistical analysis.

Orthophosphate (PO43") concentrations ranged from below the detection limit (4 pg-£1) to 126.29 pg-{*
in the Wit River and below the detection limit to 67.65 pg-{-! in the Du Toit’s River. The invaded site in
the Wit River showed relatively higher PO43~ concentration with a mean of 26.6 pg-£* compared with
the cleared and fynbos sites with means of 10 ug-{~* and 4.8 pg-{%, respectively (Table 8).

Despite the apparent spatial differences across invasion statuses, PO43~ concentrations were not
significantly different (one-way ANOVA: F 2, 211 = 1.59; p = 0.23). Similarly, the interaction between
invasion status and PO43" concentrations was not significant (one-way ANOVA: F 2,121 = 1.87; p = 0.20).
This was mainly due to the high standard deviations in PO43~ concentrations that indicates the high
variability among samples in the respective sites (Table 8). Nevertheless, mean PO43~ concentrations
in the Du Toit's River were highest at the cleared site with a mean concentration of 32.5 ug-{-t. Mean
PO43~ concentrations in the fynbos and invaded sites were 10.7 pg-{™* and 22.4 ug-{, respectively
(Table 8). PO43~ concentrations in the Du Toit’s River ranged from below the detection limit (4 pug-{1) to
26.67 pg-ttin the fynbos site, 67.65 pg-£tin the cleared site, and 33.33 pg-{* in the invaded site.
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Table 8: Comparison of mean values (+ standard deviation) of nutrient concentrations for ammonium (NH4*), nitrate
+ nitrite (NO3™ + NO2"), nitrate (NO3~) and phosphate (PO4%") between invasion statuses of the respective rivers
across the study period. All concentrations are reported in pg-¢*

Rivers Wit Du Toit’s
Fynbos Cleared Invaded Fynbos Cleared Invaded
NH4* 31.2+347 343+351 268+285 56.9+39.7 459+344 44 +31.8
NO3™ + NO2~ 7.7%+35 13.7+£7.5 7.7%+35 6.7+ 3.6 7.7+35 8.3x4.1
NO3~ 19+£35 3475 19+£35 13+£1.2 0.7x1.5 15+£23
PO43- 48+5.6 10.0 £ 16.2 26.6 £ 40.8 10.7+£14.6 325+25.2 224 +£10.7

4.4 Discussion

4.41 Temporal variability in sediment-bound nutrient concentrations

Significant temporal variations for nutrient (TC, TN and TP) concentrations in infiltrated sediment and
suspended sediment were noted in the two streams assessed. The minimum TN and TC concentrations
in infiltrated sediment concurred with high discharge and high suspended sediment loads in winter. This
is supported by a study by Acornley and Sear (1999) that reported approximately 21% organic carbon
in the suspended sediment during low flows in summer and 11% during high flows in winter in two rivers
in Hampshire, England. Schindler Wildhaber et al. (2012) also reported significant temporal variation in
TC and TN in infiltrated sediment and suspended sediment with low concentrations at high discharge
and high sediment yield, and high concentrations at low discharge and low sediment yields. The pattern
can be partially explained by the dilution of TC and TN during high sediment loads with mineral matter
derived from sources within or proximal to the channel (Zhang et al., 2009). This pattern was attributed
by Sear et al. (2008) and Schindler Wildhaber et al. (2012) to the low specific gravity of TC, which holds
it in suspension longer than inorganic material. Thus, the TC proportion increases during periods of low
flows compared with coarse inorganic material, which may also hold for this study. The significant
positive relationship between the concentration of TN in infiltrated sediment and the clay fraction
(sediment < 63 um) and the significant inverse relationship between TN and infiltrated sediment and
suspended sediment supports this assumption. Like TC, fine clay particles are also held in suspension
more easily than coarser grained sediment and settle out during low energy flows (Schindler Wildhaber
et al., 2012).

Furthermore, the supply of materials to the streams varies significantly with the season due to the timing
of leaf litterfall and soils nutrient cycling processes in the riparian zones. For example, peak litterfall
rates reported for A. mearnsii-invaded riparian zones in the Western Cape, South Africa, concurred with
the first seasonal rains in autumn while indigenous fynbos litterfall rates peak in summer (see Chapter
5 of this report). Further, Naude (2012) found that nitrate (NO3~) concentrations were highest in autumn
with maximum ammonium (NHa4*) concentrations observed in summer for riparian soils in the south of
the Western Cape, South Africa. During heavy rainfall events in the wet season (autumn to spring),
higher water levels increase the connectivity between the riparian zone and stream channel, enabling
overbank flow to access, leaf litter and nutrient-rich soils on the riverbanks and in riparian zones (Burt,
1997). Similarly, increased run-off in the catchment connects and delivers distant sources of sediment
to the river channel (Walling, 1983). These terrigenous materials are transferred to the river channel
where it is stored (deposited) and mineralised during low-flow periods in summer. The explanation holds
particularly for the Wit River where riverbanks are low. In addition, high stream temperatures during the
summer months (average: 21.12°C) may also be an important factor stimulating/promoting in-stream
mineralisation of leaf litter and nitrification processes as reported by Naude (2012) for soils in
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Mediterranean riparian ecosystems because elevated nitrogen in streams concur with peak NHa*
concentrations in riparian soils.

TP concentrations in infiltrated sediment have been found to remain relatively constant during the high-
flow period (autumn to spring). The phosphorus concentrations during the period of low flow in summer
were significantly higher than that during high flows. The difference in phosphorus concentrations during
the high flows compared with the low-flow period might suggest that phosphorus sources in the rivers
were not depleted or that they were replenished during the wet season and accumulated in the channel
during summer low-flow conditions. Phosphorus ions, particularly phosphates (PO43), are highly
reactive ions and are readily absorbed onto negatively charged clay particles in soils and sediments by
bonding chemically to positively charged particles such as iron and aluminium hydroxides (Addiscott &
Whitmore, 1991) or substitution of phosphates for silicates in the clay structure (Harper et al., 2008).
Therefore, freshwater systems receive most of their phosphorus through soil erosion (Correl, 1998).
Soil erosion rates increase during consecutive storm events due to high rainfall and overland flow, which
may result in increased sediment delivery to streams (Hicks et al., 2000). Thus, the elevated
phosphorus retained in riparian soils during summer and autumn as reported by Naude (2012) can
readily be flushed to the stream through surface pathways during winter storm events (Van der Perk,
2006). However, these fine clay particles will remain in suspension and mix with inorganic mineral
matter remobilised from the riverbed until conditions are favourable for it to settle out of the water
column.

This pattern also can be attributed to the supply of sediment-bound phosphorus derived from
terrigenous soil erosion, which involves nutrient-rich sediment and leaf litter from riparian areas. The
supply of materials to the streams varies significantly with season due to the timing of leaf litter input,
mineralisation and soil nutrient cycling processes. For example, peak litterfall rates in A. mearnsii-
invaded riparian zones concurred with the first seasonal rains in autumn (see Chapter 5 in this report).
Besides the seasonal supply of nutrient-rich material from riparian zones, the seasonal variation in the
intrinsic stream characteristics (i.e. temperature, flow and sediment loads) could also be important
driving factors. The significant inverse relationship between stream temperature and C:N ratios in
infiltrated sediment provide evidence that the seasonal variation of the stream temperature has a
pronounced effect on rate of carbon mineralisation. Thus, the increase of nutrients during summer
period could also be as result of a combination of warmer stream temperatures that stimulate microbial
activity and the mineralisation of large stocks of fynbos and A. mearnsii leaf litter on the streambed.

C:N ratios have been largely used as a proxy to discriminate between autochthonous and allochthonous
sources of TC and TN in sediment (Gordon & Goni, 2003; Wu et al., 2007; Zhang et al., 2007;
Ramaswamy et al., 2008). The mean C:N ratios of infiltrated sediment ranged between 18.72 and 21.27
for the sites on the Wit River, and between 20.80 and 22.98 for the three sites on the Du Toit’s River
(Table 5). The C:N ratios of the suspended sediment were comparable to the C:N ratio of the infiltrated
sediment. Mean C:N ratios were between 18.72 and 22.98 for infiltrated sediment and suspended
sediment at all three sites on the respective rivers. The C:N ratios of infiltrated sediment and suspended
sediment were generally higher than the typical C:N ratio of autochthonous material (> 10; Meyers,
1994; Meyers & Teranes, 2001), thus input from allochthonous sources (e.g. soil or litter) were evident
at both rivers. C:N ratios in infiltrated sediment showed a significant and strong inverse correlation with
iron concentrations. This inverse trend is expected because the electrons transferred to iron electron
acceptors could be a major pathway for organic carbon mineralisation (Lovely & Phillips, 1986).

The most important drivers of temporal variations of the nutrient concentrations in this study are likely
to be a function of two factors: (a) variation in environmental conditions such as river discharge, rainfall,
temperature and sediment loads; and (b) variation of source input and delivery such as litterfall and soil
erosion. Therefore, the presence of invasive nitrogen-fixing A. mearnsii at the downstream sites of these
rivers could increase stream nutrient concentrations, which are derived from large stocks of nutrient-
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rich leaf litter and soils. Thus, during heavy rains, the riparian zone and stream channel are connected
and run-off may deliver nutrient-rich sediments to the channel, which accumulate during low flows.

4.4.2 Spatial variability in sediment-bound nutrient concentration

The two rivers in this study are predominantly underlain by Peninsula Formation quarzitic sandstone.
Soils in the Fynbos Biome derived from sandstone are generally characterised as acidic and deficient
in essential nutrients such as nitrogen and phosphorus (Rebelo et al., 2006; Soderberg & Compton,
2007; Cramer, 2010). Therefore, the soils contribute very little nutrients, specifically phosphorus, to the
ecosystem. The mean phosphorus content of the soils in the fynbos range between 0.003 mg-P-g™* and
0.02 mg-P-g~* (Hawkins et al., 2005) with mean TN concentrations of 0.09% (Cowling & Holmes, 1992).
The TP concentration increased from the upstream fynbos sites to the two downstream cleared and
invaded sites on the rivers. The increase of TP in infiltrated sediment from up- to downstream can be
explained by the degree of nitrogen-fixing A. mearnsii infestations in the riparian zone at the
downstream sites.

The fynbos sites are mostly surrounded by pristine fynbos vegetation, while the cleared sites were
cleared from nitrogen-fixing invasive woody trees. Nitrogen-fixing A. mearnsii trees heavily infest the
invaded sites. The TC and TN concentrations in infiltrated sediment increased similarly to TP from up-
to downstream on the Wit River. Previous studies have shown that leaf litter from riparian trees,
especially nitrogen-fixing species, can enhance in-stream nutrient cycling because of its high nutrient
content and degradability (Compton et al., 2003; Volk et al., 2003; Mineau et al., 2011). The conflicting
results obtained from the Du Toit’s River, where TN and TC decrease from up- to downstream, could
be explained by heterogeneity between sites in terms of channel and riparian zone characteristics
(Schlosser & Karr, 1981). The high terraces with wide, gentle sloping riparian areas observed at the
invaded and cleared sites on the Du Toit’s River could reduce the connectivity between riparian sources
and the stream channel; consequently trapping leaf litter and nutrient-rich sediment in the riparian zone.
Thus, the riparian zone at the Du Toit’s River may have played a significant role as a buffer to nutrients
entering the stream.

In general, the TN and TC concentrations of the infiltrated sediment and suspended sediment are
relatively high. Schindler Wildhaber et al. (2012) reported mean TN concentrations of 0.2% and 0.47%,
respectively, with a mean of 0.33% in the Enziwigger River in Switzerland, which is impacted by different
land uses (including forest, pasture and arable farmland). The TC concentrations ranged from 1.7% to
6.6% with a mean of 4.2%. The TC concentrations of infiltrated sediment in this study were similar to
those of Sear et al. (2008).

The mean nitrogen concentrations reported for mountain fynbos soil were more than five times lower
than the nitrogen concentrations observed in this study (Cowling & Holmes, 1992). Similarly, mean
phosphorus values for the respective invasion statuses exceed that of the background soil
concentrations provided by Hawkins et al. (2005) and Stock and Verboom (2012). Likewise, the
maximum phosphorus concentrations in sediments along the highly impacted Berg River in the Western
Cape, South Africa, reported by Struyf et al. (2012) were found to be almost ten times lower than that
found in the invaded sites of this study. Concordantly, TN and TP concentrations reported in this study
were considerably higher, suggesting that invasive nitrogen-fixing A. mearnsii and clearing thereof may
have played a significant role in suspended sediment nutrient concentrations in these rivers.

The phosphorus in fresh waters is mostly available at a slightly acidic pH between 6 and 7 (Naiman et
al. 2002). At lower pH, phosphorus combines readily with metals (aluminium, iron and manganese)
(Tate et al., 1995) while at a higher pH, it associates with calcium. The correlation analysis used to
examine the relationships between TP concentrations and related metals (iron and aluminium) and clay
fraction (< 3.9 um) of infiltrated sediment showed that there were significant and strong relationships
between TP and iron, and clay. The strong correlation between iron and TP concentrations in infiltrated

45



sediment and the low pH values (< 6) in these systems suggests that phosphorus forms a less soluble
complex with iron ions (hydroxides) and adheres to clay particles. Therefore, the strong absorptive
reaction between phosphorus and iron hydroxides on clay particles represents a substantial
accumulating sink of phosphorus (Lambers et al., 2006). These sorption interactions potentially reduce
the phosphorus concentration in stream water and its bioavailability to plants and aquatic biota. Iron-
bonded phosphorus is released as inorganic phosphate when (a) redox reaction is satisfied; (b) under
high flows and/or anoxic conditions (Webster et al., 2001; Dallas & Day, 2004; Sinkko et al., 2011); or
(c) in a high pH (i.e. close to 8) environment (Gomez et al., 1999; Hou et al., 2013).

4.4.3 Impacts of nitrogen-fixing A. mearnsii on nutrient contents in fynbos streams

4.4.4 Effects sediment-bound nutrient content

The TN and TP contents were significantly higher in the Wit River site invaded with A. mearnsii
compared with sections with native fynbos vegetation. This was expected because of the greater input
of nitrogen-rich leaf litter to the A. mearnsii-invaded sites compared with the fynbos sites (see cf. Naude,
2012). The annual litterfall of alien A. mearnsii was about 297.29 g-m2, being greater than that of
indigenous mountain fynbos riparian vegetation (68.88 g'm=2) in the riparian zones of the Western
Cape, South Africa (see Chapter 5 of this report). The phosphorus and nitrogen content of the Acacia
litter exceeded that of litter from the indigenous vegetation. The close proximity of invasive trees and
the low riverbanks results in a high degree of lateral connectivity between riparian area and stream at
the invaded site on the Wit River. This could facilitate direct leaf litter input and lateral transport through
surface run-off into streams, where it is stored and mineralised in the streambed and consequently
releases nutrients (especially nitrogen) under favourable conditions (Strauss & Lamberti, 2000,
Bernhardt & Likens, 2002, Starry et al., 2005)

Sediment nutrient concentrations (TN and TP) were strongly correlated with clay particles found in this
study. Therefore, it is possible that nitrogen- and phosphorus-rich sediments from A. mearnsii-invaded
and cleared riparian zones, as discussed in Chapter 3, are mobilised during winter high flows through
soil erosion, and thus contribute to the enhanced nitrogen and phosphorus concentrations noted in the
Wit River. The impacts of invasive nitrogen-fixing on soil nitrogen stocks in riparian zones have been
well documented in central Japan (Akamatsu et al., 2011), in semi-arid New Mexico (DeCant, 2008)
and South Africa (Jacobs et al., 2013).

In their study, Jacobs et al. (2013) found that soil nitrogen and phosphorus stocks in Acacia-invaded
riparian zones were significantly enhanced compared with natural fynbos riparian soils in the south of
the Western Cape, South Africa. The increase has been attributed to the large stocks of riparian
nitrogen-rich leaf litter and increased mineralisation rates that were stimulating (promoting) these
enhanced nutrient concentration in surface soils of Acacia-invaded riparian zones (Naude, 2012). A
similar result was found in riparian soils invaded by Russian olive along the Rio Grande River in New
Mexico, USA. In this study, DeCant (2008) showed a 55% increase in TN and around four times the
amount of available nitrogen compared with soils under cottonwood; however, there was little focus on
phosphorus. However, the impacts of nitrogen-fixing invasive plants on phosphorus cycling still remain
poorly understood (Chamier et al., 2012). The soil phosphorus status was altered by invasion of alien
legumes, such as A. cyclops and A. saligna, which were essentially due to large litter accumulations
and rapid turnover rates (Witkowski & Mitchell, 1987). Due to their higher growth rates and ability to fix
atmospheric nitrogen, Australian Acacias may require reasonably high sources of soil phosphorus,
consequently increasing the rate at which inorganic phosphorus enters soil pools (Juba 2012).

Conversely, TN and TP content were significantly lower in the invaded section on the Du Toit’s River
than the invaded section on the Wit River. The different pattern observed at the Du Toit’s River might
be a result of the combination of both between site variation in stream characteristics (such as stream
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width, size of streambed, stream temperature and riverbank height and riparian topography; cf. Chapter
3). Moreover, the proximity of the invasive trees to the stream channel, abundance and density could
also be considered as important controlling variables in the transfer of nitrogen-rich leaf litter and
nutrients between riparian soil and streams.

In contrast to the Wit River, a relatively wide stream channel with wide, gentle sloping riparian zones
and high terraces (riverbanks) characterise the cleared and invaded site on the Du Toit’s River. These
stream characteristics could reduce the connectivity (supply-delivery) between the riparian zone and
stream channel in these sections, which consequently lead to efficient trapping of A. mearnsii litter and
nutrient-rich sediment in these areas (riparian zone and floodplains). This most likely leads to
immobilisation of nutrients by elevated soil processes (nitrification, denitrification and soil respiration) to
occur in the floodplain and riparian zones rather than in the stream, thus preventing nutrients entering
the stream (Naiman et al., 2005; Jacobs et al., 2006). Therefore, channel characteristics and the
proximity of the invasive A. mearnsii trees to the stream channel could potentially regulate stream
nutrient fluxes. Therefore, each particular stream should be investigated and managed independently
for site-specific characteristics and effects.

4.4.5 Effects on stream nutrient concentrations

The increase in NO3~ + NO2~ concentrations in streams is the most commonly documented effect of
nitrogen-fixing invasive plants on water quality (Compton et al., 2003; Hurd & Raynal, 2004; Mineau et
al., 2011; Wiegner et al., 2013). In our study, there was a marginal increase in NOz™ + NO2~
concentrations in the cleared sites of both rivers. The greatest concentration increase was in the cleared
site on the Wit River where NO3z~ + NO2™ increased by ~5 pg-{-1. The effects of nitrogen-fixing trees on
stream NHa* concentrations were similar to that reported for NOz™ + NOz2". In this study, small increases
in NH4* concentrations were observed in the fynbos sites compared with the invaded sites. This pattern
was consistent across streams; however, it was not significant. Similar to this study’s findings, several
studies have reported no effect of nitrogen-fixing trees on stream NH4* concentrations (Compton et al.,
2003; Volk et al., 2003; Wiegner et al., 2013). Invasion statuses had less effect on stream water
concentrations of NH4* and NOs~ + NO2~ than on suspended sediment TN concentrations in this study.
The high average stream temperature and the loss of nitrogen through denitrification and biological
uptake likely explain the low available nitrogen concentrations between indigenous fynbos and invaded
areas.

The effects of nitrogen-fixing trees on stream phosphorus concentrations have not been well
documented and reported effects are equivocal. In this study, A. mearnsii-invaded sections showed
much higher concentrations of PO43- than natural fynbos sections, but the difference was not significant
due to the high variability among samples. The greatest concentration increase was in the A. mearnsii-
invaded site on the Wit River, where PO43~ increased by ~450%, and at the cleared site on the Du Toit’s
River (~200%). Similar to this study’s findings, Wiegner et al. (2013) reported no significant change in
total dissolved phosphorus concentrations in Hawaiian streams below sites invaded by F. moluccana
stands. A similar result was found in two western United States streams draining E. angustifolia-invaded
riparian zones, where PQO43~ concentrations are unaffected. In contrast, Volk et al. (2003) report
significantly higher TP concentration in streams draining nitrogen-fixing Alnus rubra-infested riparian
areas compared with streams surrounded by old growth coniferous forests in the Pacific Northwest.
Similar to this study’s findings, Wiegner et al. (2013) reported no significant change in total dissolved
phosphorus concentrations in Hawaiian streams below sites invaded by F. moluccana stands. A similar
result was found in two western United States streams draining E. angustifolia-invaded riparian zones
where PO43" concentrations were unaffected.

In general, it is worth noting that stream nutrient concentrations showed no significant longitudinal
trends. Thus, this finding evidenced that stream water chemistry may not be affected to the same degree
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as suspended sediment in this study by an invasion of A. mearnsii. The potential of intrinsic stream
characteristics such as stream temperature, stream size and in-stream processes to counterbalance
additional nutrient inputs is considered to be a key controlling variable. The disproportionally high TN
and TP concentrations in suspended sediment could be a result of the input of nutrient-rich sediments
from invaded riparian areas and mineralisation of large stocks of leaf litter stored in the riverbed that
increase the release of nutrients in sediments. Several studies have also recognised that nutrients are
mainly bound to clay particles in sediment (Steegen et al., 2001; Verstraeten & Poesen, 2002). Thus,
clay particles can become a substantial sink for nutrients, regulating its release to pore water and over-
lying stream water.

45 Conclusion

Stream nutrient content was quantified for sections draining three different invasion statuses in two
fynbos mountain streams. This study offered several insights into the nutrient dynamics of fynbos
mountain streams and the extent to which these nutrients are altered by A. mearnsii infestations and
clearing. The data supports the hypothesis that invasion by nitrogen-fixing A. mearnsii changes the
suspended sediment nutrient content. Pronounced temporal variation in sediment nutrient
concentrations was observed in this study. The analysis of the temporal variation showed that nutrient
concentrations in sediment infiltration was predominantly influenced by timing of litterfall and variation
in transport conditions such as discharge, precipitation and sediment loads. The mean phosphorus
concentrations exceeded the upper limit (0.02 mg-P-g™1) of the background phosphorus concentrations
suggested for soils in the Fynbos Biome (suggesting an additional source of phosphorus in these rivers).
Rainfall frequency and intensity are constantly declining in the Western Cape, which could result in
reduced streamflow and a lower dilution capacity of streams. Thus, we expect the residence time and
nutrient concentrations in these rivers to increase further.

The nutrient content (nitrogen and phosphorus) from the invaded site on the Wit River differed
significantly from the two natural fynbos sites. The large amount of litter with its high nutrient content
from A. mearnsii might explain the increase of nitrogen and phosphorus in sediments. Conversely, due
to the difference in stream characteristics (i.e. riverbank height, stream width) at the invaded site on the
Du Toit’s River, invasive species had a smaller impact on the nutrient content. The nutrient content in
the cleared sites showed a trajectory towards pre-invasion levels, although phosphorus content in the
cleared site on the Wit River was significantly higher than the fynbos site. Therefore, after IAP clearing,
the time required for nutrient contents to reach levels similar to pre-invasion will depend on the rate at
which fynbos riparian vegetation species recolonise/re-establish. This could also suggest that different
types of channels route their nutrients differently through the catchment. Thus, due to site-specific
stream characteristics, each stream should be considered, investigated and managed independently.

The results suggest that invasive nitrogen-fixing A. mearnsii and clearing thereof have a greater
influence on sediment-associated nutrients content in fynbos streams than on surface water quality.
Furthermore, this study adds to the growing knowledge of in-stream nutrient biogeochemistry by
showing that and that Mediterranean streams are hotspots for nutrient processing (Peterson et al.,
2001; Dent et al., 2007; Bernal et al., 2015).
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CHAPTER 5 = NITROGEN INPUTS FROM INVASIVE A. MEARNSII INTO RIPARIAN ZONES IN THE
CFR

5.1 Introduction

The maintenance of biodiversity is a major challenge for ecosystem management. After habitat loss, IAP
species is the second-biggest threat to global biodiversity (D’Antonio & Meyerson, 2002; Richardson & Van
Wilgen, 2004). Riverine systems, including riparian habitats, are extremely vulnerable to invasion and the
spread of non-native species (Hood & Naiman 2000; Kuglerova et al., 2017). The ability of IAPs to establish
themselves in non-native environments depends on their ability to suppress or compete with indigenous
riparian vegetation for essential resources such as light, water and nutrients (Vitousek et al., 1997b; Morris
et al., 2011). The successful invasion of exotic species in riparian vegetation communities can be harmful
to riparian biodiversity and ecosystem process such as nutrient cycling, soil microbial community and soil
nitrogen levels (Richardson et al., 2007; Kuglerova et al., 2017). Australian Acacias, which consist of 1012
species in the subgenus Phyllodineae native to Australia (Richardson et al., 2011), are some of most
pervasive alien plants groups in the world (Richardson & Van Wilgen, 2004; Lowe et al., 2008). These
Australian Acacias compete successfully in disturbed environments such as riparian corridors and post-fire
environments (Richardson et al., 2007; Morris et al., 2011) and particularly in nutrient-limited Mediterranean-
type ecosystems such as the Portuguese dunes and the CFR in the Fynbos Biome, South Africa (Witkowski,
1991; Brown et al., 2004; Marchante et al., 2008).

In the invasive flora of South Africa, the most common Australian leguminous Acacia spp. (A. mearnsii,
A. longifolia, A. saligna) that invade the CFR in the fynbos plant communities are able to fix nitrogen from
the atmosphere, which form root nodules where symbiotic nitrogen-fixing bacteria make nitrogen available
for the plant to absorb (Drake, 2011). These woody invaders alter nitrogen, carbon, phosphorus and water
cycles (Le Maitre et al., 1996; Yelenik et al., 2004; Morris et al., 2011). Previous studies (Milton, 1981b;
Witkowski, 1991; Yelenik et al., 2004, 2007; Naude, 2012) have shown how Australian woody perennial
shrubs increase available nitrogen in the soil through increased inputs of nitrogen-rich litter. Nitrogen cycling
in the natural vegetation of the Fynbos Biome is a slow process due to the vegetation consisting largely of
sclerophyllous shrubs — a structural type characteristic of nutrient-poor substrates in Mediterranean climate
regions (Beadle, 1966). Fynbos plants grow slowly and have high nutrient cycling prior to leaf abscission
(Stock & Allsopp, 1992). Many studies found that natural vegetation has litter with low levels of nitrogen
concentrations, high C:N ratios, and slower rates of decomposition than the nitrogen-fixing plants they are
normally compared with (Witkowski, 1991; Liao et al., 2008). Native nitrogen-fixing plants exist in the fynbos,
but they are short-lived and distributed erratically in the post-fire plant species community. However, these
early colonising species do not deposit enough of their nitrogen-rich leaf litter to have an impact on soil
nitrogen dynamic status, thus making them a lesser threat to ecosystem processing (Yelenik et al., 2004).
Acacia spp. stands trees are in most instances three times taller than fynbos species in the surrounding
area and contains a larger quantity of biomass than their native counterparts (Miton, 1981a; Yelenik et al.,
2004; 2007).

Many studies indicate that A. mearnsii influences ecosystem functioning and native diversity (Caldeira et al.,
2001; Forrester et al., 2007; Moyo & Fatunbi, 2010; Drake, 2011; Tye & Drake, 2012; Van der Colff et al.,
2017) and increased water uses that moderate stream flow (Le Maitre et al., 2002). A. mearnsii is a nitrogen-
fixer that can nodulate under the most extreme water- and nutrient-limited conditions (Rodriguez-Echevarria
et al., 2009; Sprent, 2009; Crous, 2010) due to specialised mechanisms such as extensive root systems
(shallow or deep), symbiotic nitrogen fixation and nutrient conservation strategies (Morris et al., 2011;
Potgieter, 2012). The ability of A. mearnsii to maintain a high growth rate permits it to compete successfully
with native species and eventually overgrow them (Milton, 1981a; Witkowski, 1991; Werner et al., 2010).
A. mearnsii alters native plant communities more profoundly than it could through direct competition. The
dense stands of A. mearnsii, which are mostly large dense thick stands of evergreen shrubs between 1 m
and 20 m tall, differ tremendously from most native species (riparian community plants), thus allowing
A. mearnsii to occupy previously unexploited natural environments (Rascher et al., 2012). The dense stands



and rapid growth rates of A. mearnsii consequently lead to higher above-ground biomass than that of native
species (Moyo & Fatunbi, 2010; Rascher et al., 2012). This ultimately results in a substantial increase of
nitrogen, which is known to contribute to the long-term maintenance of increased nitrogen stocks in
terrestrial and aquatic ecosystems (Vitousek et al., 1997b; Witkowski, 1991; Chapin et al., 2002; Yelenik et
al., 2007). These unusual traits of A. mearnsii include: greater size, higher growth rates, greater live tissue
and litter nutrient concentrations, nitrogen-fixing capabilities and nutrient allocation patterns (Witkowski,
1991; Ehrenfeld, 2003; Liao et al., 2008; Morris et al., 2011; Tye, 2013). Therefore, invasive Acacia,
especially A. mearnsii, is considered a successful and persistent nitrogen-fixing species in any terrestrial
ecosystem (Lawrie, 1981; Vitousek et al., 1997a; Yelenik et al., 2004; Rodriguez—Echeverria et al., 2011).

However, the extent of A. mearnsii nitrogen inputs (litterfall, nitrogen concentrations, nutrient acquisition,
resorption of nutrients) is not well understood in the Fynbos Biome of the nutrient-impoverished ecosystem
of the CFR. To examine this, we quantified the difference in litter quantity and quality between the woody
A. mearnsii compared with the predominantly riparian native species B. stellatifolium (Proteaceae) and
M. angustifolia (Myrtaceae). The two indigenous species are seen as important keystone species of the
south of the Western Cape Mediterranean-type riparian systems of the Fynbos Biome in the CFR. Moreover,
the knowledge gained around this study will give a better insight of nitrogen contribution to terrestrial
ecosystems and a critical understanding of the nutrient economy of A. mearnsii in the nutrient-poor fynbos
riparian zones in the CFR in the Western Cape, South Africa.

5.2 Methods

5.21 Study areain the Fynbos Biome, CFR

This study was conducted in the mountain streams and mountain transitional zones of the Fynbos Biome in
the CFR (Reinecke et al., 2013) in the Breede WMA in the Western Cape. Two perennial rivers were chosen
for the study. The Wit River (Figure 21A) is a small perennial tributary of the Breede River. The Du Toit’s
River (Figure 21B) forms part of the Breede system but is essentially a tributary of the Riviersonderend
River, which is shortened by the Theewaterskloof Reservoir (Tharme & Brown, 2004). Along each river, two
vegetation states or treatments were identified: (a) near-pristine site, and (b) invaded site (Figure 22). Near-
pristine sites had to be characterised with typical mountain fynbos, including B. stellatifolium, and
M. angustifolia, and short indigenous trees, bushes and sedges with no alien invasive trees present (Figure
22A). Invaded sites had to include dominant A. mearnsii, while some A. longifolia may be present, with IAP
cover of over 50% at the sites. Sites were arranged from up- to downstream with near-pristine sites being
upstream and invaded sites being downstream. In addition, no commercial or agricultural areas had to be
in close vicinity of the study sites.

The climate is of Mediterranean type, which is characterised by dry summers and wet winters. After the first
heavy rains, mountain streams and rivers in the CFR have surface flow in winter. In summer, streams are
reduced to perennial pools and section of riffles resulting in periodic water shortages (Goldblatt & Manning,
2000; Tharme, 2010). These climate conditions only occur in the western part of the Fynbos Biome, with
approximately 60% of the rain falling being between 1000 mm and 2000 mm per year, with the exception of
some areas exceeding 3000 mm (Sieben, 2003). In the Fynbos Biome, vegetation distribution in upper
catchments regions is typically characterised by sclerophyllous fynbos and sandstone soils, which are very
acidic and nutrient-poor (Samways et al., 2011; Day & King, 1995). Sampling started in January 2016 and
endured until December 2016.

50



19°0'0"E 19°10'0"E 19°2I0'0"E 19"3?‘0"E

33°40'0"S -33°40'0"S

Legend

Study Sites (9908008
@ Near-pristine
B Invaded

— Rivers

Vegetation

- Breede Alluvium Fynbos

[ Elgin Shale Fynbos

- Hawequas Sandstone Fynbos

- Kogelberg Sandstone Fynbos

[_ Western Coastal Shale Band Vegetation

~34°0'0"S

19°10'0"E 19°20'0"E 19°30'0"E

Figure 21: Location of the two perennial rivers in the Western Cape, Breede WMA: (A) Wit and (B) Du Toit’s River and
the four treatment sites: green = near-pristine; red = invaded site

Figure 22: Photographs of the different invasion treatments: (a) near-pristine and (b) invaded site

5.2.2 Leaf litterfall traps and seasonal carbon and nitrogen concentrations

Litter traps were placed under both native and alien tree canopies in the near-pristine and invaded sites of
the Du Toit’'s and Wit rivers. At the invaded sites, ten traps were placed in a random order under a closed
canopy of A. mearnsii trees. Here, a closed canopy was to have at least 50% cover or more. Five traps were
placed for each of the two native tree species, namely, B. stellatifolium and M. angustifolia. Traps could not
be placed randomly as the vegetation cover of the native species was not as dense as that of the invaded
species. In some cases, especially in near-pristine sites, trap fixtures such as rope and tie straps were used
to fix the traps sturdily on the ground as the study is in mountainous plots (Staelens et al., 2003). Litterfall
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and other inputs were collected in a fine mesh (0.5 mm) net that was suspended at a top height between
1.0 m and 1.3 m with a known catching area of 1.149 m2. Each trap was attached to three steel rebar rods
that were equally spaced to ensure adequate water drainage and a depth of 0.5 m prevent litter from blowing
out of the traps. The method of Staelens et al. (2003) was followed to construct litterfall traps.

In the laboratory, a 250 um sieve was used to exclude other plant components and retain only leaf litter
material (active tissue or some cases senesced leaves). The leaf litter was oven-dried at 60°C for 24 hours
on a top-loading analytical balance accurate to 0.1 g until a constant weight was achieved. Samples were
collected monthly from January 2016 to December 2016. Mean monthly values expressed in g'-m=2 were
calculated for each trap per site. Leaf samples for each month (12 months) were weighed out to
approximately 5 g for each species, grounded in a rotary mill and sieved through a 150 uym sieve to a homo-
geneous powder. This was for green leaves as they receive the most attention due to elevated nitrogen
concentrations, which are generally thought to be due to high turnover rates, which are significant in plant
productivity and nitrogen-fixation strategies (Witkowski, 1991; Yelenik et al., 2004; Craine et al., 2009;
Drake, 2011) in A. mearnsii. The same procedure was done for the native species. The homogeneous
powder of the different species was weighed between 0.5-0.8 mg in tin foil cups on an ultra-microbalance
(Mettler Toledo XP6) as prescribed by laboratory standards by the Geology Department at the University of
Stellenbosch to determine seasonal nitrogen and carbon concentrations (reported in milligram per gram dry
mass) expressed as elemental composition using an Elementar Vario EL Cube hosted within an ICP-MS
and XRF Unit of Central Analytical Facilities. The carbon elemental composition was measured concurrently
and the C:N ratio calculated.

5.2.3 Isotope analysis (nitrogen acquisition strategies using **N natural abundance)

The natural abundance >N technique was used determine the nitrogen-fixing ability of A. mearnsii growing
in the riparian zones of the two perennial rivers in the present study [Shearer & Kohl, 1986; Jacobs et al.,
2006; see review of Boddey et al. (2000) for a detailed description of the method]. We sampled foliar material
from A. mearnsii trees and nearby reference tree species. Foliar samples were collected in mid-autumn
(early April 2006) for 8*°N analyses. Forty trees from each species were selected for sampling. Samples of
the leaves were selected specifically from the upper canopy of the tree, and only leaves without noticeable
signs of disease were used. Reference plant samples were collected from three non-fixing reference plants
(B. stellatifolium, M. angustifolia and S. angustifolia) growing within a 5 m radius of A. mearnsii-invaded
riparian plots as all species in the vicinity had to access nitrogen from the same soil pool (Jacobs et al.,
2006).

Foliar samples were dried for three days at 70°C and then ground in a rotary mill homogenous powder,
weighed to 0.5-0.8 mg using an ultra-microbalance (Mettler Toledo XP6) as prescribed by laboratory
standards for leaf material. Samples were prepared for carbon and nitrogen elemental compositions and
isotope analysis using a Flash HT Plus elemental analyser coupled to a Delta V Advantage isotope ratio
mass spectrometer by a ConFlolV interface. The carbon and nitrogen isotope values were corrected against
an in-house standard (Merck Gel) and a Urea Working Standard (IVA Analysentechnik e.K., Meerbusch,
Germany). Laboratory standards and blanks were run after every 24 unknown samples. Sample analyses
were carried out at iThemba Laboratories, Johannesburg. Stable isotopic data are reported in standard delta
notation (3N, relative to atmospheric nitrogen reference standard). The fractional contribution of
biologically fixed nitrogen (% Ndfa) in nitrogen-fixing species was estimated using Equation 5.

f— §15NFixing plant)
S815NRef - 8

15
Equation 5. % Ndfa = 100 &2k

In the equation, 6N grer is the 815N from external sources other than atmospheric nitrogen (in a non-fixing
reference plant in the same area), 0N Eiing piant is the 315N of the potential nitrogen-fixing Acacia, and B is
the 85N value of the Acacia grown without access to soil nitrogen. Previous studies in southern Africa (Stock
et al., 1995; Woghiren, 2002; Pule-Meulenberg & Dakora, 2009) used by  values of 0-1.3, and -2% and
species-specific values (Tye & Drake, 2012) for Acacia species in southern Africa. In the present study, the
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best estimated value was 0 as it gave the most best yielded conservative estimates of the percentage
nitrogen fixed.

5.24 Resorption efficiencies (retranslocation of nutrients in A. mearnsii and native plants)

The resorption efficiency of nutrients was determined from senesced leaves in the study. This gives us the
ability to understand absorption of nutrients, mainly nitrogen and phosphorus (Zhang et al., 2014) in the
riparian zones of the two perennial rivers, which can be a key component of adaptive mechanisms to
conserve nutrients. Samples of mature green leaves and senesced leaves were collected from the native
species in the pristine sites and A. mearnsii in the invaded sites at each river to estimate nutrient cycling.
Five trees were selected for sampling from each species in December (early summer) 2016. Senesced
leaves are those in which an abscission layer has formed with the major pulse of resorption occurring in this
stage (Norby et al., 2000; Wright & Westoby, 2003). These leaves are generally a different colour (often red
or yellow) and can be removed from the twig by light flick of the leaf. Senesced leaves were collected directly
from the plants rather than collecting from the leaf litter traps. This was mainly done to avoid decomposition
of litter and leaching of nutrients from leaves.

Leaf material was collected randomly at the collection time from different points at the tree canopy position
and pooled by species for nutrient analysis. In the laboratory they were oven-dried at 60°C for 72 hours to
determine dry mass. Samples were finely grounded to a homogenous powder using a Hammer Mill with a
sieve size of 250 ym and stored in plastic micro-centrifuge tubes. Finally, samples were transported to a
commercial laboratory, namely, Bemlab in Somerset West, South Africa, for nitrogen and phosphorus
analysis using a Leco instrument and combustion method for nitrogen, and ICP instrument for phosphorus.
The mean and standard errors of nitrogen and phosphorus concentrations were calculated for green and
senesced leaves component for each species. The nitrogen and phosphorus contents were calculated per
unit mass (reported in milligram per gram dry mass). Resorption efficiency and proficiency were calculated
per individual, and then pooled by species for the purpose of comparison to provide insight into both the
intraspecific and interspecific variation in resorption constraints. The percentage nitrogen and phosphorus
reduction between green and senesced leaves was calculated using Equation 6:

nutrient]green—[nutrient]sen)

Equation 6. Resorption efficiency (RE) = [ x 100

[nutrient]green

The mean nitrogen or phosphorus concentration in mature green leaves are [nutrient]green and [nutrient]sen,
which refer to the senesced leaf nitrogen or phosphorus concentrations (Aerts, 1996). Leaf senescence was
sometimes difficult to judge, especially for the species of B. stellatifolium. Some of the senesced leaves
collected have not completely undergone the process at time of collection. Therefore, we chose to use the
0.10 quartile values for [nutrient]sen under the presumption that they were leaves that had undergone the
process of complete senescence or near-complete senescence. The resorption proficiency was determined
using [nutrient]sen as defined in Equation 6.

5.2.5 Statistical analysis

The data were analysed using the Statistica version 13 software package (Dell Inc., 2015). Litterfall
production, carbon and nitrogen concentrations were analysed using a two-way RMANOVA to test
significant interactive effects between litterfall, carbon and nitrogen concentrations across sampling period
followed by the LSD post hoc test for means comparison when significant differences were found. To test
the difference between foliar 815N and nitrogen percentage values in A. mearnsii and associated reference
plants, a one-way ANOVA was used, which was followed by a Mann-Whitney U test as data were not
distributed normally. These were followed by the Games—Howell post hoc test for means comparison when
significant differences were found.
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5.3 Results

5.3.1 Annual litterfall, nitrogen and carbon concentrations, and nitrogen return to soil estimation

of A. mearnsii and co-occurring native species in CFR riparian zones

At the Wit River, A. mearnsii produced more mean leaf litterfall than the two co-occurring native species in
each month (F 22,187 = 2.9704; p < 0.001) and different seasons (F [s.51 = 2.7615; p < 0.001) (Figure 23).
This was especially evident in summer (January) and autumn (April). The highest mean litterfall for
A. mearnsii at the Wit River was in April (mean = 51.23 g/m?2) with a similar litterfall rate in January with a
mean of 43.47 g/m2. Conversely, the litterfall rate for the two co-occurring native species (B. stellatifolium
and M. angustifolia) remained relatively constant throughout the year with peaks of mean = 16.06 g/m2?and
mean = 28.41 g/m?, respectively, in December. Through different seasons, the highest litterfall for
A. mearnsii occurred in autumn (mean = 33.89 g/m?) rather than winter (mean = 15.58 g/m?; p < 0.001) and
spring (mean =20.99 g/m?; p <0.001), with no significant difference between autumn and summer
(mean = 33.85 g/m?; p = 0.99). Seasonal litterfall rates for B. stellatifolium were relatively constant through
the year (mean = 36.26 g/m?). The litterfall rate of M. angustifolia was significantly higher in summer
(mean = 15.46 g/m?) than autumn (3.25 g/m?, p <0.001), winter (1.99 g/m2?; p <0.001) and spring
(4.57 g/m?; p < 0.001). Overall, the litterfall rate of A. mearnsii was significantly higher than the co-occurring
native species (p < 0.001).

A similar temporal trend was observed at the Du Toit's River under the dense A. mearnsii stands with
autumn (April) exhibiting one peak, and only one peak in summer (December) for the native species under
near-pristine plots. The highest mean litterfall for A. mearnsii at Du Toit's River was in April
(mean = 77.99 g/m2). On the other hand, the litterfall rate for the two co-occurring native species
(B. stellatifolium and M. angustifolia) remained relatively constant throughout the year; however, there were
significantly higher litterfall rates for M. angustifolia (mean = 30.32 g/m?; p < 0.05) in December. Through
different seasons, there were significantly higher litterfall rates for A.mearnsii in autumn
(mean = 49.84 g/m?) relative to winter (mean =21.88 g/m?; p<0.001), spring (mean = 19.83 g/m?;
p < 0.001) and summer (mean = 36.97 g/m?; p < 0.001). The highest litterfall peak in B. stellatifolium was in
the summer month, which was significantly different from autumn (mean = 36.97 g/m?; p < 0.01), winter
(mean =1.96 g/m?; p <0.01) and spring (mean = 2.35 g/m?; p < 0.01). Similar results are found in the
M. angustifolia with the highest litterfall peak in summer.
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Figure 23: Patterns of (a) mean and (b) seasonal (g/m?) for A. mearnsii and co-occurring native species growing in near-
pristine and invaded areas in riparian zones at the Wit River. Letters denote significant differences (LSD test; p < 0.05)
based on two-way RMANOVA: (a) (F 22,1871 = 2.97; p < 0.001; (b) F 6511 = 2.7615; p < 0.01) using all the data collected
over the year and different seasons
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Little variation (< 5 mg-g~') was observed through seasons in nitrogen concentrations for A. mearnsii at the
Wit River (Figure 25a). The highest mean nitrogen concentrations found in A. mearnsii was in autumn
(31.05 mg-g™1) with no significant differences between summer (25.58 mg-g~!) and winter (25.38 mg-g™%;
p = 0.93). The mean nitrogen percentage in B. stellatifolium was highest in summer (8.36 mg-g™1) with no
significant difference fond between autumn (5.45 mg-g™!; p =0.08) and spring (5.28 mg-g™%; p = 0.09).
However significant differences are found between summer and winter (3.23 mg-g™%; p < 0.001). A similar
trend in nitrogen concentrations is noted in M. angustifolia with the highest mean nitrogen concentrations
being in summer (7.55 mg-g-1) with a similar nitrogen percentage in autumn with a mean of 7.34 mg-g™*.
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Figure 24: Patterns of (a) mean and (b) seasonal litterfall (g/m?) for A. mearnsii and co-occurring native species growing
in near-pristine and invaded areas in riparian zones at the Du Toit’s River. Letters denote significant differences (LSD
test; p < 0.05) based on two-way RMANOVA: (a) (F [22,187] = 7.24; p < 0.001; (b) F [651] = 10.11; p < 0.001) using all the
data collected over the year and different seasons

Similar temporal variation (< 5 mg-g™!) through seasons was observed at the Du Toit’s River for A. mearnsii
(Figure 25b). The nitrogen concentrations appear to be the highest in autumn (27.97 mg-g™) with no
significant difference found between summer (25.44 mg-g™1) and winter (24.30 mg-g™%; p = 0.27). The co-
occurring native species of B. stellatifolium and M. angustifolia remain relatively constant throughout the
year but with difference found between seasons. B. stellatifolium had the highest mean nitrogen
concentrations in summer (5.86 mg-g') with no significant difference found between autumn (5.71 mg-g™%;
p = 0.89) and spring (4.88 mg-g~!; p = 0.35), but significant differences were found in winter (3.52 mg-g™%;
p < 0.05). The highest mean nitrogen concentration was in autumn (7.99 mg-g™*) for M. angustifolia. There
was significant difference between autumn and summer (5.94 mg-g~1; p < 0.01), but no significant difference
in between winter (4.69 mg-g™*; p < 0.001) and spring (5.25 mg-g™%; p < 0.05). Overall at both Wit and Du
Toit’s River, A. mearnsii was significantly higher in mean nitrogen percentage through seasons (p > 0.001).
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Figure 25: Mean seasonal patterns of nitrogen concentrations (%) for A. mearnsii and co-occurring native species
growing in near-pristine and invaded areas in riparian zones at (a) Wit River and (b) Du Toit’s River. Letters denote
significant differences (LSD test; p < 0.05) based on two-way RMANOVAs: (a) (F [6.18] =5.4708; p < 0.001; (b) F
[6.18] = 3.4645; p < 0.01) using all the data collected over different seasons

The C:N ratios in A. mearnsii were relatively constant from summer until spring at Wit River. In the co-
occurring native species, B. stellatifolium, the highest C:N ratios were found in winter (mean = 69.27%) with
a similar percentage found in spring (mean = 68.90%). M. angustifolia had the highest C:N ratios in spring
(mean = 68.75%) with comparable values found in summer (mean = 67.98%; p = 0.90). Overall, co-
occurring native species were significantly higher than A. mearnsii through seasons (p < 0.001, Figure 26a).
Similar trends are observed at Du Toit’s River with C:N ratios remaining relatively constant through different
seasons in A. mearnsii with no significant differences. The highest C:N ratio in B. stellatifolium was evident
in winter (mean = 62.49%) but in comparison to autumn (mean = 50.32%; p < 0.001), a significant difference
was found between seasons but no significant difference between summer (mean = 60.68%; p = 0.65) and
spring (mean = 58.04%; p = 0.27), respectively. Summer (mean =59.87%) and spring (mean = 62.51%)
were relatively similar in C:N ratios between the two seasons in M. angustifolia with autumn being
significantly different from spring, winter and summer (p <0.001). Generally at the Du Toit’'s River, co-
occurring native species were significantly higher in C:N ratios than A. mearnsii through seasons (p < 0.001;
Figure 26b). The results in C:N ratios are noted to be the inverse of mean nitrogen concentrations.

On an annual basis, A. mearnsii had significantly more litterfall (273.66 mg-g™t-y 2 + 37.76) than co-
occurring native species [B. stellatifolium (36.26 mg-g™1'y2 £ 5.79); M. angustifolia (33.56 mg-g~1-y2
+11.14) at riparian plots at Bainskloof Pass (Table 9, site a)]. The same observations were made at
Franschhoek Pass for A. mearnsii (321.32 mg-g*-y=2 + 58.93), which had considerably higher litterfall than
co-occurring native species [B. stellatifolium (29.80 mg-g™t-y=2 + 9.00); M. angustifolia (38.14 mg-g~1-y2
+11.95) at the respective riparian plots (Table 9; Site b)]. These were based on annual mean nitrogen
concentrations, which showed A. mearnsii being six times greater (25.28 + 2.27) than co-occurring native
species B. stellatifolium (4.03 £ 1.11); M. angustifolia (4.84 + 0.52) at Bainskloof Pass. These estimates
were similar for annual mean nitrogen concentrations at the Franschhoek Pass between A. mearnsii and
co-occurring native species.
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Figure 26: Seasonal patterns of C:N ratio concentrations (%) for A. mearnsii and co-occurring native species growing
in near-pristine and invaded areas in riparian zones at (a) Wit River and (b) Du Toit’s River. Letters denote significant
differences (LSD test; p < 0.05) in two-way RMANOVAs (a) (F [6.18] =1.4412; p = 0.253555; and (b) F [6.18] = 4.2496;
p < 0.01) using all the data collected over different seasons

However, results based on annual mean C:N ratios showed that the co-occurring native species had
significantly higher ratios than A. mearnsii at both sites (Table 9: Site a, b), but based on results on annual
mean nitrogen returned to soil, the observation was made that A. mearnsii had significantly more litter
nitrogen concentrations return to soil than the co-occurring species between riparian plots of near-pristine

and invaded sites (Table 9: Site a, b).

Table 9: Mean annual litterfall, nitrogen percentage, C:N ratio % and seasonal nitrogen percentage returned to soil. The
data reflect means * [standard error (SE)]

Nitrogen Annual Annual Annual Annual mean
litterfall mean mean C:N nitrogen % return
(g'm?y1) nitrogen % ratio % (mg nitrogen
[SE] (mg-g™) (mg-g™) m?y™)
[SE] [SE] [SE]

Site (a): Bainskloof Pass
A. mearnsii 10 273.66 £37.76 2528 +2.27 2359217 6896.27 + 1554.43
B. stellatifolium 5 36.26 +5.79 403+111 63.09+351 163.83 £86.51
M. angustifolia 5 33.56 +11.14 4.84 £ 0.52 60.14 £5.18 165.73 £ 93.51
Site (b): Franschhoek Pass
A. mearnsii 10 321.32+58.93 2435+137 23.11+1.60 8072.98 +2186.06
B. stellatifolium 5 29.80 £9.00 3.10+0.28 57.88+2.68 142.60 £ 96.33
M. angustifolia 5 38.14 £ 11.95 3.61+0.42 52.47 £5.97 182.28 £ 102.31
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5.3.2 Nitrogen-fixation status of A. mearnsii in riparian zones in the CFR
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Figure 27: Mean foliar 3°N (a) and nitrogen concentration (b) in A. mearnsii and associated reference plants. Fully expanded mature leaves collected during April 2016 from the
Wit River study site. Values are represented as means; error bars indicate standard error
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Figure 28: Mean foliar 3°N (a) and nitrogen concentration (b) in A. mearnsii and associated reference plants. Fully expanded mature leaves collected during April 2016 from the
Du Toit’s River study site. Values are represented as means, error bars indicate standard error
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Table 10: 6'°N (%s) and nitrogen (%) in leaves of A. mearnsii and reference species plants growing in the Bainskloof
and Franschhoek Pass riparian zones. Values represent independent replicates of leaf samples from different
trees. The data reflect means * [SE]

Site (a): Bainskloof Pass

Site (b): Franschhoek Pass

A. mearnsii Reference trees A. mearnsii Reference trees

Nitrogen 10 10 10 10
Range of 35N (%o) 0.69to 1.69 0.32t0 1.09 0.781t0 1.68 1.38t01.79
Mean 3N (%o) [SE] 1.15[0.11] 0.64 [0.10] 1.21[0.11] 1.61 [0.05]
Range of percent 1.90to0 3.42 0.81to0 1.27 1.97t04.11 1.06t0 1.42
(%) leaf nitrogen

Mean nitrogen 2.79[0.17] 1.02 [0.04] 2.69[0.19] 1.19[0.03]
percentage [SE]

Mean C:N [SE] 22.18[1.25] 32.92[0.06] 26.81[1.00] 30.27 [0.51]

Leaf 8°N (%o) values of A. mearnsii ranged from 0.69 to 1.69 %o, and for the reference plants species
from 0.32 to 1.09 (%o) at the Wit River invaded site (Figure 27). There was significant difference found
(Mann-Whitney U test; p < 0.05) between A. mearnsii and reference trees at the Wit River site in mean
leaf 5N (%o) values. Leaf nitrogen concentrations in A. mearnsii ranged from 1.90% to 3.42% and
reference plant species from 0.81% to 1.27% at the study site with significant differences apparent
between species (p < 0.05).

At the Du Toit’s River, similar results were found with significant differences in mean leaf 85N (%o)
between A. mearnsii and reference plant species (Figure 28) with significant mean differences found
(p < 0.001). Similarly mean nitrogen concentrations also had significant differences between species at
the Du Toit’s River with A. mearnsii being the highest.

5.3.3 Nutrient allocation and conservation strategies in A. mearnsii and competing co-
occurring native species
5.3.3.1 Foliar nutrient content (nitrogen and phosphorus) and N:P ratios concentrations

The mean nutrient concentrations in the mature green leaves sampled during early autumn (early April)
varied significantly between species at both Bainskloof and Franschhoek Pass sites. Green leaf
nitrogen concentrations varied from mean = 27.08 mg-g™* for A. mearnsii, mean = 8.02 mg-g~! for
B. stellatifolium and mean = 8.76 mg-g~* for M. angustifolia at the Bainskloof Pass. A similar trend was
observed at the Franschhoek Pass site where mature green leaves varied significantly between
species. Green nitrogen concentrations varied from mean =27.48 mg-gt for A. mearnsii,
mean = 8.34 mg-g™* for B. stellatifolium, and mean = 8.72 mg-g~* for M. angustifolia.

Green mature leaf nitrogen concentrations varied from senesced leaf nitrogen concentrations in both
sites (

Table 11,
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Table 12). A similar pattern was observed for phosphorus concentrations, where green leaf nitrogen
concentrations varied from senesced leaf nitrogen concentrations. The N:P mass ratios in mature
leaves ranged from 14.56 mg-g™! to 38.56 mg-g~! in the three species at Bainskloof Pass and from
10.56 mg-g™! to 32.75 mg-g~! between species at the Franschhoek Pass site. In senesced leaves,
variation in data ranged from 24.70 mg-g~* to 43.00 mg-g~* between species. In Franschhoek, variation
in senesced leaves was from 21.50 mg-g~1to 45.67 mg-g~! between species. The results show variation
in N:P ratio in senesced leaves when compared with mature green leaf N:P ratios, with notably only
A. mearnsii in Bainskloof Pass having little variation between senesced and mature green leaf N:P
ratios. The expectation was for mature green leaves in the A. mearnsii to differentiate from the other
two species, with higher N:P ratios found in A. mearnsii at both sites. Senesced leaves of both
B. stellatifolium and M. angustifolia had higher N:P ratios than A. mearnsii at both sites. Senesced
leaves of both B. stellatifolium and M. angustifolia were also in higher N:P ratios than A. mearnsii
mature green leaves N:P ratios, while N:P ratios in A. mearnsii senesced leaves and green leaves did
not differ in N:P ratios.

5.3.3.2 Nutrient resorption efficiencies in above-ground components

In both study sites, A. mearnsii was remarkably more efficient at phosphorus resorption than nitrogen
resorption. However, phosphorus resorption of both co-occurring native species at both sites were
significantly more efficient at phosphorus resorption than nitrogen resorption. Calculated on a mass
basis, nitrogen resorption efficiency (NRE) from senesced leaves for A. mearnsii was 25%,
B. stellatifolium 56% and M. angustifolia 51%. On average, A. mearnsii translocates a quarter of
nitrogen contained in the leaves for reuse after senescence, and B. stellatifolium and M. angustifolia
translocate half of their nitrogen in leaves after senescence at Bainskloof Pass. A similar reuse of
nitrogen after senescence was observed at Franschhoek for A. mearnsii (37%), B. stellatifolium (56%)
and (53%) for M. angustifolia. However, there was variation in NREs between A. mearnsii and co-
occurring native species at both sites (see

Table 11 and
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Table 12). Between resorption efficiencies, phosphorus resorption was much higher than nitrogen
resorption. Phosphorus resorption values ranged in A. mearnsii (mean 42.64%), B. stellatifolium (mean
76.67%) and M. angustifolia (mean 69.00%) at Bainskloof Pass. Similar range of values were observed
for the Franschhoek Pass site, with the following mean ranges: A. mearnsii (53.43%), B. stellatifolium
(78.11%) and M. angustifolia (79.33%). A. mearnsii phosphorus resorption efficiency was double the
efficiency of nitrogen resorption at both sites (

Table 11, resorption efficiencies), suggesting that nutrient resorption within A. mearnsii operates
independently.

Resorption proficiencies determine the amount nutrient concentrations a plant is able to use in the
senescence stage (colour often red or yellow) and conserve nutrient resources. Senesced leaves at the
Bainskloof Pass were different between A. mearnsii (~22 mg-g™) and the co-occurring native species,
namely, B. stellatifolium (~3 mg-g™) and M. angustifolia (~6 mg-g™'). A similar observation was made
at the Franschhoek site (see
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Table 12). Moreover, the low leaf nitrogen concentrations seen in the two co-occurring native species
were largely due to their high leaf mass area (LMA) (

Table 11).
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Table 11: Nitrogen and phosphorus mean concentrations, N:P ratios of green and senesced leaves’ nitrogen and
phosphorus resorption proficiencies/efficiencies for the Bainskloof and Franschhoek Pass sites. Values are shown
as (mean + SE)

A. mearnsii B. stellatifolium M. angustifolia

Bainskloof Pass Mean + SE Mean + SE Mean + SE

Green mature leaf concentrations (mg-g™)

Nitrogen 27.08 £ 0.41 8.02+0.24 8.76 £ 0.79
Phosphorus 1.12+0.19 0.44 £0.04 0.46 £ 0.02
N:P ratio 27.05+4.31 18.57 £ 0.97 19.02 £1.20

Senesced leaf concentration, mg-g™! (resorption proficiency)

Nitrogen (NRP) 22.04 +1.46 3.54 +0.16 5.98 + 0.94
Phosphorus (PRP) 0.8 +0.09 0.1+0.00 0.14 +0.02
N:P ratio 28.25+ 1.57 35.40 + 1.57 36.80 + 2.03

Resorption efficiencies (%)
Nitrogen (NRE) 18.60 £ 5.27 55.79+£1.90 50.56 = 3.40

Phosphorous (PRE) 42.64 +2.67 76.67 + 1.67 69.00 =+ 6.00
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Table 12: Nitrogen and phosphorus mean concentrations, N:P ratios of green and senesced leaves nitrogen and
phosphorus resorption proficiencies/efficiencies for the Bainskloof and Franschhoek Pass sites. Values are shown
as (mean + SE)

A. mearnsii B. stellatifolium M. angustifolia

Franschhoek Pass Mean + SE Mean = SE Mean + SE

Green mature leaf concentrations (mg-g™)

Nitrogen 27.48 £1.10 8.34 £ 0.37 8.72+0.34
Phosphorus 1.00+0.11 0.52+£0.10 0.58 +0.02
N:P ratio 28.34+1.94 17.71+£2.20 15.11+£0.80

Senesced leaf concentration, mg-g™ (resorption proficiency)

Nitrogen (NRP) 17.24 +1.41 3.60+0.18 4.06 £0.19
Phosphorus (PRP) 0.46 £ 0.07 0.1 +£0.00 0.12 £0.02
N:P ratio 38.89 + 2.56 36.00 +1.84 36.30 £4.12

Resorption efficiencies (%)
Nitrogen (NRE) 25.11 £4.02 56.15 +4.19 53.47 £1.19

Phosphorous (PRE) 53.43 +4.94 78.11 + 3.63 79.33+3.23

5.4 Discussion

541 Litterfall estimates of A. mearnsii and co-occurring native species

The study was aimed to estimate leaf litterfall of A. mearnsii in the riparian zones of the Wit River and
Du Toit’s River in the Breede WMA in the CFR. The results agree with previous findings (Milton, 1981b;
Witkowski, 1991; Yelenik et al., 2004; 2007; Inagaki & Ishizuka, 2011; Naude, 2012) that found greater
litterfall in Acacia species than native vegetation. It is evident that the growth strategy of A. mearnsii is
distinctively different from co-occurring species. Thus, the results presented on average for leaf litterfall
at the Wit River (273.66 + 37.76 g/m?) and Du Toit’s River (321.32 + 58.93 g/m?) are in range with other
Acacia species [A. cyclops (377.52), A. longifolia (335.03), A. melanoxylon (318.80) and A. saligha
(488.83)] found in the Milton (1981b) study in the southern Western Cape. In a later study, Witkowski
(1991) worked on the coastal lowlands of the southern Western Cape and compared bimonthly litterfall
data of Acacia species (A. saligna and A. cyclops) to native vegetation. Witkowski (1991) found that
these Acacia species’ litterfall production was greater than the native vegetation’s. However,
Witkowski’s (1991) study is not comparable with Milton (1981b) and the present study as it was done
on a bimonthly basis, but similar figures are seen for annual production of leaf litter with an estimate of
40% of leaf fall for A. saligna (178.35 g/m?) and A. cyclops (201.72 g/m?) when compared with the native
vegetation Leucospermum parole (155.39 g/m?) and Pterocelastrus tricuspidatus (140.22 g/m?). A later
study done by Yelenik et al. (2007) in Riverlands Nature Reserve north of Cape Town, South Africa,
found that A. saligna had a higher amount of litterfall (404.16 + 35.1 g-m2-y~1) than fynbos vegetation
(102.26 £ 16.8 g'm?-y™1). The results in the Yelenik et al. (2007) published paper are in the same range
as the results found for A. mearnsii and the co-occurring native species in the present study for
A. mearnsii. Likewise, a study by Naude (2012) in riparian zones within the south Western Cape region
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found that invaded sites of A. mearnsii and A. longifolia were twice as much as the fynbos vegetation
in the study that largely consisted of leaves. Nevertheless, these estimates of litterfall were only shown
annually (Milton, 1981b; Naude, 2012; Yelenik et al., 2004) or bimonthly (Witkowski, 1991). Thus, it was
difficult to compare results through a temporal spectrum.

The mean annual litterfall estimates seen in A. mearnsii are seen in other parts of the world. A study
done by (Saharjo & Watanbe, 2009) in Sumatra, Indonesia, found the leaf litterfall to be in similar range
(446 g/m~2) for A. dealbata. Furthermore, the values of co-occurring native species (B. stellatifolium and
M. angustifolia) in near-pristine sites are considerably lower than values found in the other studies for
native species (Milton, 1981b; Witkowski, 1991; Yelenik et al., 2007). In addition, the results found in
A. mearnsii are not based on all production parts (i.e., flowers, seeds, twigs) of the plant but only the
leaf material. The leaves of A. mearnsii contain elevated nitrogen concentrations that can change
ecosystem processing due to high turnover rates, significance in plant productivity and nitrogen-fixation
strategies (Yelenik et al., 2004; Craine et al., 2009; Drake, 2011). Moreover, the data presented might
be biased as native species traps were placed under single trees and A. mearnsii under dense stands
and might be an over- or underestimation of leaf litterfall for the respective species.

The temporal trends in litterfall of A. mearnsii demonstrate two peaks: one being at the end of the dry
season, April (mid-autumn), and one being January (mid-summer). In a study near Bungendore, New
South Wales in Australia, Grant et al. (1994) studied the pollination and breeding system of an
A. mearnsii population over three flowering seasons (1987-1990). The study found that the species
had two heavy and one light flowering season. Many authors (Moncur et al., 1989; Campbell, 2000;
Nyoka, 2003; Dell’Porto et al., 2006) state that the flowering season of A. mearnsii are in the months of
September to November, and occurs generally for 8 to 10 weeks but it can be irregular as described by
Bonney (2003). The flowering stage for the A. mearnsii in the present study was in the same months
as pale yellow flowers were apparent, but flowers were assumed to have only fallen only in December,
which could be seen as an irregular period (Figure 29).

The flowering stage of A. mearnsii was accompanied with leaf litterfall and observed in litterfall for
December, which potentially supports the pattern by Moncur et al. (1989) and Bonney (2003). The leaf
litterfall peak in autumn, in particular the month of April, is postulated to be the senescence stage of
A. mearnsii before the winter season, which is the species’ growing season. The theory is that
A. mearnsii recycles nutrients in autumn, which coincides with new leaf growth as the wet season
approaches. Gallinat et al. (2015) suggests that IAPs extend their growing season in autumn, which
allows them to require more carbon, which alters ecosystems and potentially the local climate.

In addition, Richardson et al. (2009) indicated that warm temperatures could increase nitrogen
mineralisation rates, which could lead to increased plant uptake and elevated levels of foliar nitrogen,
which could stretch over the entire growing season. In the study, the same findings can be postulated
for A. mearnsii as high rates of litterfall were apparent in April, which led to elevated nitrogen
concentrations. A. mearnsii stands in the present study have formed under climate conditions, which
have variability in seasonal temperatures with flowering occurring during warm summer months, leaf
drops in autumn and dormancy in cold winters. The variability referred to is also described for temperate
deciduous forest in Europe, America and the southern slopes of the Himalayas (Rohrig & Ulrich, 1991).
However, the early leaf emergence and longer maintaining of green leaves in A. mearnsii compared
with native species give Acacia an advantage in transporting nutrients to the roots for storage to ensure
better winter survival and possibly spring growth.
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Figure 29: Representation of the flowering season (early) at the (a) Du Toit’s River invaded site on 20 October 2016
showing pale yellow flowers and late flowering season at the (b) Wit River invaded site on 11 November 2016
showing orange flowers

5.4.2 Seasonal carbon and nitrogen concentrations, and nitrogen return to soil

The annual mean nitrogen concentrations of A. mearnsii and co-occurring native species were relatively
distinctive, which was expected as there are major differences between species’ lifespan history traits
such as phenology, growth form and nitrogen-fixation capacity (Drake, 2011; Tye, 2013). The high
concentration of nitrogen in leaves of A. mearnsii is due to the ability of the species to fix nitrogen
(Yelenik et al., 2004; 2007; Van der Colff et al., 2017). The results found agree with Tye (2013) who
found similar ranges of mean annual nitrogen concentrations between seasons for A. dealbata in
Mpumalanga, South Africa. Results found in other studies (Yelenik et al., 2004; 2007; Juba, 2012,
unpublished data; Tye & Drake, 2012; Maoela; 2015) for co-occurring native species agree with the low
nitrogen concentration found in the present study. A. mearnsii and co-occurring native species exhibit
different seasonal allocations of nutrient, which could both be for storage or for uptake early in the
flowering and leaf litterfall season. Leaves senescence typically coincides with new leaf growth (Chapin
& Shaver, 1989).

The co-occurring species (B. stellatifolium and M. angustifolia) allocated a higher proportion of nutrient
for storage or uptake at the end of the year (December, early summer), whereas the invasive
A. mearnsii had two senescence stages (December, early summer; April, early autumn). It is therefore
sensible to presume that A. mearnsii is less reliant on long distance seasonal translocation of nitrogen
than the co-occurring native species (Tye, 2013). Non-legumes species as the co-occurring native
species tend to produce leaf material with lower year round nutrient concentrations and longer lifespans
as observed in nutrient resorption efficiencies (see

Table 11 and
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Table 12, resorption efficiencies). This may be reflected in structural components such as lignin and
cellulose that have greater C:N content ratios in leaves and the specific plant’s leaf longevity as well as
the exchange in nutrient conservation (Killingbeck, 1993; 1996; Aerts, 1995; Tye, 2013). A good
example of the nutrient conservation strategy of the co-occurring native species is the high nitrogen
concentrations of both species in summer at both sites and particularly the month of December as
observed in

Table 11 and
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Table 12 in the high green leaf concentrations. Moreover, seasonal allocation of nitrogen is likely
dependent on either nutrient availability in the environment or interspecific requirement of nitrogen in
different seasons as components can differ both spatially and temporarily (Tolsma et al., 1987; Fife et
al., 2008). Between species, co-occurring species’ low leaf nitrogen concentration tend to show that
they occur in phosphorus-limited landscapes and are largely due to their high LMA, which can
essentially dilute all nutrients (Lambers et al., 2010). We did not measure LMA in the present study.
Tye & Drake (2012) and Witkowski (1991) found difference in foliar nutrients between invasive and non-
legumes species from the same habitat as the present study.

Based on the return of nitrogen to soil (mg nitrogen m=2-y~1) as quantified by Yelenik et al. (2004), the
results agree with previous findings (Witkowski, 1991; Stock et al., 1995; Yelenik et al., 2004, 2007;
Naude, 2012) in the south Western Cape of the impacts of Acacia spp. on terrestrial soil nitrogen stocks.
In the present study, the results show that that A. mearnsii had greater mean annual nitrogen return to
soil than native vegetation. Therefore, it can be surmised that the high litterfall rate and constant
nitrogen concentrations found in A. mearnsii throughout the year enhance nutrient concentrations
especially nitrogen in the soils under A. mearnsii canopies at invaded sites. The enhancing factors are
mainly due to attribute difference in leaf chemistry of the alien, namely, A. mearnsii. The increase in soil
nitrogen is expected as A. mearnsii was not limited by nitrogen supply as the species is a nitrogen-fixer
(Forrester et al., 2007; Naude; 2012; Boudiaf et al., 2013). The high nitrogen return from A. mearnsii in
the invaded riparian plots could have down-regulated or decreased NREs as the sites are high in soil
nitrogen availability (Naude, 2012) as observed in the study. Even though no soil nitrogen data is
presented for A. mearnsii-invaded sites, there is a considerable amount of literature to support the
arguments that nitrogen fixers (notably Acacia spp.) have an impact on soil nitrogen dynamics
(Witkowski, 1991; Yelenik et al., 2004; Naude, 2012). In addition, Ehrenfeld (2003), and Liao et al.
(2008) in meta-analyses studies on nitrogen-fixing plants reported high levels of TN in soil and available
nitrogen. Similar results are found in the Portugal sand dune ecosystems by Marchante et al. (2008)
and Hellmann et al. (2011) who reported increased available inorganic nitrogen for A. longifolia in
uninvaded environments.

The substantial addition of nitrogen-rich litterfall in autumn could contribute to the soil nitrogen being
enriched in the present study and therefore lead to the decomposition of the substantial nitrogen-rich
litter, which replete the invaded environment and is eventually taken up by the plant. The change in
ecosystem nitrogen is mostly associated with the physiological characteristic of the invasive, namely,
A. mearnsii (Ehrenfeld, 2003; Naude, 2012). Biological traits such as larger size, high growth rate and
higher inputs of nitrogen-enriched litter with rapid turnover rates are seen as the most plausible
explanations in more nitrogen return to the soil for A. mearnsii at the invaded site at the two perennial
rivers.

5.4.3 A.mearnsii and reference plants leaf 8°N signatures

The results showed that all A. mearnsii (n = 10) at each invaded riparian plot had positive 3°N
signatures. This was not expected, as it indicated the Acacia spp. access to soil nitrogen. The key
determination of leaf nitrogen isotope composition is the isotope ratio of the external nitrogen source
and plant mechanisms (Evans, 2001; Tye, 2013). To address these, possible disputes should be
suggested. Many Acacia spp. in southern Africa are deep-rooted, which is a physiological function to
overcome water and nutrient limitation in arid and semi-arid environments (Morris et al., 2011; Tye,
2013). The deep-rooted Acacia spp. can access more diverse nitrogen pools than species in the
adjacent environment. They can also take up the same form of nitrogen (i.e., NH%) than surrounding
reference plant species. The concept is maintained by Shearer and Kohl (1986) and Hogberg (1997)
who stated that with increasing depth in the soil profile, 85N consequently increases. The pattern is the
combined effects of 15N enriched of organic matter due to microbial decomposition in deep soils, the
remoteness of atmospheric inputs and, lastly, the production of fresh litterfall that is depleted in 15N in
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relation to the soil nitrogen (Hogberg, 1997; Tye, 2013). The effect of these processes is important as
it suggests that deep-rooted species may be taking up nitrogen with a 5*N that is enriched in relation
to a shallow-rooted Acacia spp. For example, in a field experiment in Hluhluwe-iMfolozi Park at Kruger
National Park, Cramer et al. (2007) reported that deep-rooted Acacia spp. had more positive 3°N
values than shallow-rooted species.

To further support the positive 81°N signatures in A. mearnsii, the geographical location should be
considered. The invaded sites in the study are located in CFR in the Fynbos Biome, which is situated
in the mountain transitional zones (Reinecke et al., 2013). It is characterised by a seasonal
Mediterranean climate with cool wet winters and hot dry summers (Rebelo et al., 2006). The study of
Cramer et al. (2007) at the Hluhluwe-iMfolozi Park reported higher rainfall (780 mm per annum) than at
Kruger (550 mm per annum). Aranibar et al. (2003) explained that with decreasing rainfall, 55N
increases.

A. mearnsii leaves were sampled in mid-autumn (April), which was at the end of the dry season.
Therefore, results found for A. mearnsii agree with the general pattern observed by many authors that
on a regional and global scale, foliar 81°N increases as precipitation decreases (Austin & Vitousek,
1998; Aranibar et al., 2004; Craine et al., 2009). Nonetheless, other authors (Bai et al., 2012; Houlton
& Bai, 2009) also mentioned that the controls of atmospheric deposition on nitrogen cycling are in many
instances ignored in nitrogen isotopic studies as nitrogen isotopes from atmospheric deposition and
biological nitrogen fixation are presumed to be constant over large regional scales. Moreover, results
found in the present study indicate that the use of physiological function (rooting depth) to overcome
water limitation and the microclimate conditions of the mountainous regions in the Fynbos Biome of the
CFR are contributing factors in the 8°N enrichment of the invasive but not the only factors.

Secondly, the resorption of nutrient particularly nitrogen from leaves can lead to &!°N positive
enrichment signatures of leaf nitrogen due to preferred resorption of the light isotope, which happens
through metabolic fractionation. In New England, Drake et al. (2008) found a positive correlation
between nutrient resorption efficiency and differences between 8'°N in leaves (green and senesced) in
Spartina spp. (salt marsh grasses) in natural enriched salt marshes. Nutrient resorption data collection
took place in December as the native species’ senescence stage was estimated to be in that month.
However, the data calculated for NRE for A. mearnsii might be an underestimation of the resorption of
nutrients of the species. In the study, Ndfa% in A. mearnsii was also calculated; however, results were
not significant. Nitrogen fixation is not a contribution in 3°N positive enrichment signatures. Several
studies (Tye & Drake, 2012; Van Der Colff et al., 2017) have found relatively negative 85N signatures
in nitrogen-fixing acacias leaf litter; however, to our knowledge, no studies indicate 3N positive
enrichment signatures resulting from nutrient resorption processes. Instead we posit that nutrient
resorption is apparent in the month of April for A. mearnsii and that is related to positive leaf 5°N
signatures.

The technique of the 15N natural abundance has many limitations. Firstly, the >N abundance of plant-
available soil nitrogen can be a value close to zero or in some cases too variable for the methodology
to be applied in an ecological background (Hogberg 1997; Gehring & Vlek, 2004). Regarding reference
plants, it is assumed that the N enrichment of these plants reflect the >N enrichment of the soll
nitrogen taken up by the invasive, which sets a significant limitation that should be considered when
using this approach (Andrews et al., 2011). It is therefore anticipated that the reference plants should
be similar to the invasive plant species in life form, period of growth rate, root characteristics and form
of nitrogen taken up from the soil. However, this is usually not the case in many field settings. Thus, it
is encouraged to use more than one reference species in a field study (Jacobs et al., 2006; Andrews et
al., 2011). Therefore, in the results found it is plausible to understand that it might be likely that we could
have overestimated the contribution of nitrogen fixation. Even though the 1N natural abundance method
has inadequate quantifiable estimations, it is regarded as a suitable qualitative measure of natural
setting, which is accepted by many authors (Boddey et al., 2000; Jacobs et al., 2006; Tye, 2013).
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Therefore, a general assumption can be drawn that that the reference species in the study was a fair
baseline '°N signature of plant-available nitrogen in the soil as they grew in close proximity of the
A. mearnsii infestation.

Another factor to plausibly consider is that A. mearnsii acquired more inorganic nitrogen from the soil.
In a study by Goi et al. (1993), A. auriculiformis acquired a high uptake from soil N, which resulted in
increased leaf 815N due to discrimination against 51“N as preferential efflux of 31*N from the roots
(Evans, 2001; Tye, 2013). Therefore, positive values found in 8'°N and nitrogen concentrations in the
present study were reported in their study (Martinelli et al., 1999; Cramer et al., 2007). The positive
values found in (Martinelli et al., 1999) were related to greater fractionation (isotopic) in a more stocked
nitrogen-replete system. As such, the suggestion can be made that in the month of April, high nitrogen
return to soils in A. mearnsii-invaded riparian plots could have contributed to the stocked nitrogen-
replete system. Sites with high nitrogen availability are more likely to have with plants with higher
nitrogen concentrations, which tend to correlate positively with positive plant 5'°N signatures (Martinelli
et al., 1999; Cramer et al., 2007).

Isotopic fractionation can take place at different stages (uptake, transport or assimilation) of a plant’s
nitrogen cycling and is different between plants species using different strategies at each step (Craine
et al., 2015). A good account of this, plants associated with different types of mycorrhizal fungi facilitate
nitrogen acquisition from the soil will have different 3'°N values (see review by Boddey et al., 2000).
Craine et al. (2009) showed on a global scale that different types of mycorrhizal fungi associated with
plants can show different variation in leaf 6'°N values for the meta-analysis of 900 plants sampled.
Additionally, the study showed that the type of mycorrhizal association can considerably influence leaf
0N values, with ericoid mycorrhizal (EM, 3.2 %.) and ectomycorrhizal (ECM, 5.9 %) plants being
generally more depleted in leaf 815N than non-mycorrhizal plants. Arbuscular mycorrhizal plants were
shown to be more intermediate in isotopic values and on average depleted by 2%. in comparison to
non-mycorrhizal plants. These fungi facilitators can influence the nitrogen isotopic configurations in
plants and other ecosystems pools (Hobbie & Hogberg, 2012; Craine et al., 2015).

However, these differences found in (Craine et al., 2009) might be extreme cases as they depend on
the plant’s reliance on fungi for nitrogen and the supply and demand of nitrogen from the plant. Under
natural conditions, mycorrhizal associations are found in 82% of higher plants (Chapin et al., 2002),
which can explain the pattern of leaf 8'°N values in A. mearnsii. Therefore, the nitrogen demand and
mycorrhizal associations of A. mearnsii have to be considered. In general, African Acacias have the
ability to form arbuscular mycorrhizas that assist in the uptake of nitrogen and phosphorus from soil
pools (Rodriguez—Echeverria et al., 2009; Tye, 2013). Acacia spp. from the subgenus Phyllodineae
can form both arbuscular and ectomycorrhizal mycorrhizal features, which give the authorisation to
become invasive and good in land repossession as nodulation is a species-specific characteristic of the
subgenus Phyllodineae. As such, the positive leaf 8'°N signature in A. mearnsii could be through
mycorrhizal association as well. The results found numerous or conflicting interpretations that can be
put forward for the positive leaf >N indicators found. Certain authors mentioned (Handley & Raven,
1992; Tye, 2013) that the natural abundance 3*°N plant tissues are functions of all the foundation and
metabolic effects to which their nitrogen pools have been subjected; as such, all the above mentioned
topics could be a combined contributing factors.

Resorption efficiencies in A. mearnsii and competing co-occurring native species

Several studies (Aerts, 1996; Ratnam et al., 2008, Tang et al., 2013; Van der Colff et al., 2017) indicate
that in any part of the world, most woody plant species conserve phosphorus more tightly than nitrogen.
The pattern was shown in the present study at both the Wit River and Du Toit’s River with phosphorus
resorption being more efficient than nitrogen resorption. NREs were lowest in nitrogen withdrawn from
leaves during senescence in A. mearnsii. At both sites, higher nitrogen was withdrawn from leaves
during senescence in both B. stellatifolium and M. angustifolia. The NREs values reported for
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A. mearnsii were similar to values reported by Tye (2013) for A. dealbata (~27%) in the Komati Wildlife
Reserve in Mpumalanga, South Africa, but lower than most values reported for associated species
growing in the Savanna of South Africa [i.e. Kruger National Park, 58% reported by Ratnam et al. (2008)
for fine the Garden Route National Park — leaf trees]. Van der Colff et al. (2017) also recently reported
NREs of £50% in a study at the Garden Route National Park. The values reported for A. mearnsii were
lower than the global average (56%) for woody plants, which were corrected and reported by Aerts
(1996) and Van Heerwaarden (2003).

The low nitrogen resorption values suggest that nitrogen resorption is inefficient in A. mearnsii at both
sites. On the other hand, NREs reported for B. stellatifolium and M. angustifolia were on par with the
global mean average for nitrogen (56%) and phosphorus (52%) for evergreen shrubs and trees (Aerts,
1996). Moreover, the results suggest that nitrogen resorption is more efficient for co-occurring native
species at both study sites. PREs reported in the study for A. mearnsii were lower than values reported
by He et al. (2011) (up to 80% for arid Acacia species in the north-western Australia). The inefficient
resorption values found in A. mearnsii were not caused by the delay of senescence and can be clarified
by the high phosphorus resorption values of A. mearnsii. In addition, the resorption of phosphorus over
nitrogen seemed to be favoured in A. mearnsii, which is shown in the high N:P ratios. The low nitrogen
resorption values for A. mearnsii found in the present study are observed in other IAP studies
(Killingbeck, 1993; Tang et al., 2013). A. mearnsii cycles a sufficient amount of phosphorus before leaf
abscission, but nitrogen cycling is observed not be as proficient in cycling nutrients as phosphorus. The
suggestion is that the invasive species could acquire more inorganic mineral nitrogen from the soil due
to high nitrogen-rich litterfall in December and the use of nitrogen fixation in A. mearnsii at invaded
plots. Van der Colff et al. (2017) stated that A. mearnsii reserved its use of symbiotic nitrogen fixation
even under changing environmental conditions as it retains its nutrient economy.

To explain these patterns, some factors can be put forward. Firstly, species differentiate in leaf longevity
(lifespan based on timing of leaf litterfall). A. mearnsii and the co-occurring native species require
different but large proportions of leaf nitrogen to be stored in accessible nutrient pools (i.e. structural
compounds), which leads to different kinetics of retranslocation (Tye, 2013). In an ecological setting,
plants with low leaf mass per unit area have leaves that tend to have short lifespans and high nitrogen
concentrations (Wright & Westoby, 2003) such as A. mearnsii. Confounding these explanations are
nitrogen-fixation capabilities, a characteristic of nitrogen-fixing plants, which are known to influence
nitrogen resorption (Killingbeck, 1993; 1996). This can be reasoned with the high nitrogen-fixation
capacity of A. mearnsii at both sites as indicated by the >N natural abundance data. A. mearnsii could
be increasing nitrogen supply from the roots (nitrogen availability) and therefore shift between a cross-
over point between the cost point of resorption and nutrient acquisition, which lead to a lower NRE. The
interpretations are supported by other studies (Evans et al., 1989; Killingbeck, 1996; Lima et al., 2006)
that reported that with the abundant increase in soil nitrogen availability (nitrogen return to soil) and the
occurrence of symbiotic nitrogen fixation, a decrease in NRE is expected even though nitrogen fixation
is an energy costly process and the ability to fix nitrogen does not mean an inability to resorb nutrients
(Houlton et al., 2008). The other postulation is that the cost-related association of nitrogen-fixing
rhizobia is less than the cost of resorption at molecular level even though the energy cost of resorption
remains anonymous (Houlton et al., 2008). Another contradicting fact is that the root systems of
Australian Acacia spp. lack cluster roots, which make them incapable of accessing soil phosphorus.
However, Acacia spp. have specialised extensive root systems and greater mycorrhizal symbionts for
enhanced phosphorus acquisition through symbiotic nitrogen fixation, which has a high demand for
phosphorus (Allsopp & Stock, 1993). A total of 20% of plant phosphorus are allocated to nodules during
nitrogen fixation with the processes taking a large amount of energy as they access a greater pool of
phosphorus (Potgieter, 2012). To consider everything in context of A. mearnsii (higher litterfall,
guantities of nitrogen-rich litter and nitrogen-fixation process), it is therefore plausible to assume that
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they have a weaker capacity to conserve nutrients (Witkowski, 1991). There is a paradoxical mystery
of how A. mearnsii satisfy their phosphorus demands and are successful in the study sites.

To satisfy their phosphorus requirements, some Acacia spp. may occupy sites with high phosphorus
availability as seen with A. cyclops in the Fynbos Biome or sites with low phosphorus availability such
as A. saligna in the Cape lowlands (Witkowski & Mitchell, 1987; Witkowski, 1994). The extensive root
system of Acacia spp. can increase nutrient uptake by enlarging the soil volume and substantially
increasing the number of places for mycorrhizal establishment (Hoffman & Mitchell, 1986; Power, 2010).
Moreover, Witkowski (1994) found in the south Western Cape in the CFR that A. saligna root penetration
was faster than A. cyclops over a month period, which potentially could have assisted them in tapping
into the water table. Cramer et al. (2007) stated that greater water availability can contribute to
phosphorus acquisition via mass flow. Furthermore, these occupations to satisfy their phosphorus
demands and the use of deep extensive root system and symbiotic association with mycorrhizal fungi
most likely contribute to their success in the Fynbos Biome and particularly A. mearnsii phosphorus-
acquisition strategies in the present study.

The co-occurring native species effectively recycles nutrients before leaf abscission as high NREs and
PREs are found in both species, which were higher than the global average (52%) reported by Aerts
(1996). Mean PREs ranged from 50.56 £ 3.40 to 79.33 +3.23 between B. stellatifolium and
M. angustifolia, which were values higher than 34 evergreen species (mean = 34%) reported by Tang
et al. (2013) in China. However, the riparian native species B. stellatifolium (Proteaceae) and
M. angustifolia (Myrtaceae) are the only indigenous species of their genus in South Africa and are seen
as key species in the south Western Cape Mediterranean-type riparian systems in the CFR
(Galatowitsch & Richardson, 2005; Crous et al., 2010). The old, climatically buffered, infertile landscape
as defined by Lambers et al. (2010) is ancient inhabit oligotrophic (Power, 2010). The native plants are
better adapted to the soil of the CFR and are richly represented on the impoverished soils of the CFR
and therefore developed long-term adaption strategies to phosphorus limitations on CFR soils
(Killingbeck et al, 1990).

The two native species employ root adaptions such as root clusters to assist in phosphorus acquisition
in severely impoverished soils, which is effectively a mining strategy (Lambers et al., 2013). Clusters
roots can more easily access soluble phosphorus from the highly weathered and leached ancient soils
of the CFR than species with mycorrhizal symbioses (Lambers et al., 2008a; Power, 2010; Potgieter,
2012). In the native species, phosphorus diffusion restricts phosphorus supply to terrestrial plants in
natural ecosystems. This happens when phosphorus in the soils are commonly low and dry. Therefore,
phosphorus rarely reaches the root system to meet the plant’s needs (Prenzel, 1979). However, the
mining strategy of these indigenous plants (due to cluster roots) effectively acquires phosphorus
through their own species’ specific adaption strategy (Lambers et al., 2010; Power, 2010) and,
coincidently, the plants remobilise nutrients more efficiently (Aerts, 1995; Wright et al., 2004).

In the native species (B. stellatifolium and M. angustifolia), low nitrogen concentrations and high PREs
are found, which ultimately make them efficient at nutrient conservation (Aerts & Chapin, 2000) due to
their mining strategies. The native species both have sclerophyllous leaves, which have longer lifespans
than non-sclerophyllous leaves (invader species). These plant species can enhance nutrient
conservation as they can increase their nutrient preservation times (Wright & Westoby, 2003; Tye,
2013). Furthermore, the high PRE values in the native species exhibit the true maximum resorption
potential of the species because of the long-term adaptation to phosphorus improvised soils as in the
CFR. Places such as the Fynbos Biome in the CFR are generally inclined to have a richer degree of
sclerophyll plants than plant species in eutrophic environments (Power, 2010; Potgieter, 2012).

However, it is debatable whether Mediterranean ecosystems such as the CFR in the Fynbos Biome are
nitrogen- or phosphorus-limited (Sardans et al., 2004; Diaz et al., 2012; Potgieter, 2012). Zhang et al.
(2014) stated that plants under phosphorus limitations should have higher PREs. To assess the nutrient
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limitation in the CFR at present, the use of the N:P ratios in an ecology system are well supported in
literature by Craine et al. (2008) and Zhang et al. (2014). Green leaf N:P ratios have been noted as a
good forecaster of nutrient limitation. Based on a mass concentration, nitrogen limitation is indicated by
< 14, 14 < N:P, nitrogen and phosphorus co-limitation (< 16) and, lastly, N:P > 16 indicates phosphorus
limitation (Zhang et al., 2014).

Native and IAP species exceeded the threshold for a phosphorus-limited system, which indicate that
the study sites are situated on phosphorus-limited mountainous regions of Breede WMA. The prediction
of plants adapted to nutrient-poor systems are easily identified in the low nutrient concentrations in
senesced leaves and higher NRE as they grow in infertile habitats, which have low soil nutrient
availability (Richardson et al., 2005; Tang et al., 2013, Zhang et al., 2014) as B. stellatifolium and
M. angustifolia. However, nitrogen-fixing plants growing in phosphorus-limited regions tend to have low
NREs with high NRPs (Tang et al., 2013) and employ root adaptations; mycorrhizae symbionts assist
in phosphorus-acquisition. The results show two different nutrient conservation strategies between the
notorious invasive, A. mearnsii, and the indigenous native keystone species. These adaption strategies
are species-specific as A. mearnsii displays a scavenging strategy with nitrogen fixation and the native
species a mining strategy to acquire phosphorus (Lambers et al., 2008b; 2010) on the rich plant diversity
and severely phosphorus-impoverished soils of the CFR. These strategies are used by other plant
species in landscapes such as south-western Australia.

When comparing the present results (nutrient resorption efficiencies) to other studies, it is important to
acknowledge that the current estimates for resorption efficiency are articulated on a mass basis and
not LMA as done by other authors (Killingbeck, 1996; He et al., 2011). Calculating leaves on a mass
basis instead of leaf area basis has its advantages. A good example is the reduced effect by the loss
of the LMA during the senescence stage whereas expressing it on an area basis can accurately
represent nett nutrient movement from senescing leaves. A. mearnsii has a relative small LMA, which
could be become problematic and subject to considerable error as it could be complicated to measure.
Therefore, we chose to limit our expression of resorption efficiencies to mass basis (concentrations on
mass basis) only and acknowledge that our mass-based estimates are likely to overestimate resorption
efficiencies (He et al., 2011; Tye, 2013).

5.5 Conclusion

To our knowledge, this work demonstrates that the invasion of A. mearnsii in South African fynbos is
supplemented by an alteration in the nutrient cycling, most notably nitrogen. These findings suggest
that high bioactive nitrogen inputs from A. mearnsii can be expected through continuous accumulated
nitrogen-rich litterfall, nitrogen-fixing capacity, and acquisition and conservation strategies of the
species, which ultimately lead to high nitrogen return to the soil. The government properties of
A. mearnsii that differ from the native species they normally are compared with, can make the species
a successful and competitive invasion species on the phosphorus-deprived environment of the CFR.
A. mearnsii can maintain its nutrient status regardless of the available nutrients and, in addition, has
other mechanisms to compensate for low nutrient availability. Nonetheless, the results suggest that
invasive A. mearnsii and the co-occurring native species (B. stellatifolium and M. angustifolia) function
differently in the riparian zones of the Breede WMA in the Western Cape, South Africa. The work
presented here is a pilot study to better understand the nutrient economy of A. mearnsii in the nutrient-
poor fynbos riparian zones in the CFR in the Western Cape, South Africa.
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CHAPTER 6 — TESTING HOME FIELD ADVANTAGE EFFECTS ON DECOMPOSITION RATES
AND MACROINVERTEBRATE COMMUNITIES OF NATIVE AND INVASIVE LITTER SPECIES IN
FYNBOS MOUNTAIN STREAMS IN THE CFR

6.1 Introduction

The decomposition of plant material (litter) is among the most studied in terrestrial ecosystem ecology
and has been well documented for decades; particularly at site level (Parton et al., 2007; Austin et al.,
2014). Leaf litter breakdown is regulated by the physiochemical environment, litter quality and the
composition and abundance of macroinvertebrate communities (Reinhart & VandeVoort, 2006). These
factors are seen as the main drivers of decomposition in terrestrial systems (Hattenschwiler et al.,
2005). In aquatic environments, stream characteristics (temperature, flow regime, nutrients and
substrate) can also affect decomposition rates and are suggested to be different in up- and downstream
reaches and different microhabitats (pools, runs and riffles) within stream ecosystems (Maamri et al.,
2001; Sponseller & Benfield, 2001).

Firstly, leaf litter inputs are seen as a key source of energy for aquatic ecosystems and freshwater biota
among streams (fungi, bacteria, and macroinvertebrates) (Negrete-Yankelevich et al., 2008; Ayres et
al., 2009; Kuglerova et al., 2017). Secondly, leaf litter inputs from different plant species are different in
structure. Chemical properties such as leaf shape, species-specific leaf area, different nitrogen
concentrations, C:N ratios and lignin concentrations (Aerts, 1997; Gholz et al., 2000; Ayres et al., 2009)
are seen as factors that explain 70% of disparity in leaf litter decomposition (Gholz et al., 2000; Parton
et al., 2007). Understanding these interchanging regulating factors can illuminate the influences that
change the processes of decomposition rates and macroinvertebrate communities on leaf litter
processing within aquatic environments (Leroy et al., 2006).

The feedback loop between litter inputs and the native soil community could create likely competition
among macroinvertebrates communities for the litter they receive. Leaf litter between species has been
shown to have a large variation in chemical and physical traits (Jewell et al., 2015). For that reason,
litter has been recognised as an important source of nutrients and energy for macroinvertebrate
communities. Recently, it was thought that the breakdown and mining of plant resources were mostly
used by generalist consumers. However, there is significant growing evidence that plant species have
species-specific or affinity effects to certain macroinvertebrate communities (Veen et al., 2015). As a
result, decomposer communities may become adapted and form a specialised affinity effect to the litter
they encounter over an extended period. They become efficient at breaking down their own litter matrix
(absorbing nutrients) from the riparian plant community above them (Ayres et al., 2009). Consequently,
this at-home benefit has been referred to as the home field advantage (HFA) hypothesis where litter
decomposes faster in its home environment than from its origin (Gholz et al., 2000; Ayres et al., 2006).
Hence, it creates a specialised affinity effect from in-stream macroinvertebrate communities to the
above-ground component, which is generated through litter input. This specialised litter affinity effect
from macroinvertebrate communities is driven by three key interacting drivers: the plant community on
the adjacent riparian zone, leaf litter quality, and incubation conditions (Veen et al., 2015). The effect
can be measured in an ecological time over weeks or months (Jewell et al., 2015).

Nonetheless, there is significant evidence in literature (Freschet et al., 2012; Veen et al., 2015) that
tested for, but did not show the occurrence of HFA, hence the conditions under which it exists are
uncertain. Litter diversity in a home environment is not always associated with faster decomposition
rates and macroinvertebrate litter affinity effects (Austin et al., 2014; Veen et al., 2015). There is
evidence of HFA effects where invertebrate decomposer communities become adjusted to feeding on
their home turf litter but are less efficient at breaking down the foreign litter regardless of plant diversity
or C:N ratios (Veen et al., 2015). However, the variation observed could only account for 8% of litter
decomposition processes and are undetected in macroinvertebrate litter affinity effects (Veen et al.,
2015; Baroudi, 2016). The difference in effects is vastly variable depending on both biotic and abiotic
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factors of the ecosystem, which influence the litter decomposition rates (Veen et al., 2015). It is not yet
known if disturbing events such as the introduction of IAPs can affect macroinvertebrate litter affinity
effects. For example, the invasion of nitrogen-fixing plants could change aquatic environments due to
the chemical and physical traits, and differences in leaves from native vegetation (Morris et al., 2011;
Jacobs et al., 2013). To better understand how and when decomposition rates and macroinvertebrate
communities interrelate with litter to influence HFA effects, it is crucial to explore the significant drivers
of the interaction between the plant community, litter type and environmental conditions (Freschet et
al., 2012). Yet, it is unclear at the present time if litter of a different type would affect macroinvertebrate
communities in an HFA microsite as vegetation peaks (litterfall period) generally follow invertebrate
species richness (Buddle et al., 2006); therefore, these mechanistic links need added examination (Van
der Wal et al., 2013).

The invasion of IAP species in riparian zones is associated with modifications in quantity and quality of
leaf litter inputs available to in-stream macroinvertebrates (Braatne et al., 2007; Boyero et al., 2012).
These modifications often affect consumer densities and growth and can lead to substantial changes
in ecosystem function and macroinvertebrate communities (Boyero et al., 2012; Levine et al., 2003).
Additionally, some taxa can increase decomposition rates and favour certain litter inputs, which mainly
rely on the particular style in which they feed (Meyer et al., 2011; Baroudi, 2016). As an example, some
macroinvertebrates may feed on nitrogen-rich litter and consequently are able to break down leaf litter
more effectively than other invertebrates feeding on leaf litter of an inferior quality (Garcia-Palacios et
al., 2013; Jia et al., 2015). The change in litter type due to riparian invasion by IAPs may slow down or
accelerate litter decomposition and to extend change macroinvertebrate communities in undisturbed
areas as they are associated with changes in community loss and species composition (Boyero et al.,
2012). Nevertheless, some global studies also show no effects (Ehrenfeld, 2003; Lecerf et al., 2007).

Lecerf et al. (2007) found no significant changes in macroinvertebrate communities after introducing
exotic Japanese knotweed into streams in the United Kingdom and France. The study also found that
the decomposition rates between exotic and native species were comparable, suggesting that the
species shared similar chemical traits. Similarly, in a field experiment in three streams located in the
Chehalis River Basin, Washington, Claeson et al. (2014) found that introducing invasive knotweed leaf
litter was related to higher macroinvertebrate abundance and taxa richness than the native alder and
cottonwood in one stream but not in the others. Furthermore, Reinhart and VandeVoort (2006) in their
study in Rattlesnake Creek in Missoula, Montana, found that leaf decomposition rates were no different
between exotic and native species. They concluded that aquatic organisms did not prefer one litter
species over the other. The variation in results observed across the world in different stream
ecosystems could likely be site-specific, and plants species of these sites might have a unique impact
in its localised environment (Leroy et al., 2006; Kuglerova et al., 2017).

In addition, faster decomposition of leaf litter from IAPs compared with native species litter has been
reported when the invasive plants were nitrogen-fixing plants and the native species were not
(Witkowski, 1991). The physiological characteristics of IAPs of high nutrient concentrations, species-
specific leaf area and nitrogen-fixing capabilities are key functions in faster decomposition rates when
compared with native species (Allison & Vitousek, 2004; Morris et al., 2011). On the contrary, slower
decomposition rates of IAPs were found in numerous studies (Witkowski, 1991; Drenovsky & Batten,
2007). These conflicting findings suggest that more effort needs to go in improving our capabilities to
predict the impact of IAPs on real environmental ecosystems in field situations (Davis et al., 2011; Furey
et al., 2003). Many studies testing the HFA hypothesis across the globe in terrestrial ecosystems
(Vivanco & Austin, 2008; Ayres et al., 2006; Jacob, 2010; Austin et al., 2014) have found inconsistent
results; for example, some have shown decomposition rates accelerated in their native as opposed to
foreign environments. However, a study by Veen et al. (2015) suggested that the current understanding
of the HFA phenomenon is not adequate to generalise across diverse systems as environmental
characteristics of HFA remain unexplored. The study also revealed that dissimilarity between litter
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characteristics could be a stronger predictor of HFA effects of decomposition and possibly
macroinvertebrate affinity effects.

However, in the CFR of the Fynbos Biome in South Africa, an understanding of the HFA in litter
decomposition rates and macroinvertebrate community structure is incomplete, which limits our
understanding of the highly diverse hydrological and biological components of the Mediterranean
streams in the CFR. Witkowski (1991) found that litter decomposition rates of the invasive nitrogen-
fixing shrub (A. cyclops) were slower than the native species (P. tricuspidatus) in coastal lowlands of
Cape fynbos in the Western Cape. In the same study in a different field setting, Witkowski (1991) found
that litter decomposition rates of the nitrogen-fixing A. saligna were faster than the co-occurring native
species (L. parole). The differences in rates are subject to litter quality characteristics between species
and nutrient conservation, such as retranslocation of leaf nutrients during senescence (Ehrenfeld, 2003;
Allison & Vitousek, 2004). However, none of these studies have been done in riparian environments.

The region has been recognised as a global diversity hotspot owing to its susceptibility to numerous
processes that threaten the exceptional biodiversity (Mittermeier et al., 1998). Riparian zones in the
CFR are extremely vulnerable to natural disturbances such as flood rushes and fire, which are known
to influence riparian systems intensely (Naude, 2012; Maoela, 2015). The flora in riparian areas is 66%
naturally spread through the CFR with 33% being woody plants (Galatowitsch & Richardson, 2005;
Naude, 2012). However, the biggest threat to the biodiversity of the CFR is the persistent manifestation
of IAP species. It is estimated that IAPs have invaded 10 million ha countrywide, with the Fynbos Biome
being by far the most affected and the most ecologically harmful (Le Maitre et al., 2002).

The success of IAPs is mainly their good settling capabilities in disturbed areas (Witkowski, 1991;
Marchante et al., 2008). Especially the region in the Berg and Breede River catchments of the Western
Cape is particularly invaded with the Breede catchment having a heavily invaded region of 84 398 ha
(Versfeld, 1995). Alien trees in the CFR, especially Australian leguminous Acacia spp. (A. mearnsii,
A. longifolia, A. saligna), have dense canopies that produce increased nitrogen-rich leaf litter input that
may change the river system from autochthotrophic to allochthotrophic (Sakai et al., 2001; Powell et al.,
2011). The timing of leaf litter inputs (Le Maitre et al., 1996) and the chemical properties (nitrogen-rich
litter and low C:N ratios) may affect decomposition rates, abundance and diversity of invertebrate taxa
due to the difference in leaf litterfall quantity and quality between invasive Acacia and native species in
the Fynbos Biome (King et al., 1987; Rutt et al., 1989). Replacing native riparian tree species with IAPs
is likely to affect and modify aquatic habitats of macroinvertebrate communities in adjacent streams
(Richardson & Van Wilgen 2004; Reinhart & VandeVoort, 2006; Samways et al., 2011).

Despite the information on the impact of invasion of A. mearnsii on terrestrial communities, the possible
effects of A. mearnsii invasion on leaf processing and macroinvertebrates communities in-stream
remain unstudied. Therefore, a trait-based approach to the HFA hypothesis could prove useful between
the invasive A. mearnsii and native species in the Mediterranean stream of the CFR. The study
investigates the impact of A. mearnsii invasion and the impact they contribute to ecology in fynbos
mountain streams in the CFR. The following is done:

e Compare the decomposition rates (used as a broad inclusive term of both bacterial/fungal
decomposition and macroinvertebrate herbivory) between the invasive A. mearnsii and a co-
occurring native species (here after “fynbos species”).

o Determine if HFA plays a role between A. mearnsii and fynbos species in bacterial/fungal
decomposition when placed far from origin.

o Determine if HFA plays a role in freshwater macroinvertebrate herbivory of A. mearnsii and fynbos
species in their native reaches and away from origin.
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6.2 Methods

6.2.1 Study area

The study was conducted in mountain and foothill stream sections of the Mediterranean-type CFR
vegetation in the Breede WMA, Western Cape. The vegetation distribution in upper catchments regions
are typically characterised by sclerophyllous fynbos and sandstone soils, which are acidic and nutrient-
poor (Day & King, 1995; Samways et al., 2011). The climate is Mediterranean type characterised by
dry summers and wet winters. After the first heavy rains, mountain streams and rivers in the CFR have
surface flow in winter. In summer, streams are reduced to perennial pools and a section of riffles
resulting in periodic water shortages (Goldblatt & Manning, 2000; Tharme, 2010).

Two perennial rivers were chosen for the study. The Wit River is a small perennial tributary of the
Breede River. The Du Toit’s River forms part of the Breede system, but is essentially a tributary of the
Riviersonderend River, which is shortened by the Theewaterskloof Reservoir (Tharme & Brown, 2004)
(Figure 30). Along each river, two vegetation treatments were identified, namely, near-pristine
and invaded sites. Near-pristine sites were predominant with typical natural fynbos plant species
(consisting mostly of B. stellatifolium and M. angustifolia) and some scattered Searsia angustifolia in
the Du Toit’s River and Erica caffra and Elegia capensis at the Wit River with no alien invasive trees
present at both sites. Invaded sites had to include alien trees such as A. mearnsii, which had to account
for 50% cover at sites. Secondly, no commercially afforested or agricultural areas had to be at study
sites. Table 13 and Table 14 summarise the river characteristics and treatments of each study site.
Sampling started on 4 November 2016 in mid-spring and endured until 6 February 2017 in mid-summer.
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Figure 30: Location of the two perennial rivers in the Western Cape, Breede WMA: Wit and Du Toit’s River, and
the four treatment sites (green: near-pristine; red: invaded site)
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Table 13: Summary of site characteristics of the Wit River and associated invasion statuses (near-pristine and
invaded) in the Breede WMA. Values are means [SE] and were recorded from the start to the end of the field
experiment

Site: Wit River Near-pristine Invaded
Catchment elevation 958.40 901.40
(m amsl)

Reach length (m) 140 210
Wetted channel width 9.46 15.30

(m)%

Range of average water
temperature (°C)

14.52 t0 29.15

14.80 to 29.15

Mean water temperature 22.15[1.92] 22.07 [1.93]
(‘C) [SE]

Range of discharge 0.76 t0 0.81 0.66 to 0.77
(m*s™)

Mean discharge (m3-s71) 0.78 [0.01] 0.69 [0.02]
Range of pH 4.421t04.74 4.41 10 4.80
Mean pH [SE] 4.61 [0.05] 4.60[0.10]
Range of EC (uS-cm™) 74.81t075.2 74.40 to 75.00
Mean EC (uS-cm™) 75.03 [0.06] 74.64 [0.08]
Microhabitats Pool Pool

Substratum characteristics

Vertical gradient, physical features
including wide single channels dominated
by large boulders, medium-sized cobbles
with few riffles and patches of sand in
certain segments of the reach, alongside
the wetted channel, banks comprise
medium-sized cobbles and bedrock.

Substratum is dominated by small
cobbles and gravel through the
reach with large boulders in some
section of the reach, major biotopes
are riffles with occasional
backwaters and no cascades,
alongside the wetted channel
banks comprises sand, woody
shrubs and riparian vegetation.
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Table 14: Summary of site characteristics of the Du Toit’s River and associated invasion statuses (near-pristine
and invaded) in the Breede WMA. Values are means [SE] and were recorded from the start to the end of the field

experiment
Site: Du Toit’s River Near-pristine Invaded
Catchment elevation 981.50 924.20
(m amsl)
Reach length (m) 110 130
Wetted channel width (m)% 3.38 8.58

Range of average water
temperature (°C)

12.69 to 19.09

12.40to 22.24

Mean water temperature (°C) 18.85[2.42] 20.43[1.94]
[SE]

Range of discharge (m3-s™) 0.16 to 0.40 0.431t00.71
Mean discharge (m3-s™1) 0.23 [0.03] 0.51[0.04]
Range of pH 4.761t05.12 45010 5.10
Mean pH [SE] 4.94[0.05] 4.70 [0.08]

Range of EC (uS-cm™)

69.30 to 74.20

70.20 to 74.40

Mean EC (uS-cm™)

72.61[1.10]

73.56 [0.56]

Microhabitats

Pool

Pool

Substratum characteristics

Vertiginous gradient, physical features
displaying features of south Western
Cape rivers, including single, narrow
channels dominated by riffles that is
short and shallow and sections of
cascades with deep bedrock-bottomed
pools.

Substratum is dominated by small
rounded cobbles, large cobbles,
gravel and small boulders,
riverbanks are dominated with
woody shrubs and sand that is
relatively high in certain segments
and throughout the reach major
biotopes are pools and occasional
backwater with no cascades.

6.2.2 Experimental set up for decomposition and herbivory

Leaves of Acacia species (A. mearnsii) and two native species (B. stellatifolium and M. angustifolia)
were collected from single trees in December 2015 and November 2016 just before abscission or shortly
after they had fallen (Norby et al., 2000). All leaf material was picked for both decomposition and
macroinvertebrate experiments and was oven-dried at 50°C for 24 hours. To test for differences in
decomposition and herbivory between leaf types, treatment (non-pristine or invaded) leaf bags were
imbedded at both rivers (Wit River and Du Toit’s River at the different treatment sites) from 4 November
2016 to 6 February 2017 (incubation periods of 14, 28, 48, 64, 80 and 102 days). Leaf bags were made
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from fine mesh (0.5 mm) for the decomposition experiment to exclude macroinvertebrates (Webster &
Benfield, 1986). Herbivory bags were made from fine coarse mesh (0.5 mm with a 2 mm screening
window) to allow access to macroinvertebrate herbivores. The surface area of leaf bags was 0.04 m2.
A total of 5.0 g of A. mearnsii leaves was placed into litter bags. For the native species, litter was
weighed out to 2.5 g for each, mixed and placed into litter bags. A total of 384 (192 per river) leaf bags
were fabricated for both experiments and placed in the field. For the different experiments, four leaf
bags of each species were grouped together to a steel rod with nails at each treatment. The steel rod
was used an anchor against any objects that might flow downstream due to strong flow variability
(Webster & Waide, 1982).

In order to test the HFA hypothesis that plant leaf litter tends to decompose faster in its native
environment and that macroinvertebrates in the same environment favour the plant material above them
(Austin et al., 2014), fynbos species litter (HFA) and A. mearnsii (HFA) decomposition bags were placed
in the native reach environment [i.e. near-pristine = fynbos species (HFA); foreign litter which was the
A. mearnsii litter bags] and in the invaded site. Similarly, the same procedure was done for the herbivory
experiment to test the HFA hypothesis. At every incubation date, eight bags per treatment (near-pristine
or invaded) were retrieved, which consisted of the HFA and foreign leaf bags. The same procedure was
followed for the macroinvertebrate experiment. In total, 32 bags were retrieved per river system at every
incubation period.

The Hierarchical Framework for Stream Habitat Classification by Frissel et al. (1986) was followed to
place both experiments leaf bags. Microhabitat subsystems are systems defined by Frissel et al. (1986)
as patches within pool/riffle systems that have homogeneous environmental conditions (temperature,
discharge and substrate characterisation). Decomposition and herbivore leaf bags were placed in
sections where microhabitat subsystems were detected within pool systems (Frissell et al., 1986).
Mediterranean climate streams are categorised by successive floods and droughts that are variable
through seasons due to high annual and inter-annual discharge (Gasith & Resh, 1999). Pools are seen
as habitats that hold inputs of leaf litter and other debris, which accumulate and create new
microhabitats through different seasons (Gasith & Resh, 1999; Bonada et al., 2007). The same applied
for the placement of decomposition bags, which were placed in pool habitats as these sections of a
stream are generally undisturbed from flow variability and major changes in synergistic factors (water
temperature, pH and conductivity) (Grab, 2014).

Leaf bags for decomposition and macroinvertebrate experiments were collected in ziplock bags and
transported to the laboratory. The bags were disassembled, where the remaining leaf material in each
bag was carefully washed off and sieved (250 um) to remove debris and invertebrates. Decomposition
leaves were placed in paper bags with labels and dried at 50°C for 24 hours to attain a constant dry
mass. The invertebrates retained on the sieve were preserved in 90% ethanol in 50 ml vials for later
identification. The dry mass of each bag was placed into a muffle furnace at 550°C to determine the
ash-free dry mass. The ash-free dry mass represents the decomposition rate over time and is
expressed as the ash-free dry mass remaining (AFDMR%) per treatment and litter type. Macro-
invertebrates were identified to genus level using an Olympus SZ compound microscope (Model SZ2-
ILST) and the Water Research Commission freshwater invertebrate guides (Day et al., 2002; De Moor
et al., 2003a, 2003b; Stals & De Moor, 2007).

The identification of genera belonging to the functional feeding groups (FFGs) of scrapers, deposit
feeders and predators were computed according to their FFGs. The genera of these FFGs were then
summed within families and the families were summed into FFGs. FFGs were assigned using a
modified version by Merrit and Cummins (1984). Finally, FFG abundance was standardised to 1 m?
according to the available surface area of the mesh bag before calculating abundances of the FFGs.
Statistical analysis
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Statistica version 13 software package (Dell Inc., 2015) was used to analyse difference in leaf types in
different treatments using repeated measurements (ANOVA). If significant differences were found, the
repeated ANOVA was followed by an LSD post hoc test for means comparison. The PRIMER v6
PERMANOVA+ software package (Anderson et al., 2008; Clarke & Warwick, 2001; Clarke & Gorley,
2006) was used for all ordination and multivariate analyses, which required constructing the Euclidean
distance and Bray—Curtis similarity matrices. The factors tested in PERMANOVA were “week, site and
treatment” (a fixed factor with 12 levels). Differences in macroinvertebrate abundances (measured
indirectly as FFGs and directly as proportions of genera) were assessed using a multi-dimensional
scaling based on a Bray—Curtis similarity matrix of the square-root transformed abundances. Multi-
dimensional scaling was used to test differences between macroinvertebrate assemblages between the
two sites (rivers), two different treatments (near-pristine and invaded) and two litter groups across 12
weeks. Environmental factors were investigated using the following procedure: Water temperature (°C)
at each treatment of each river was recorded every 30 minutes throughout the experiment (November
2106—February 2017) with a HOBO U20L Water Level Logger (Onset Computer Corporation Inc.,
Pocasset, MA, USA).

Instantaneous discharge measurements were made at every sampling event with a handheld Marsh—
McBirney Model 2000 flow meter from Southern Waters Consultancy. Similarly, stream water pH and
EC were recorded in the field throughout the experiment using a Multiparameter pH/ORP/EC/TDS/
Salinity/DO/Pressure/ Temperature Waterproof Meter from the University of the Western Cape, Earth
Sciences Department. Discharge (m3s™), temperature (°C), conductivity (uS-cm™) and pH were
entered into a Draftsman's Plot (PRIMER) to assess multivariate normality and autocorrelation.
Noticeable variables with autocorrelation (-0.75 < R > 0.75) were removed and the remaining variables
that showed skewness were square-root, fourth-rooted or log-transformed. The remaining variables
were only transformed based on the degree of skewness and normalised. Nutrient concentrations in-
stream were not measured during the specific study period as many authors (Lambers et al., 2008b;
Lambers et al., 2010; Potgieter, 2012) described Mediterranean streams in CFR as nutrient-limited
(nitrogen and phosphorus) streams.

6.3 Results

6.3.1 Decomposition rates in near-pristine and alien-invaded reaches

The decomposition rates are far greater in A. mearnsii than fynbos species across incubation weekdays
at the treatments at both study areas of the Wit River and Du Toit’s River. In near-pristine and invaded
reaches, the decay rates of A. mearnsii were faster than the fynbos species, indicating that the
decomposability of the species are not site-dependent (Table 15). Furthermore, the results indicate that
HFA only plays a role in alien-invaded reaches for A. mearnsii (HFA) but not fynbos species (HFA) in
near-pristine reaches.

Table 15: The decay rates over 102 days (grams/per day %) in near-pristine and invaded reaches at the Wit River
and Du Toit’s River sites. Decay rates were calculated at each retrieval period (day) of four leaf bags per leaf litter
type. Values reflect means + [STDEV]

Decay rates across sampling days (g/d)

N 14 28 48 64 80 102

Wit River

Near-pristine
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Decay rates across sampling days (g/d)

N 14 28 48 64 80 102
Fynbos species (HFA) 4 451 2.16 1.21 0.73 0.55 0.42
[0.11] [0.06] [0.04] [0.07] [0.06] [0.15]
A. mearnsii 4 4.23 1.94 0.72 0.54 0.18 0.15
[0.41] [0.04] [0.16] [0.02] [0.07] [0.09]
Alien-invaded
A. mearnsii (HFA) 4 4.22 2.08 0.94 0.32 0.26 0.19
[0.32] [0.18] [0.16] [0.10] [0.07] [0.01]
Fynbos species 4 5.17 2.40 1.32 0.99 0.56 0.38
[0.14] [0.02] [0.15] [0.06] [0.08] [0.07]
Du Toit’s River
Near-pristine
Fynbos species (HFA) 4 4.70 2.06 1.12 0.79 0.56 0.34
[0.11] [0.09] [0.02] [0.03] [0.08] [0.06]
A. mearnsii 4 4.35 1.85 0.91 0.68 0.29 0.20
[0.32] [0.81] [0.12] [0.20] [0.00] [0.02]
Alien-invaded
A. mearnsii (HFA) 4 3.29 1.55 0.82 0.34 0.26 0.20
[0.47] [0.19] [0.24] [0.11] [0.04] [0.04]
Fynbos species 4 4.28 1.83 1.07 0.81 0.42 0.29
[0.71] [0.59] [0.05] [0.09] [0.03] [0.03]

The decomposition rates of A. mearnsii are significantly faster than the fynbos species at both the near-

pristine and invaded reaches at the Du Toit’s River (see Figure 31a, Figure 31b). Decomposition rates
for A. mearnsii were faster than fynbos species from 48 days with a mean = 34.77% compared with

58.20% (p > 0.001). From day 64 until day 102, A. mearnsii decomposed much faster than the fynbos

species (p > 0.001). Mean values ranged from 20% to 15.28% for A. mearnsii and from 46.78% to

43.18% for fynbos species. The HFA effect for fynbos species is seen at day 0 to day 14, which supports

the theory of faster decomposition rates in its home environment.
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Similarly at the Wit River invaded reach, decomposition rates of A. mearnsii were significantly faster
than the fynbos species (p < 0.001). A. mearnsii decomposed faster than fynbos species from day 14
until day 102 (F 5.36) = 6.52; p < 0.001). Mean values for A. mearnsii ranged from 59.77% to 19.75%
between day 14 and day 102. Fynbos species generally decreased decomposition rates between days
with a relative constant rate between day 46 and day 102. HFA for A. mearnsii is apparent as it
decomposes faster through all incubation days.
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Figure 31: AFDMR% over 102 days incubation period of (a) fynbos species (HFA) and A. mearnsii in near-pristine
reaches; and (b) A. mearnsii (HFA) and fynbos species in invaded reaches at Wit River. Letters represent
significant differences (LSD test; p <0.05) based on a two-way RMANOVA: (a) F 36 =9.80; p< 0.001;
(b) F (6.36) = 6.52; p < 0.001)
At the Du Toit's River in the near-pristine reach from day 0 to day 48, decomposition rates between
fynbos species (HFA) and A. mearnsii were the same (F [6.36) = 2.24; p = 0.62). However, from day 64
there were significant differences between species with fynbos species (HFA) (mean = 50.67%)
decomposing much slower than A. mearnsii (mean = 30.35%, p< 0.001). The same trend followed up
to day 102, with A. mearnsii decomposing much faster from day 80 (mean = 22.84%; p < 0.001) and at
day 102 with a mean value of 20.87%; p < 0.01 than fynbos species (HFA) in near-pristine reaches.

At the invaded reach at Du Toit's River, A.mearnsii (HFA) decomposed faster on day 14
(mean = 46.02%) than fynbos species (mean = 59.02%; p < 0.001). However, no significant differences
were found between species on day 28 (F [s.3s1 = 2.31; p = 0.12). In addition, from day 48 to day 102,
significant differences were found between species with mean differences of 39.55% on day 48 for
A. mearnsii (HFA) and 51.27% for fynbos species. This pattern held until day 80 with F s.36; p < 0.001
differences found between species and on day 102, a mean mass loss difference of 9.26%; p < 0.005
between species was apparent.
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Figure 32: AFDMR% over 102 days incubation period of (a) fynbos species (HFA) and A. mearnsii in near-pristine

reaches; and (b) A. mearnsii (HFA) and fynbos species in invaded reaches at Franschhoek Pass. Letters represent
significant differences (LSD test; p < 0.05) based on a two-way repeated measure (a) ANOVA (F [, 361 = 2.24;

p = 0.06; (b) F 6351 = 2.31; p = 0.055)

The scatter plot of mean nitrogen concentrations against AFDMR% shows that faster decomposition
rates are related to greater nitrogen concentrations in A. mearnsii in all sites. Lower nitrogen
concentrations are related to slower decomposition rates in fynbos species (Figure 33). In addition,
higher C:N ratios are related to slower decomposition rates as shown by fynbos species and faster
decomposition rates are related to A. mearnsii.
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Figure 33: Scatter plots of mean (a) nitrogen concentrations (b) C:N ratios against AFDMR% of fynbos species and
A. mearnsii in near-pristine and invaded reaches
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6.3.2 Macroinvertebrate abundances between near-pristine and invaded reaches and general

observations

A total of 56 taxa were represented by the 1207 macroinvertebrates sampled across different treatments
at both study areas. At the Wit River, a total of 977 macroinvertebrates were sampled at both treatments,
but only 247 macroinvertebrates were sampled at both treatments at the Du Toit’s River.

During the sampling events at the Du Toit’s River, leaf packs were found outside the stream in various
weeks, indicating some human interference that may have displaced the leaf bags. Leaf bags in the
invaded reach at the Du Toit’s River also had bags floating on the water, which suggests some flow
disturbance; thus, some bags had no macroinvertebrates present in leaf packs at retrieval time.

6.3.2.1 Habitat conditions in two perennial rivers and different treatments

The principal component analysis (PCA) for the Wit River explained 76.7% of the variation between
sampling points on the first two axes based on environmental variables comprising pH, EC, Tempmin,
Tempcum and TempCV. The first axis (PCAL) explained 47.3% of this variation and was driven by
Tempcum and TempCV that had the strongest correlations (—0.708 and —0.544 respectively). Tempcum
was highest at week 4 irrespective of the nature of the site. The second axis (PCA2) explained 29.4%
of the variation and was driven by pH and Tempmin that had the strongest correlations (0.702 and
—0.483 respectively). Tempmin separated the sampling points at week 4 from the others irrespective of
the nature of the site. Discharge and EC contributed very little to variation among sampling points.
However, none of the environmental variables listed separated sampling points according to week of
sampling or the nature of the site.

The PCA for Du Toit’s River explained 62.7% of the variation between sampling points on the first two
axes based on environmental variables comprising pH, EC, Tempmin, Tempcum and TempCV. PCA1
explains 42.7% of the variation that was driven by EC (conductivity), which had the highest eigenvalues
(0.920). The pH and discharge had the smallest contribution in eigenvalues on PCA 1. On PCAZ2,
Tempcum (-0.786) and TempCV (-0.524) had the eigenvalues with Tempmin having minimal
contribution.
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Figure 34: PCA of the environmental conditions in-stream at the study site of the Wit River (above) and Du Toit’s
River (below). At Wit River, treatments are presented as follows: green = near-pristine reaches; red = invaded
reaches. At Du Toit’s River: blue = near-pristine reaches; black = invaded reaches. Different shapes represent
different weeks. Triangles (2 weeks); upside-down triangle (4 weeks); squares (6 weeks); diamond (8 weeks); circle
(10 weeks) and asterisk or x (12 weeks)

6.3.3 FFGs in between fynbos species and A. mearnsii litter types in different treatments

6.3.3.1 Wit River macroinvertebrate FFG richness

Macroinvertebrate FFGs had no preferences for either fynbos species litter or A. mearnsii litter in the
near-pristine site (Table 16). In the near-pristine site, no distinct clusters based on litter type [fynbos
species (HFA) or A. mearnsii] were found. However, FFG abundances increased from week 2 until
week 10 irrespective whether the litter type was from its home environment (HFA) or not (Figure 35). In
week 10, mean scraper abundance [mean =548.50 (135.96) m™2] appeared to be greatest in
A. mearnsii litter type (Table 16). In addition, predator abundances seem to be greatest in week 12 for
fynbos species (HFA) litter with a mean value of 280.25 m2.
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Figure 35: Mean abundances of FFGs (m~, n = 3) of deposit feeders, scrapers and predators at the Wit River near-
pristine site between two litter types [green = fynbos species (HFA); red = A. mearnsii] over a 12-week sampling
period

At the invaded site, FFG abundance increased from week 2 to week 12, irrespective of whether the
litter type was from its home environment (Figure 36; Table 17). In addition, scraper and predator
abundance are greatest in week 10 with means of 471.25 m=2 and 119.25 m2, respectively. These
means contribute to the major pulse increase in FFG individuals in week 10 for both litter types.
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Figure 36: Mean abundances of FFGs (m™, n = 3) of deposit feeders, scrapers and predators at the Wit River,
invaded site between two litter types [red = A. mearnsii (HFA); green = fynbos species] over a 12-week sampling
period
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Table 16: Mean abundances (individuals m=2, + SD, n = 4) of FFGs (deposit feeders, scrapers and predators) recorded at the Wit River near-pristine site over incubation weeks/intervals
and different litter types (FS = fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and (X) no data sampled

Wit river: Near-pristine (a)

Weeks/interval: 2 4 6 8 10 12
Litter type: FS (HFA) AM FS (HFA) AM FS (HFA) AM FS (HFA) AM FS (HFA) AM FS (HFA) AM
FFGs (m?):
Deposit feeder [SE]: 12.00 24.00% 124.50 32.00 32.00 56.00 X 18.00 48.00 101.50 196.75 155.25
[6.93] [26.57] [6.93]* [18.33] [6.93]* [18.00] [21.91] [26.35] [79.81] [46.02]
Scraper [SE]: 24.00 59.75 55.67 24.00 103.67 173.00 89.80 197.00 548.50 48.00 184.75
[9.80] . [12.6.93] [18.06] [12.00] [6.64] [22.72] [50.07] [60.30] [135.96] [9.80] [64.65]
Predator [SE]: 18 72.00* 18 16.00 X 24.00 6.00 X X 72.00* 280.25 6.00*
[12.00] [107.21]
[18.00]* [18.00]* [13.86]* [ 6.00]
Total FFGs per litter type 54.00 72.00 125.50 103.70 56.00 183.67 179.00 119.80 245.00 668.00 525.00 346.00




Table 17: Mean abundances (individuals m=, + SD, n =4) of FFGs (deposit feeders, scrapers and predators) recorded at the Wit River invaded site over incubation weeks/
intervals and different litter types (FS = Fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and (X)

no data sampled

Wit River: Invaded site

Weeks/Interval: 10 12
Litter type: AM (HFA) FS AM (HFA) FS AM (HFA) FS AM (HFA) FS AM (HFA) FS AM (HFA) FS
FFGs (m?):
Deposit feeder [SE]: 12.00 48.00 53.75 41.50 59.00 77.50 35.50 18.00 119.25 256.25 361.75 232.75
[6.93] [16.97] [14.87] [14.77] [6.35] [26.35] [11.50] [18.00] [68.12] [22.83] [91.25] [39.54]
Scraper [SE]:
12.00 65.50 35.75 41.75 35.50 125.25 89.80 471.25 226.75 351.75 131.25
7 [8.49]* [40.57] [22.76] [17.75] [20.50] [32.85] [50.07] [226.86] [96.18] [177.04] [58.74]
Predator [SE]: 24.00 12.00 12.00 30.00 18.00 X X 215.00 24.00 18.00 12.00*
[16.97] [8.49]* [6.93]* [18.00]* 12.00* [6.00] [16.97] [6.93]
Total FFGs per litter 36.00 72.00 202.00 107.25 112.75 131.00 160.75 119.80 608.50 507.00 731.50 376.00

type

90



6.3.3.2 Du Toit’s River macroinvertebrate FFG richness

FFG abundance showed no preference for either fynbos species (HFA) or A. mearnsii litter in the near-
pristine reach (Figure 37). The abundances of FFGs did not increase from week 2 to week 12
irrespective of litter type (Table 18). Deposit feeders are the highest in week 12 with a mean
381.5[119.50] m2.
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Figure 37: Mean abundances of FFGs (m™, n = 3) of deposit feeders, scrapers and predators at the Du Toit’s
River, near-pristine reach between two litter types (green = fynbos species (HFA); red = A. mearnsii) over a 12-
week sampling period

In the invaded site, FFG abundance showed no preference for either A. mearnsii litter (HFA) or fynbos
species. FFG abundance did not increase from week 2 to week 12 irrespective of litter type. Scraper
abundances were highest in week 6, irrespective of litter type. Deposit feeders are greatest in week 2
and predator abundances are highest in week 4.
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Figure 38: Mean abundances of FFGs (m™, n = 3) of deposit feeders, scrapers and predators at the Du Toit’s
River, invaded reach between two litter types [green = fynbos species; red = A. mearnsii (HFA)] over a 12-week
sampling period
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Table 18: Mean abundances (individuals m™?, + SD, n = 4) of FFGs (deposit feeders, scrapers and predators) recorded at the Du Toit’s River, near-pristine site over incubation
weeks/intervals and different litter types (FS = fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and
(X) no data sampled

Du Toit’s River: Near-pristine

Weeks/Interval: 2 4 6 8 10 12

Litter type: FS(HFA) AM FS(HFA) AM FS(HFA) AM FS(HFA) AM FS(HFA) AM FS(HFA) AM

FFGs (m?):

Deposit feeder [SE]: 24.00 24.00* 48.00* X 48.00* X X X 24.00* X 215.00* 381.5
[0.00] [119.50]

Scraper [SE]:

24.00* 32.00 X 36.00 107.50  48.00* 24.00* X 48.00* 95.50
[6.93] [12.00] | [35.50]
X X [23.50]*
Predator [SE]: 16.00 24.00 24.00* 24.00* 48.00 72.00* 48.00* 48.00* 48.00* X X 24.00*
[9.80] [24.00]
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Du Toit’s River: Near-pristine

Weeks/Interval: 2 4 6 8 10 12
Litter type: FS(HFA) AM FS(HFA) AM FS(HFA) AM FS(HFA) AM FS(HFA) AM FS(HFA) AM
Total FFG per litter type

40.00 40.00 96.00* 56.00 96.00 108.00 155.50 96.00 96.00 X 263.00 501.00

Table 19: Mean abundances (individuals m=2, + SD, n = 4) of FFGs (deposit feeders, scrapers and predators) recorded at the Du Toit’s River, invaded site over incubation weeks/
intervals and different litter types (FS = fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and (X)
no data sampled

Du Toit’s River: Invaded site

Weeks/Interval: 2 4 6 8 10 12

Litter type: AM(HFA) FS AM(HFA) FS AM(HFA) FS AM(HFA) FS AM(HFA) FS AM(HFA) FS

FFGs (m?):

Deposit feeder [SE]: 48.00* 24.00* 36.00 24.00* X X 24.00 * 32.00 24.00* 32.00 48.00* 310.25
[12.00]* [6.93] [8.00] [76.05]
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Du Toit’s River: Invaded site

Weeks/Interval: 2 4

10

12

Scraper [SE]:

24.00* 32.00

[6.93]

191.00

[39.67]

144.00

48.00*

47.75
[16.74]

24.00*

47.75
[16.74]

36.00
[12.00]

95.67

[56.04]

Total FFG per litter type

72.00 48.00 84.00 80.00

263.00

192.00

96.00

103.00

48.00

103.75

143.50 429.92
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6.3.3.3 Wit river macroinvertebrate genera distributions

In the near-pristine reach at the Wit River, genera abundances showed no preference for either fynbos
species (HFA) or A. mearnsii litter type (Figure 39). However, genera abundances increased from
week 2 until week 10 irrespective of litter type with mean values gradually increasing per week (Table
20). The genus accounting for most increase over weeks was Strina aequalis with week 10 fynbos
species (HFA) litter being the highest in mean (256.00 m=2) value (Figure 39). In the A. mearnsii litter
type, S. aequalis was also the highest throughout the weeks: in week 10 it showed a mean value of
299.00 m2,
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Figure 39: Mean genera (m~2) abundances (above) of fynbos species (HFA) and (below) A. mearnsii litter type in
near-pristine reach at the Wit River. Missing gaps represent no data sampled in each week

Genera abundance in the invaded site showed a slight preference for either A. mearnsii (HFA) or fynbos
species litter type over the weeks (Table 21, Figure 40). In the A. mearnsii (HFA) litter type, S. aequalis
was the highest in week 10 with a mean value of 325.67 m~2 and Athripsodes the second-highest in
week 12 respectively in A. mearnsii (HFA) litter type. In the fynbos species litter in the invaded site, the
genera distribution of S. aequalis and Athripsodes accounted for the most abundance on the fynbos
species litter type.
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Figure 40: Mean genera abundances (above) of A. mearnsii (HFA) litter and (below) fynbos species litter type in

the invaded reach at the Wit River
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Table 20: Mean (individuals m=2, + SE, n = 4) genera distributions represented the most at the Wit River near-pristine reach over incubation weeks/intervals and different litter
types (FS = fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and (X) no data sampled

Wit River: near-pristine site

Weeks/Interval: 2 4 6 8 10 12

Litter type: FS AM FS (HFA) AM FS (HFA) AM FS AM FS AM FS AM

(HFA) (HFA) (HFA) (HFA)

Genera distributions (m~2):

23.00* X 107.00 23.00* 35.00* 63.00 148.75 87.00 256.00 299.00 89.00 178.50
36.00 21.17 26.40 55.66 83.52 91.93 24.74
Strina aequalis [ ] [ ] [ ) [ ] [ ] [ ] [ ] [57.27]
X X 118.00 23.00* 23.00* 23.00* X 47.00* 127.00 63.00 71.00
. [29.39] [21.17] [8.00]
Athripsodes [31.75]
46.00* X 23.00* X X X X X X X 59.00 X
Castanophlebia [12.00]
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Wit River: near-pristine site

Weeks/Interval: 4 6 10 12
Litter type: FS AM FS (HFA) AM FS (HFA) AM FS AM FS AM FS AM
(HFA) (HFA) (HFA) (HFA)
X 46.00* X X 47.00* 47.00* X X 23.00* X 55.00 53.67
[8.00]
Chloroterpes [17.33]
Dryops lutulentus 23.00* X X 24.00* X 23.00* X X X X X X
Orthocladiinae X X X X X 23.00* X 23.00* 23.00* X 71.00* 71.00*
Paramerina 47.00* 47.00* 23.00* X X 23.00* X X 23.00* X 23.00* 23.00*
Total genera distribution per
litter type
129.00 103.00 271.00 70.00 102.00 202.00 148.75 101.00 372.00 426.00 360.00 397.00
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Table 21: Mean (individuals m=, + SE, n = 4) genera distributions represented the most at the Wit River invaded reach over incubation weeks/intervals and different litter types
(FS = fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and (X) no data sampled

Wit River: invaded site

Weeks/Interval: 10 12
Litter type: AM FS AM FS AM FS AM FS AM FS AM FS
(HFA) (HFA)
(HFA) (HFA) (HFA) (HFA)
Genera distributions (m~2):
X X 131.00 47.00* 47.00 47.00 95.00 157.33 325.67 262.00 101.00 69.67
29.39 24.00 24.00 18.79 92.93 45.15 112.42 24.74
Strina aequalis [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [25.33]
23.00* X 63.00 23.00* 53.00 143.00* 29.00 31.00 103.00 148.75 214.25 106.75
40.00 15.01 6.00 8.00 34.87 47.13 74.84
Athripsodes [ ] ! ] ! ] [ ) ! ] [ ] [ ] [37.07]
X 23.00* 23.00* X X X X X 71.00 101.00 71.00 35.00
. [21.91] [28.35] [41.57]
Caenis [12.00]
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Wit River: invaded site

Weeks/Interval: 10 12
Litter type: AM FS AM FS AM FS AM FS AM FS AM FS
(HFA) (HFA)
(HFA) (HFA) (HFA) (HFA)
X 23.00* X 23.00* 47.00* 47.00 X 23.00* 59.00 23.00* 35.00 23.00*
Chloroterpes [24.00] [15.49] [11.49]
35.00 31.00 39.00 47.00
N [12.00] [8.00] [19.50]
Orthocladiinae X X X X X X 35.00* 23.00* [13.86]
X X X 23.00* X X X X X 63.00 35.00* X
Barbarochthon [21.17]
Total genera distribution per
litter type
23.00 46.00 217.00 70.00 147.00 237.00 159.00 246.33 589.57 620.75 495.25 281.42
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6.3.3.4 Du Toit’s River macroinvertebrate genera distributions

Genera abundance showed no preference for either fynbos species or A. mearnsii litter in the near-
pristine reach (Figure 41). There was no increase of genera distributions found across weeks and many
weeks showed no data available. Aprionyx abundances are the greatest in fynbos species (HFA) litter
type across weeks with week 4 accounting for the highest abundances found with a mean value of
47.00 m~2, Paramerina also showed abundances across weeks but with no increase. In the A. mearnsii
litter type in the near-pristine site, there was no increase in genera abundance numbers with Caenis
being the highest in week 12 with a mean value of 345.50 m2,
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Figure 41: Mean genera abundances (above) of fynbos species (HFA) litter and (below) A. mearnsii litter type in
the near-pristine reach at the Du Toit’s River. Note the different scales of the y-axes
Similarly at the invaded reach, genera abundances showed no preference for either A. mearnsii (HFA)
or fynbos species litter type (Figure 42). In addition, no increase in genera abundances were found
across weeks and earlier weeks showed no data available. However, both A. mearnsii (HFA) and
fynbos species litter type showed high mean values for Caenis in week 12.
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Figure 42: Mean genera abundances (above) of A. mearnsii (HFA) litter and (below) fynbos species litter type in
the invaded reach at the Du Toit’s River. Note the different scales of the y-axes
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Table 22: Mean (individuals m2, + SE, n = 4) genera distributions represented the most at the Du Toit’s River near-pristine site over incubation weeks/intervals and different litter
types (FS = Fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and (X) no data sampled/available

Du Toit’s River: near-pristine site

Weeks/Interval: 2 4 6 8 10 12

Litter type: FS AM FS AM FS AM FS AM FS AM FS AM

(HFA) (HFA) (HFA) (HFA) (HFA) (HFA)

Genera distributions (m?):

X X X 23.00* X X X X X X 23.00* 345.50
Caenis [131.50]

X X X X X X X X X 70.00 23.00* 83.00
Orthocladiinae [12.00]* [36.00]
Aprionyx 23.00* 23.00* 47.00* X X X X X 23.00* X X X
Paramerina X X 23.00* 23.00* 23.00* 47.00* X X 23.00* X X 11.50*
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Du Toit’s River: near-pristine site

Weeks/Interval: 4 10 12

Litter type: FS AM FS AM FS AM FS AM FS AM FS AM
(HFA) (HFA) (HFA) (HFA) (HFA) (HFA)

Thienemaniella X X X X X X 119.00* X X X X X

Total genera distribution per litter type | 23.00 23.00 70.00 46.00 23.00 47.00 119.00 X 46.00 70.00 46.00 440.00
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Table 23: Mean (individuals m?, + SD, n = 4) genera distributions represented the most at the Du Toit’s River invaded site over incubation weeks/intervals and different litter
types (FS = fynbos species; AM = A. mearnsii). HFA = indicates home field advantage litter type; (*) indicates less than four sampling size; and (X) no data sampled

Du Toit’s River: invaded site

Weeks/Interval: 10 12
Litter type: AM FS AM FS AM FS AM FS AM FS AM FS
(HFA) (HFA)
(HFA) (HFA) (HFA) (HFA)
Genera distributions (m?):
X X X X 23.00* X X X X 23.00* | 345,50 145.67
Caenis [107.05] [61.47]
X X X X 63.00 47.00* 47.00 X X X X X
Thienemaniella [31.02] [13.86]
47.00* X X X 47.00* 23.00* X X 35.00 47.00 47.00 23.00*
Athripsodes [9.70] [24.00]
X X X X X X X X 23.00* 27.15 47.00 23.00*
Orthocladiinae [13.86] [24.00]
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Du Toit’s River: invaded site

Weeks/Interval:

Litter type: AM FS AM FS AM FS AM FS AM FS AM FS
(HFA) (HFA)
(HFA) (HFA) (HFA) (HFA)
Total generadistribution per litter type | 47.00 X X X 133.00 70.00 47.00 X 58.00 74.14 439.5 191.67
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6.4 Discussion

6.4.1 Decomposition rates between Fynbos species and A. mearnsii

The results found in the present study supported previous findings that invasive plants decompose at a
faster rate than native species (Witkowski, 1991; Allison & Vitousek, 2004; Claeson et al., 2014). The
results indicate that A. mearnsii litter decompose more rapidly than native species litter regardless of
the local environment or the treatment. Allison and Vitousek (2004) found that invasive species
decomposed faster than native species in the nutrient-poor ecosystems of the Hawaiian Islands. In
addition in the CFR of the Western Cape, Witkowski (1991) found that the decomposition rate of Acacia
species (A. saligna) was faster than the native sclerophyllous shrub (L. parole). Witkowski (1991),
Allison and Vitousek (2004), and Hickman et al. (2013) suggest that the difference in decomposition
rates were likely due to the litter quality characteristics between the species.

The outcome from the present study supports this conclusion as we found faster decomposition rates
in A. mearnsii in both near-pristine and invaded reaches of both study streams in the Breede WMA.
Jo et al. (2016) found that decomposition rates over time were related to high nitrogen concentrations
in litter. In the present study, the litter from the invasive nitrogen-fixing A. mearnsii is considerably
different in litter quality (nitrogen and C:N ratios concentrations) than the fynbos species. The
differences in litter quality between native and invasive species have been shown in other studies
(Santiago, 2007; GieRelmann et al., 2010; Prescott et al., 2000) as the main factor in faster
decomposition rates for invasive species over time. In the present study, climate can be excluded as a
factor as treatments per site and river catchments are reasonably close to one another, which is
supported by other authors (Meentemeyer, 1978; Gholz et al., 2000). Therefore, the major contributing
factor of decay rates of A. mearnsii in both near-pristine and invaded reaches at both rivers are likely
related to intrinsic variables of leaf litter biochemistry (Perez-Harguindeguy et al., 2000; Ehrenfeld,
2003; Liao et al., 2008; Morris et al., 2011). However, this may not be the only reason for faster
decomposition rates.

Generally, decomposition experiments show that within a stream hierarchy (up- and downstream),
breakdown of leaf litter is different on a site level (Sponseller & Benfield, 2001; Leroy et al., 2006). This
is mainly due to these sections having unique in-stream characteristics as water temperature, flow
regime, pH, conductivity and microhabitats (Frissel et al., 1986; Leroy et al., 2006). In the study stream,
characteristics between near-pristine and invaded reaches are fairly similar at the Wit River. Stream
environmental factors of average temperature, discharge, pH and EC show little variation in change
through the study period at the Wit River reaches. At the Du Toit’s River, a similar pattern in stream
characteristics between pristine and invaded reaches in pH and conductivity (EC) is observed.
However, range of discharge rates (m3-s™1) between near-pristine (0.16 to 0.40) and invaded reaches
(0.43 to 0.71) are different and could account for slower decay rates in near-pristine sites during
incubation days. Claeson et al. (2014) found that in the Chehalis River Basin, Washington, USA, decay
rates were affected by physical abrasion of leaf litter at intermediate stage of decay as stream flow
ranged from winter low flows to irregular bankfull flow events. Therefore, physical abrasion due to the
discharge regime between sites could account for the slower and faster decay rates.

Mediterranean climate streams are characterised by high inter-annual and intra-annual variability in
discharge, which can play a role in decay rates (Gasith & Resh, 1999). In addition, Graca et al. (2001)
stated that the discharge regime across different environmental gradients needs to be considered when
predicting litter decay rates. Moreover, temperature seems to play a role in retarding decay rates in
near-pristine sites. Between sites, mean water temperature differentiate with 1.58°C with the near-
pristine site being colder over incubation days. Braatne et al. (2007) studied Japanese knotweed along
riparian corridors in the Clearwater River Basin, USA, and found that lower temperatures decreased
decomposition rates in the intermediate stage for all leaf types measured. The reduced decay rates in
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the near-pristine sites are well supported by the study in the Clearwater River Basin. Another factor to
consider in the experiment is litter bag size. In the study, fine mesh (0.5 mm) litter bags were used to
exclude meso- and macroinvertebrate fauna (Webster & Benfield, 1986). Thus, the assumption drawn
from the decomposition study is that there was minimal interaction between macroinvertebrates and
leaf litter. Therefore, results found in the decomposition rates in the study are not influenced by
macroinvertebrate communities, but rather bacterial/fungal communities (Graca et al., 2001).

Leaf litter from different plant species decomposes at different rates within a stream due to difference
in leaf traits, which accounts for 70% of the variation explained in decomposition processes (Hickman
et al, 2013; Kuglerova et al.,, 2017). The other 30% is explained by factors such as stream
characteristics (Leroy et al., 2006) and HFA effects (Gholz et al., 2000). In the study at both rivers
reaches (near-pristine and invaded), trait differences can be seen as the main reason for decay rates
between A. mearnsii and the fynbos species. The study reaches in the study are relatively similar
(except the near-pristine site in Du Toit’'s River) and treatments are largely close to each other, which
show less heterogeneous in-stream characteristics. Hence, the results confirm that the litter decay rates
of A. mearnsii in its native environment or home field are the same as in unexploited areas (e.g. near-
pristine sites). As a consequence, ecosystem functions in undisturbed streams may be affected by
A. mearnsii as the invasion of the species can increase the amount of leaf material entering the streams
and the litter thereof decomposing at significant rate when a certain threshold is met.

6.4.2 Macroinvertebrate herbivore litter affinity effects in home and away environments

There was no general preference of FFGs or of genera diversity and abundance for either fynbos
species or A. mearnsii litter regardless of the local environment or the treatment in the study. In the
earlier weeks at the Wit River in the near-pristine reach, there was no increase in FFGs in both litter
types. However, a general increase in FFGs was apparent from week 8 to week 12. The taxa richness
and diversity of macroinvertebrates coincided with changes in the quantities of litter inputs and the
seasonal timing of inputs particularly in summer the month of December. The sclerophyllous and
evergreen vegetation in the Mediterranean streams of the CFR are typically characterised by a more
prolonged period of litterfall that extends from summer (sclerophyllous trees) to autumn (Maamri et al.,
1994).

At the Wit River Bainskloof Pass in Chapter 3, a substantial amount of litter input is dropped on the
adjacent riparian zone from both B. stellatifolium and M. angustifolia. The input of litter is distinguished
as the leaf abscission stage for these native species. It is therefore likely that the macroinvertebrate
communities are seasonally dependent on the pulse of leaves (senesced) entering the stream in
summer. Similar results are found in riparian corridors in the USA by Claeson et al. (2014) and Reinhart
and VandeVoort (2006) where sites received a diverse input of litter types, which resulted in an upturn
in invertebrate communities. In genera distributions, S. aequalis accounted for most of the abundances
across weeks that showed a preference either for fynbos species or A. mearnsii litter type. This
suggests that the quality of different litter (invasive vs. native) regulates the abundance of these
organisms across weeks.

Similar findings were made by Januasauskaite and Straige (2011) in a laboratory experiment that
resembled natural conditions. They found that litter inputs regulated the abundances of the organism in
their study. The finding also suggests that the introduction of the A. mearnsii litter type may effectively
be used by S. aequalis as a potential energy source. In addition, the substrate characteristic of the near-
pristine site, which is constituted of large substratum material, facilitate foraging of macroinvertebrate
communities. The rough surface topography creates microhabitats, which are accompanied with
season leaf litter inputs that accelerate macroinvertebrate community diversity in a stream. This is
observed in other studies such as Rempel et al. (2000) and Holomuzki and Messier (1993).
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In the invaded reach at the Wit River, a similar make-up was apparent in earlier weeks with FFGs
generally increasing from week 8. However, a much greater number of FFGs was recorded, which
coincides with the timing of leaf litter input and the resources that A. mearnsii-infested sites may hold.
Deposit feeders, scrapers and predators are substantially high in these sites, which gives an indication
that they may feed on nutrient-rich litter that the A. mearnsii-infested sites may hold. The substantial
amount of litter input in summer and December are apparent in Chapter 3, which enters the streams
readily as the adjacent invaded riparian zones are in close proximity.

Reinhart and VandeVoort (2006) indicated that a significant macroinvertebrate community response
and change are inevitable when 50% of the knotweed species invade the riparian areas in their study.
Therefore, the hypothesis can be made that with an increased invasion of riparian zones by A. mearnsii,
an increase in macroinvertebrate communities is witnessed in the present study. However, the invaded
site in the study also holds many native species, particularly B. stellatifolium and M. angustifolia, which
are known to be important keystone species in the mountainous riparian regions of the Fynbos Biome
in the CFR (Crous, 2010). Consequently, in-stream ecosystem functions may not be significantly
affected in terms of HFA affinity effects for A. mearnsii litter type as these species are naturally confined
in the infested vicinities.

In the near-pristine reach at the Du Toit’s River, no general preference was found between litter types
in FFGs and genera distributions. Deposit feeders were found to be the greatest in A. mearnsii litter
type week 12, preferably Caenis with fynbos species litter also favoured by deposit feeders. Aprionyx,
which are also deposit feeders, were greatest on fynbos species litter type in week 4. However, FFGs
and genera were most likely regulated by different litter quality types in week 12 and not by adjacent
riparian litter even though the inputs from native riparian species sampled in Chapter 3 were substantial.

The inconsistent results found in macroinvertebrate communities found are related to stream
characteristics and human interference. The site is situated in the mountain stream section of the Du
Toit’s River 2 km downstream from the Mont Rochelle Nature Reserve, which has a vertiginous gradient
and narrow channels — a physical feature that is obvious in the upper stream sections of Franschhoek
Pass. Stream characteristics of cool water temperatures and steep river slope can lead to overall low
macro- and meso-invertebrate diversity and abundances as explained by Wall et al. (2008) and Tharme
(2010). Due to human interference, many bags were lost during the sampling weeks. Bags were placed
outside the stream or displaced from the original sampling point, thus common trends could not be
observed.

In the invaded site, no preferences were found between litter types in FFG abundances, but a
preference and an increase were found in genera distributions across weeks. FFGs show no increase
between weeks but only a slight peak in FFG in week 12 for the fynbos species litter type. A substantial
quantity of litter inputs from A. mearnsii invasion on the riparian zone proceeded to fall in the adjacent
stream directly or laterally as banks on the site were relatively high and steep. However, the distribution
of FFGs per se were not as significant as other sites, which could be due to substratum characteristics.
The substrate is dominated with small cobbles and gravel with sand being the dominant characteristic
of most of the river segment. The invaded site at the Du Toit’s River appeared to deliver approximately
52% of its suspended sediment load across the year (see Chapter 4 in this report). The study also
suggested low sedimentation infiltration rates were associated with low flows in summer, resulting in
sedimentation fluxes in-stream to be settled at substratum level. In addition, this is well supported by
the study of Rempel et al. (2000) in the Frazer River in British Columbia that stated that the diversity of
taxa and benthic habitats in a stream section would be less suitable to sedimentary conditions. The
high sedimentary conditions are allied with high silt levels as stated by other authors (Dallas & Day
1993; Samways et al., 2011) and also associated with low reduction in benthic invertebrates but not all
species, as some favour these sites. As such, high numbers of Caenis (family — Canidae) are present
in week 12 irrespective of the litter type, which could imply that the species could favour alien-infested
sites. Samways et al. (2011) found a good account of this in the upper catchments of the CFR streams,

109



Western Cape, where Caenis were most present in alien-disturbed environment, particularly
A. mearnsii. The abundant numbers in Caenis could be due to the attractive food sources and nutrient-
rich leaf litter these invaded sites may hold.

Macroinvertebrate communities in Mediterranean streams in the CFR are highly diverse and may
exceed the diversity of plant communities in the adjacent riparian zone (Taylor et al., 2014). The
understanding is that the functional mechanisms and litter affinity effects of these macroinvertebrates
are in their primitive stages. There is proof of HFA effects in study, where macroinvertebrate
communities feed on their home turf litter, but there are also effects that show that macroinvertebrates
take advantage of the available resources introduced over space and time, which shifts their feeding
preferences. Moreover, the hydrological regimes in the Mediterranean streams of the CFR are
unpredictable and characterised by discharge that is season-dependent, which leads to periods of
winter floods and droughts in other seasons.

The unpredictable seasonal discharge miseries establish a selective pressure on communities of
macroinvertebrates to favour certain seasons as these changes in the hydrologic regime may be
favoured by short life-cycled and small body-sized macroinvertebrate communities (as in the present
study). In addition, leaf packs from week 6 to week 12 of the species used in the study experienced
their leaf litterfall peaks in summer, particularly December, which made the choice of season more
relevant under an ecological perspective. However, leaves mostly accumulated in pool microhabitats
where macroinvertebrates are mostly present in certain seasons (summer in the present study) (Frissel
et al., 1986), which could have led to an overestimation of macroinvertebrate communities on leaf bags.
The ecological data obtained from one river cannot necessarily be extrapolated to another, with each
river having to be assessed individually to seek common trends.

6.5 Conclusion

This study demonstrates that the invasion of A. mearnsii in undisturbed environments may have an
effect on aquatic systems. The effect of A. mearnsii leaf litter due to key chemical traits may extend
beyond the local area of invasion and to other undisturbed environments (Reinhart & VandeVoort,
2006). In the present study, the decay rates of the IAP appear to be same in pristine and infested
environments. This demonstrates the potential that A. mearnsii has to change macroinvertebrate
communities, at least in the short term. This context is well described by Callaway and Ridenour (2004)
who noted that the chemical complexes produced by IAP affect macroinvertebrates in the area they
invade as these organisms are not well adapted to these exotic compounds. Furthermore, the
adaptation of macroinvertebrate communities to A. mearnsii litter could potentially modify aquatic
ecosystems and lead to substantial change to macroinvertebrate communities through season/s if they
invade. The occurrence is well observed in the increase in FFGs and taxon numbers in the present
study, which limits the HFA of the organisms to their homegrown litter; however, diversity of macro-
invertebrate appears to remain the same (Allison, 2012). The invasive plant material transports nutrient-
rich leaf litter (an estimate of 48 600 to 70 200 seeds per kilogram) (Moyo & Fatunbi, 2010), which is
therefore a key factor in changing trophic dynamics and energy chains in-stream and undisturbed areas
downstream (Le Maitre, 2002; Chamier et al., 2012; Naude, 2012). Future research should focus on
assessing the impacts of A. mearnsii leaf litter inputs and seed dispersal on streams, which must be
considered during the formulation of riparian restoration strategies in the mountain streams of the CFR.

CHAPTER 7 — EFFECT OF RIPARIAN ZONE INVASION BY ALIEN TREES ON AQUATIC ALGAE
AND INVERTEBRATE DIVERSITY ON MEDITERRANEAN MOUNTAIN STREAM ECOSYSTEMS

7.1 Introduction

Invasion by alien species is a major threat that follows biodiversity after habitat loss due to destruction
(D’Antonio & Meyerson, 2002; Richardson & Van Wilgen, 2004). Alien invasive woody plants,
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specifically from the genera Acacia, Pinus and Eucalyptus, take up more water than indigenous fynbos
species in the CFR, which places an increasing strain on this natural fynbos ecosystem, as well as
aquatic ecosystems due to reductions in stream flow (Le Maitre et al., 2002; Ehrenfeld, 2003; Van
Wilgen et al., 2012) and shading-in of stream habitat (Samways et al., 2011).

The CFR in South Africa is one of only six floral kingdoms of the world, which are exceptionally high in
plant species richness (Mucina & Rutherford, 2006). The CFR is a centre of endemism for many plant
taxa (Van Wyk & Smith, 2001; Born et al., 2007). The CFR also has the highest degree of A. mearnsii
invasion in South Africa. Two attributes in particular have contributed to its success: A. mearnsii is
specialised in invading nutrient-poor environments, as are characteristic to the CFR (Stock et al., 1995);
and in disturbance events, the species establishes itself faster than indigenous vegetation (Morris et
al., 2011). In addition to suppressing indigenous fynbos growth, IAPs alter nitrogen and carbon cycles
(Ehrenfeld, 2003). Indeed, coupled with its negative impact on water resources, its ability to fix nitrogen
has earned Acacia the rank as the most damaging invasive species in the Fynbos Biome (Brown et al.,
2004).

In response to the clear need for intervention, the WfW programme was established in 1996 by the
Department of Water and Sanitation, formerly known as the Department of Water Affairs and Forestry
(Van Wilgen et al., 1998). This programme includes both ecological and socio-economic objectives.
Ecological objectives include clearing IAPs to increase the amount of run-off from catchments while
ensuring the conservation of biodiversity. Socio-economic objectives include uplifting previously
disadvantaged communities, doing training and building capacity (Enright, 2000). The WfW programme
is the only government-funded stream restoration programme in South Africa. This programme has
focused mainly on removing IAPs to restore crucial ecosystem services such as producing clean water.
It is unclear what impacts the changes in water quality have on the biotic components of the aquatic
ecosystems of concern with the invasion and clearing (Chamier et al., 2012). Indeed, little attention has
been paid in South Africa to quantify the amount of nitrogen that nitrogen-fixing IAPs may be adding to
streams.

Riparian zones play a major role in ecosystem processes and food webs. Allochthonous input from
riparian plants into the food web of the aquatic ecosystem includes leaf litter, wood and nutrients
(Goldman, 1961; Wallace & Eggert, 1997; Baxter et al., 2005). Research on leaf litter input into streams
as well as the breakdown and changes in nutrient levels in streams has been done mainly in the USA.
Increased nitrogen inputs have been reported from streams that drain stands of native nitrogen-fixing
Russian olive (E. angustifolia) (Mineau et al., 2011), and exotic nitrogen-fixing Albizia trees
(F. moluccana). E. angustifolia was shown to alter dissolved organic nitrogen levels in-stream. Leaf
litter breakdown of F. moluccana was higher than indigenous Metrosideros polymorpha trees.
F. moluccana had higher C:N ratios and, due to the higher decomposition rates, nitrogen levels were
higher (MacKenzie et al., 2013).

Nutrient levels in-stream have been investigated in terms of both successes of the application of
different restoration methods as well as a comparison of natural as well as invasive species present in
the USA (for example, Filoso & Palmer, 2011; Mineau et al., 2011). By contrast, in South Africa, water
quality after clearing remains largely undetermined. The impacts of clearing on soil nutrient cycling
within the riparian zone has recently been investigated (Naude, 2012; Jacobs et al., 2013). Soil nutrient
cycling is altered by the introduction of Acacia spp. In areas where invasion has occurred, A. mearnsii
increases nitrate concentration. Even at cleared sites, riparian soils (dry banks) may have high nitrogen
content for up to seven years as denitrification rates remain low (Jacobs et al., 2013).

Research by Jovanovic et al. (2009) compared the nitrogen levels in groundwater underlying fynbos
(natural), cleared and invaded riparian areas. The species composition of the invaded area contained
mainly A. saligna and other invasive Acacia species. Groundwater resources underlying the invaded
riparian area had higher levels of nitrogen than cleared and fynbos sites (Jovanovic et al., 2009). After
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clearing, nitrate was released into the groundwater due to high residual nitrogen reserves in the rooting
zones of nitrogen-fixing Acacia species, increased recharge rates as well as a decrease in
evapotranspiration (Jovanovic et al., 2009). However, the link between increased nitrate and a possible
nitrogen flux in surrounding aquatic ecosystems has not as yet been determined.

IAPs contribute to increased biomass and litter input into streams. The rate of litter breakdown by
periphyton and macroinvertebrates differs between invasive species and natural vegetation (Chamier
et al., 2012). If the differences in litter input from invasive treatments (A. mearnsii and/or A. longifolia)
differ dramatically from indigenous fynbos vegetation, this has the potential to alter the nutrient cycle of
the aquatic ecosystem. Eutrophication may occur at these sites due to the increase in metabolisation
of nutrients. In turn, eutrophication may lead to changes in species functional diversity and abundance
(Chamier et al., 2012).

In this study, aquatic algae, macroinvertebrates and their FFGs will be used to investigate the effects
of riparian zone invasion on two fynbos mountain streams located in the CFR. Algae in open-canopied
rivers are reportedly more reliable indicators of trophic status in rivers than is the measurement of
chemical parameters such as nitrogen and phosphorus (Ewart-Smith & King, 2012). Since algae are
important primary producers in rivers, they are important sources of energy for the rest of the aquatic
ecosystem. Macroinvertebrates feed on algae and detritus including leaf litter, aquatic plants or other
invertebrates. Some macroinvertebrates are directly reliant on algae as their main food source
(MacKenzie et al., 2013). Due to higher nitrogen contents, some invasive species’ decomposition rates
are higher than indigenous species (MacKenzie et al., 2013; Wiegner et al., 2013). The ease of
decomposition of leaf litter as a food source for macroinvertebrates is dependent on the nitrogen
content, tannin content and leaf toughness. Macroinvertebrates also feed on algal biomass formed on
the leaf litter surface. Decomposition of leaf litter and subsequent release of nitrogen therefore depend
on both periphyton and macroinvertebrate communities (MacKenzie et al., 2013). Increased nitrogen
levels can in turn affect algal community structure and macroinvertebrate assemblages.

The objectives of this study are to investigate the effects of invasion status: firstly, on algal density (both
in terms of biomass measured as density and chlorophyll a concentration) and diversity; secondly, on
macroinvertebrate density and FFG; thirdly, on the importance of environmental parameters (flow, water
temperature, nitrogen concentration, sediment load) on structuring algal and macroinvertebrate
assemblages.

7.2 Methods
Site selection

The CFR of South Africa has a Mediterranean-type climate with low summer rainfall and high winter
rainfall. With its exceptionally high biodiversity coupled with high anthropogenic pressure on the
biodiversity, the CFR is considered a global biodiversity hotspot. For this study, we selected two
perennial fynbos mountain streams in the CFR. These rivers were the Wit River (Bainskloof Pass,
Wellington, Western Cape) and the Du Toit’s River (Franschhoek Pass, Franschhoek, Western Cape).
At each river, experimental sections were chosen according to invasion status. The statuses were near-
pristine fynbos (here also referred to as natural), cleared and invaded. See Figure 1 for the relative
locations of the sites, and Table 3 for the site characteristics.

7.21 Sample collection and identification

At each sampling site, rocks were collected for macroinvertebrate and algal sampling. At each site, a
total of ten medium-sized rocks (mean area 189 cm?) were selected randomly to preserve the samples.
Rock depths ranged from 10 cm to 60 cm in riffles and pools. The rocks were sampled starting down-
stream of the flow direction to avoid disturbing the sampling sites. Each rock was dislodged with as little
disturbance as possible, and immediately placed in a white plastic meat tray. Excess water was carefully
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drained without losing macroinvertebrates. The macroinvertebrates were removed from the rock, and
placed in a 50 ml plastic vial with 70% ethanol. The same rock was then scrubbed with a toothbrush for
a minimum of five minutes. Up to 45 ml of stream water was used to rinse the rock’s surface at intervals.
Once scrubbing was complete, the algal solution was added to a 50 ml vial with 5 ml 95% ethanol. The
rock’s dimensions (length x width x height) were then measured and recorded on prelabelled water-
proof self-sticking labels, which were placed on the tubes.

An additional five rocks were collected for chlorophyll a analysis. These were selected from the same
biotopes as previous samples. The same general procedure was followed, except that stream water
was used to rinse the rock’s surface (to a total of 50 ml). Once scrubbing was complete, the algal
solution was added to a 50 ml vial. The vial was then placed on ice and kept dark and cold in an ice
cooler. All samples were submitted to the CSIR for chlorophyll a analyses on the same day of sample
collection.

The 50 ml sample for algal identification was shaken vigorously and transferred to a beaker. A standard
kitchen blender was used to blend the sample for 10 seconds to ensure that all clumps and colonies
were broken up, and that a homogenised and representative sample was achieved. The 5 ml sample
was removed and centrifuged for 10 minutes at 3000 rpm. The supernatant of 4.5 ml was removed, and
the pellet of 0.5 ml retained for algal identification and enumeration.

An aliquot of the sample was placed on a haemocytometer using a Pasteur pipette. The sample was
first observed under low magnification of 160x to note algal density and distribution. The 400x objective
was then used for identification and enumeration. Starting at the top of the first square of the grid, all
algae cells were counted. Normally, if a count of 400 cells is reached, the squares counted are noted,
if not, the entire grid is observed to ensure precision of cell densities. In the samples of this study,
abundances were low and so all grids were counted (total area of 9 mm?).

Cell density of the samples was calculated as described in Biggs and Kilroy (2000) and subsequently
corrected to rock area (mm?) using the following expression:

=xy + xz + yz (r2 = 0.93) x 100 [modified from Ewart-Smith and King (2012)]

Since algal cell counts are not representative of actual biomass present in the sample, the data were
size-adjusted. Databases such as AlgaeBase (www.algaebase.org) and literature (Taylor et al., 2007)
were consulted to obtain length and breadth measurements. It was assumed that a cylindrical shape
would approximate most growth forms reasonably well and thus volume was calculated as m X r? x h.
In many cases, it was not possible to get clear information on either or both dimensions from the
literature. If a sample came from a well-represented group such as diatoms, the median was chosen as
the size distribution was highly skewed, whereas groups represented by fewer taxa were assigned
average sizes; where only one representative was found, the size of that taxon was used.

Invertebrates were identified to genus using Day and De Moor (2002); Day et al. (2003); De Moor et al.,
(2003a; 2003b); and Stals and De Moor, 2007), and placed into FFGs using Ewart-Smith and King
(2012). Macroinvertebrate density was expressed as frequency of individuals/mm?,

7.2.2 Environmental variables

Three replicate surface water samples were taken at each of the sampling sites in May, July and
November 2016, and analysed for ammonia, nitrate + nitrite, nitrite and orthophosphate. During most
periods and at most sites, nutrients were low or below detectable limits, which supports the general
finding that Mediterranean streams in the CFR are nutrient-limited (Lambers et al., 2008b; 2010;
Potgieter, 2012).

Capacitive pressure loggers (HOBO — U20L-02, Onset Computer Corporation Inc., Pocasset, MA, USA)
were placed at both rivers and set to measure the water level and temperature at 30-minute intervals
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at each of the six sites. Discharge was calculated as described in Chapter 3. In addition to the above
variables, stream water pH and EC were recorded in situ using a handheld multiprobe. Sediment and
nutrient (percentage nitrogen and percentage carbon) load data were also used here. For a description
of how data were collected, see Chapter 4.

7.2.3 Statistical analyses

The software package PRIMER v6+ PERMANOVA was used for all statistical analyses (Clarke &
Warwick, 2001; Clarke & Gorley, 2006; Anderson et al., 2008). Algal and macroinvertebrate densities
were square-root transformed prior to analysis of the data based on Bray—Curtis distance.
Environmental variables and stream characteristics were checked for correlation using a Draftsman’s
plot. Variables that were highly correlated (-0.75 < r > 0.75) were removed from further analysis. Prior
to normalisation on all variables, transformations were applied to individual variables to reduce skew.
Pairwise comparisons at each river of algal and macroinvertebrate densities and functional groups were
made between the term ‘RixTr’ for pairs of levels of factor ‘Treatment’ using the PERMANOVA function,
set to do 999 Monte Carlo permutations. Distance-based linear model (DistLM) and distance-based
redundancy analysis (dbRDA) routines were used on algal and macroinvertebrate resemblance data.
DistLM is a distance-based regression approach and dbRDA is an ordination that visualises fitted
models from DistLM (Anderson et al., 2008). DistLM routines were set to choose the BEST variables,
and selected based on the adjusted R? value. BEST is a procedure that examines the value of the
selection criterion for all possible combinations of predictor variables.

7.3 Results

7.3.1  Algal densities

Algae were resented by 21 families comprising 36 genera and morphogenera and 22 471 cells. The
Wit River was more diverse (19 families, 26 morphogenera) than the Du Toit’s River (16 families, 22
morphogenera). However, samples from the Wit River had lower densities (0.11 density/mm?) than
those from the Du Toit's River (0.13 density/mm?). Permutational multivariate analysis of variance
(MANOVA) revealed significant differences between rivers, invasion statuses and months and their
combined factors (Table 24).

Considering the invasion statuses in each month at the Du Toit’s River, algal densities differed only
between the cleared and near-natural (CLE:NAT) sites in November and December. The pattern at
Bainskloof was similar with significantly higher densities at the cleared site than the natural site in
November, and the cleared and alien site in January.

Table 24: Permutational MANOVA on algal densities based on 999 permutations of residuals under a reduced
model. Factors were river (ri), treatment (tr) and month (mo), with factor combinations (x) of these factors.
Abbreviations: df = degrees of freedom; SS = sum of squares; MS = means of squares; Pseudo-F = F value;
p = p-value based on 999 Monte Carlo permutations

Source df SS MS Pseudo-F p

Ri 1 13941 13941 15.08 0.00
Tr 2 6 657 3328 3.60 0.00
Mo 4 28 554 7138 7.72 0.00
rixtr 2 3914 1957 2.12 0.02
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rixmo 4 15 856 3964 4.29 0.00

trxmo 8 12 852 1607 1.74 0.01

rixtrxmo 8 11 620 1453 1.57 0.02

Table 25: Pairwise comparisons of algal densities between the term 'RixTr' for pairs of levels of factor "Treatment'
using permutational MANOVA with Monte Carlo permutation of 126 repeats at the Du Toit's River (Franschhoek
Pass) and Wit River (Bainskloof Pass). Significant p values are in bold font. Abbreviations: t = t-value; p = p-value;
ALI = alien site; CLE = cleared site; NAT = near-natural/reference site

River Pairs October November December January February

CLE:NAT | 1.03 0.39 2.45 0.03 1.85 0.06 1.30 0.21 0.77 0.60

Du Toit's

River CLE:ALI 0.99 0.42 153 0.14 0.97 0.44 1.22 0.26 0.84 0.51

NAT:ALI 0.80 0.52 1.46 0.15 1.62 0.08 181 0.05 131 0.19

CLEINAT | 0.41 0.87 2.17 0.03 1.42 0.18 0.80 0.54 0.65 0.61

Wit River CLE:ALI 1.59 0.14 1.07 0.38 0.76 0.57 1.57 0.13 1.86 0.06

NAT:ALI 1.15 0.29 1.75 0.08 1.27 0.25 2.30 0.04 1.12 0.34

7.3.2 Chlorophyll a

Chlorophyll a concentrations differed between months and treatments (Table 26). At the Du Toit’s River,
the pair CLE:NAT differed in both November and December, and the pair CLE:ALI differed significantly
in November, with mean chlorophyll a concentrations being highest at the cleared sites in both months
and intermediate at the alien site. Only in December at the Wit River, chlorophyll a concentrations were
significantly higher at the alien site than those at the natural site.

Table 26: Pairwise comparisons of chlorophyll concentrations between the term 'RixTr' for pairs of levels of factor
‘Treatment' using permutational MANOVA with Monte Carlo permutation of 126 repeats at the Du Toit's River
(Franschhoek Pass) and Wit River (Bainskloof Pass). Significant p values are in bold font. Abbreviations:
t = t-value; p = p-value; ALI = alien site; CLE = cleared site; NAT = near-natural/reference site

River Pairs October November December January February

CLE:NAT | 0.43 0.78 2.88 0.01 2.56 0.03 0.79 0.53 1.13 0.31

Du Toit's

River CLE:ALI 0.87 0.44 3.03 0.01 0.65 0.60 0.92 0.43 0.34 0.83

NAT:ALI 1.28 0.24 0.33 0.82 1.34 0.20 1.44 0.15 0.98 0.36

CLE:NAT | 0.99 0.39 n/a n/a 2.09 0.06 1.63 0.13 1.27 0.24

Wit River CLE:ALI 1.37 0.18 1.10 0.30 0.81 0.44 0.43 0.67 1.30 0.22

NAT:ALI 0.32 0.88 n/a n/a 281 0.02 1.69 0.14 0.07 0.97

115



7.3.3 Macroinvertebrate densities

From the Du Toit’s River, 18 families were recorded, representing 33 genera. The most dominant
families (and feeding groups) were Chironomidae (scrapers), Baetidae (deposit feeders), and
Leptophlebiidae (deposit feeders). At the Wit River, 19 families were recorded, representing 34 genera.
The most dominant families (and feeding groups) were Chironomidae (scrapers), Simuliidae (filter
feeders) and Leptophlebiidae (deposit feeders).

At family and genus level, macroinvertebrate densities did not differ between months or treatments at
the Du Toit’s River (Table 27). FFGs also had similar distributions among treatments and between
months, the only exception being the NAT:ALI pair in January (Table 27). At the family level, the Wit
River repeated this pattern except for the month of November where all invasion status comparison
pairs differed significantly. At the Wit River, genus level densities also differed between invasion
statuses (CLE:ALI and NAT:ALI) in October. In November, dominant FFGs and families at the near-
natural site were the deposit feeders (Baetidae), whereas at the cleared site deposit feeders
(Leptophlebiidae) and grazers dominated (Petrothrincidae). The alien site was dominated by scrapers
(Chironomidae) (Figure 43 and Figure 44).
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Table 27: Pairwise comparisons of macroinvertebrate densities at the family and genus level and of functional groups between the term 'RixTr' for pairs of levels of factor
‘Treatment' using permutational MANOVA with Monte Carlo permutation of 126 repeats at the Du Toit's River (Franschhoek Pass) and Wit River (Bainskloof Pass). Significant
p values are in bold font. Abbreviations: t = t-value; p = p-value; ALI = alien site; CLE = cleared site; NAT = near-natural/reference site

Comparison at family level

River Pairs October November December January February
t p t p t p t p t p
CLE:NAT 1.42 0.12 1.50 0.09 1.63 0.10 1.32 0.20 1.08 0.33
Du Toit's River CLE:ALI 1.04 0.38 0.91 0.49 1.08 0.37 0.90 0.48 0.84 0.58
NAT:ALI 1.16 0.28 1.42 0.11 1.70 0.07 1.50 0.11 1.84 0.09
CLE:NAT 1.16 0.27 1.75 0.03 1.35 0.18 0.66 0.72 0.81 0.57
Wit river CLE:ALI 1.32 0.14 3.83 0.00 1.21 0.25 1.22 0.24 0.76 0.66
NAT:ALI 1.15 0.27 1.83 0.03 0.91 0.49 1.06 0.35 1.04 0.39

Comparison at genus level

River Pairs October November December January February
t p t p t p t p t p
CLE:NAT 1.69 0.05 1.20 0.23 112 0.30 1.28 0.16 1.09 0.35
Du Toit's River CLE:ALI 1.17 0.22 0.73 0.65 0.66 0.73 0.93 0.49 0.84 0.57
NAT:ALI 1.43 0.08 1.20 0.23 1.25 0.19 1.36 0.13 1.37 0.22
CLE:NAT 1.24 0.23 1.75 0.04 131 0.18 0.75 0.64 0.98 0.45
Wit River CLE:ALI 1.66 0.04 351 0.00 1.12 0.30 1.18 0.24 0.73 0.73
NAT:ALI 1.94 0.02 1.72 0.02 0.76 0.69 1.03 0.36 0.93 0.49

Comparison of FFGs

River Pairs October November December January February
t p t p t p t p t p
CLE:NAT 0.66 0.73 0.47 0.83 0.74 0.59 2.00 0.05 0.61 0.63
Du Toit's River CLE:ALI 0.69 0.68 0.70 0.64 0.80 0.51 1.80 0.07 0.78 0.55
NAT:ALI 0.56 0.87 n/a n/a 1.28 0.24 3.97 0.00 1.40 0.23
CLE:NAT 1.12 0.29 1.20 0.26 0.47 0.83 0.79 0.62 1.15 0.29
Wit River CLE:ALI 1.05 0.35 4.00 0.00 0.66 0.67 1.85 0.07 0.69 0.67
NAT:ALI 1.20 0.24 1.81 0.03 0.60 0.76 1.44 0.13 131 0.18
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Macroinvertebrate Family
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Figure 43: Box plot of macroinvertebrate family density (individual/mm?) at near-natural (NAT), cleared (CLE) and
alien (ALI) sampling sites at the Wit River during November

Macroinvertebrate Functional Feeding Groups

0.15+ Deposit Feeder

Grazer
[ Scraper
3 Predator

a8

£ 0.10+

£

w

©

3

T

=

T

£

Zz

2

S 0.05+

o

0-
= = W
g < 5

Invasion status

Figure 44: Box plot of macroinvertebrate FFG density (individual/mm?) at near-natural (NAT), cleared (CLE) and
alien (ALI) sampling sites at the Wit River during November

7.3.4 Environmental variables

The first axis of the dbRDA for the Du Toit’s River described 63.5% of the fitted variation and 12.3% of
the total variation (Figure 45). The second axis described 19.8% of the fitted and only 3.8% of the total
variation. Water temperature had a strong influence on community structure as evidenced by the long
parallel line to the first axis. Marginal tests (Pseudo-F = 4.067; p = 0.005) and BEST variable (adjusted
R? = 0.081) confirmed the relative importance of temperature. Flow appeared to have an influence but
marginal test results were not significant. Addition of the variable would result in a best solution of only
8.9%. The overall weak model and low explanatory power of the variables suggested that other physical
or non-local variables were more important in structuring in-stream communities at the Du Toit’s River.
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Figure 45: dbRDA of DistLM analysis at the Du Toit’s River on the effect of environmental variables on structuring
algal communities. Based on a square-root transformed Bray—Curtis similarity matrix of algal density. Fitted
variation is the variance within the linear model; total variation is the variance within the original data

The first axis of the dbRDA for the Wit River described 80.9% of the fitted variation and 27.5% of the
total variation (Figure 46). The second axis described 9.3% of the fitted and only 3.2% of the total
variation. At the Wit River, water temperature also had a strong influence on community structure as
evidenced by the long parallel line to the first axis. Marginal tests (Pseudo-F =10.113; p = 0.001) and
BEST analysis (adjusted R2 = 0.211) confirmed the relative importance of temperature. The addition of
flow would only marginally improve the best model (adjusted R? = 0.232). The percentage nitrogen
content of sediment appeared to be important to the overall model, where inclusion of the variable
brought the best solution to the adjusted R? = 0.251. The marginal tests, however, were not significant.
In this DistLM also, the overall weak explanatory power of the model and the variables suggested that
there were other important drivers of algal community structure.
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Figure 46: dbRDA of DistLM analysis on Wit River on the effect of environmental variables on structuring algal
communities. Based on a square-root transformed Bray—Curtis similarity matrix of algal density. Fitted variation is
the variance within the linear model; total variation is the variance within the original data
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The first axis of the family level dbRDA for the Du Toit’s River described 71.5% of the fitted variation
and 10.3% of the total variation (Figure 47). The dbRDA plot suggested strong influence from flow and
temperature, but marginal tests were significant only for flow (Pseudo-F = 3.051; p = 0.015). The best
solution using a single variable was flow (adjusted R2 = 0.062) and the best overall solution selected
both flow and temperature (adjusted R? = 0.078). The partitioning between invasion statuses are very
clear in the plot.

20+ Treatment
N N Acte
5 - f DE DEC M ALl
g wa/ [ A
g /' WDEC / N
£ / v / AN
2 0- / \
S / Nnov OCT ocT
§ / / A A NOV
= NOV | |
g vo—
s \ T
O:. \ \\\jﬂow_avg
g -20- \
3 \ ocT
~ \ v /
< pN /
[m) \\
14
= \&_ B _7_4/

-40_ I T T I 1

-40 20 0 20 40

dbRDA1 (75.1% of fitted, 10.3% of total variation)

Figure 47: dbRDA of DistLM analysis on the Du Toit’s River on the effect of environmental variables on structuring
family level macroinvertebrate communities. Based on a square-root transformed Bray—Curtis similarity matrix of
macroinvertebrate density. Fitted variation is the variance within the linear model; total variation is the variance
within the original data

At the family level, partitioning of the sites along a gradient of invasion status was less clear at the Wit
River than the Du Toit’s River (Figure 48). Alien sites were more spread and similar to cleared sites,
while there was a general difference between cleared and alien sites. The first axis of the dbRDA plot
explained 45.3% of the variation but only 5.9% of the total variation. The second axis explained 38.4%
of the fitted variation and 5% of the total variation. As at the Du Toit’s River, marginal tests were also
not significant here. However, in contrast to the Du Toit’s, sediment was the most important variable
(adjusted R? =0.054) and the best model was solution was based on sediment and flow (adjusted
R2 = 0.087).
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Figure 48: dbRDA of DistLM analysis on the Wit River on the effect of environmental variables on structuring family
level macroinvertebrate communities. Based on a square-root transformed Bray—Curtis similarity matrix of
macroinvertebrate density. Fitted variation is the variance within the linear model; total variation is the variance
within the original data

At the genus level, DistLM results and dbRDA plots were similar to those reported to at the family level,
and the plots are therefore not shown here. At the Du Toit’s River, the first dbRDA axis explained 71.3%
of the fitted variance and 7.1% of the total variance. The second axis explained 28.7% of the fitted
variance and 2.8% of the total variance. Marginal tests for variables were not significant. The best
solution using a single variable was flow (adjusted R? = 0.028) and the best overall solution selected
both flow and temperature (adjusted R2 = 0.037).

The first axis of the dbRDA plot for the Wit River explained 40.6% of the variation, but only 5.3% of the
total variation, while the second axis explained 26.7% of the fitted variation and 3.5% of the total
variation. Marginal tests on the variables were not significant. Sediment was the most important variable
(adjusted R2=0.046) and the best model was solution was based on sediment and temperature
(adjusted R? = 0.079) rather than flow, which was important at the family level.

The first axis of the dbRDA plot on FFGs of the Du Toit’s River described 100.9% of the fitted variation,
and 15.7% of the total variation (Figure 49). The second axis described —0.9% of the fitted and -0.1%
of the total variation. Water flow had a strong influence on feeding community structures, particularly in
December and January in the natural sites. Marginal tests (Pseudo-F = 4.123; p = 0.024) and BEST
analysis (adjusted R? = 0.092) confirmed the relative importance of flow. Percentage nitrogen content
of sediment also appeared to have an influence, but marginal test results were not significant, and the
variable would improve a global model only marginally to 9.6%.
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Figure 49: dbRDA of DistLM analysis on the Du Toit’s River on the effect of environmental variables on structuring
macroinvertebrate FFGs. Based on a square-root transformed Bray—Curtis similarity matrix of macroinvertebrate
density. Fitted variation is the variance within the linear model; total variation is the variance within the original data
The first axis of the dbRDA plot on FFGs for the Wit River explained 57% of the variation, but only 9.3%
of the total variation, while the second axis explained 39.9% of the fitted variation and 6.5% of the total
variation. Marginal tests on the variables were significant only for sediment (Pseudo-F = 2.86;
p = 0.043). Sediment was the most important variable (adjusted R? = 0.053) and the best model was
solution was based on sediment and flow (adjusted R2 = 0.079) as it also was the family level (see
Figure 48).
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Figure 50: dbRDA of DistLM analysis on the Wit River on the effect of environmental variables on structuring
macroinvertebrate FFGs. Based on a square-root transformed Bray—Curtis similarity matrix of macroinvertebrate
density. Fitted variation is the variance within the linear model; total variation is the variance within the original data
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7.4 Discussion

Nitrogen-fixing alien plants are known to increase stream nitrogen levels equivalent to nitrogen from
small-scale agricultural plots (Jaynes et al., 2001). Here, we investigated the effect of riparian zone
invasion by, and clearing of, invasive alien Australian black wattle (A. mearnsii) of aquatic flora and
fauna in two mountain streams in the CFR, South Africa.

Surface water samples at alien sites were not higher in nutrients (ammonia, nitrite, nitrate,
orthophosphate) than cleared or natural sites. However, nutrients including nitrogen and phosphorus
may be adsorbed to the bottom sediment and can accumulate over time in the river sediment
(Oberholster et al., 2013). We therefore hypothesized that benthic algal biomass at invaded sites would
be greater than at natural sites due to higher nutrient content in sediment and surface water. This
increase in algal biomass was in turn thought to increase benthic macroinvertebrate biomass,
particularly the grazer functional group. Higher algal biomass would decrease species diversity.

Over the five-month sampling period, there were no consistent differences between invasion statuses
in the rivers. There were only significant differences in benthic algal density and benthic
macroinvertebrate densities and FFGs during the transition period between spring and summer. Indeed,
macroinvertebrates responded strongly to differences in invasion status, while algae did not. Weak
relationships between algal biomass and nutrients in stream environments in New Zealand have been
attributed to the complex interaction between physical and biological factors in those streams (Clausen
& Biggs, 1998).

At the Wit River, where significant differences between invasion statuses were detected, cleared sites
had higher algal biomass than alien sites (intermediate) and natural sites (lowest). A reason for this
may be that cleared sites are, like natural sites open, but more disturbed as vegetation cover is less
established, which contributes to greater sediment input to the stream. While alien sites were open-
canopied, shade across sections of the stream could have had an impact on algal growth. Yet, alien
sites were dominated by scrapers, deposit feeders and predators. By contrast it was the cleared site
that had a high density of grazers, and also a very high density of deposit feeders. The consistent
differences in the biotic responses between invasion statutes may have been due to the change in
sedimentation and transport of sediment between October and November (see Chapter 4).

Temperature or flow were in nearly all instances the most important factors in structuring benthic algal
and macroinvertebrate communities. The role of flow on community structures at the Du Toit's River
was especially evident, with particularly the cleared sites spread parallel to the first axis. At the Wit
River, sediment played a key role, and the differences between invasion statuses were not clear from
the dbRDA plots. Another possibility is the high leaf litter input during the period, including November
(see Chapter 6). However, this does not explain why the differences do not persist as might be expected
in December and January. A possibility may be that the biota adapts to the change in flow reduction
and sediment transport and spread across sites as there are fewer environmental constraints of
differences. The very low explanatory powers of the variables and the models for both rivers suggest
that there are other local physical or non-local variables that are important drivers in structuring benthic
communities in-stream.

In summary, nitrogen-fixing A. mearnsii did not increase in-stream nitrogen as has been reported for
other species, despite the fact that the species has far higher leaf litter input into streams, and at that
twice a year (see Chapter 6). This could be due to high banks, reducing the effects of the riparian zone
invasion, high flow rates and a geology that does not allow for significant nutrient deposition.
Nevertheless, given the physiological similarity of A. mearnsii and other nitrogen-fixing invaders, its
effect on water quality in streams of the CFR should not be underestimated. Instead the findings from
this study should potentially be used to estimate the vulnerability of streams to nitrogen pollution by
A. mearnsii.
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CHAPTER 8 — GENERAL SUMMARY AND CONCLUSIONS

There is a significant gap in the knowledge in mountain catchments in the CFR of biophysical processes
such as sediment dynamics, as well as knowledge on some biological processes such as
decomposition, which prevents a more complete understanding of how these rivers function. This is
especially pertinent with the changes in structure of riparian plant communities with the introduction of
IAPs in many of these rivers, as well as with clearing by government agencies and private landowners.
To address this, we chose two rivers in the Western Cape where several biophysical processes were
studied at reaches that had natural fynbos riparian vegetation, or had been cleared by WfW or
landowners, or had stands of alien invasive A. mearnsii. The reaches were chosen in the sequence
natural, cleared and invaded from upstream to downstream. Equipment was installed to gather data on
steam flow and other biophysical parameters, while equipment to track sediment movement patterns
was constructed and installed. Over the course of more than one year, patterns emerged that shed
some new light on fynbos river functioning, the impact of alien invasive Acacia and the effect of clearing
on fynbos river functioning.

We found high spatial and temporal variability in sediment characteristics and flux, with the Du Toit’s
River showing higher suspended sediment flux and higher sediment infiltration in sediment baskets.
There were also differences between the sites with little consistency between sites of like invasion
status (natural, cleared, invaded). In general, sediment dynamics are the result of the distinctive stream
attributes such as stream width, riverbank height and riparian slope. However, alien invasive species
do have some impact on sediment flux and yield, where the bank is low, and the river connected.
Indeed, at a connected invaded site, sediment is supplied, whereas in sites with low connectivity or
other invasions statuses (cleared, natural), sediment yield is depleted. From literature (Hupp &
Osterkamp, 1996; Tabacchi et al., 2000; Corenblit et al., 2009) there is a likelihood that alien invasive
species such as A. mearnsii growing in large and dense stands will lead to higher deposition, and when
clearing takes place, this sediment is again released to the flowing waters. The results show that the
impacts of IAPs were however highly context-dependent, as patterns of sediment loads vary both
between and among rivers and reaches with different invasion statuses. However, as sediment makes
a significant contribution to stream nutrient stocks and fluxes, the high sediment flux associated with
invaded and cleared areas, especially, may have a significant impact of nutrient cycling in rivers. This
aspect was further addressed looking at the impact of A. mearnsii on leaf litter production, litter
decomposition and sediment nutrient stocks.

In terms of sediment nutrient dynamics, the variable characteristics of the two rivers again played a
significant role. Naude (2012) showed higher nitrogen stocks on riparian soils of A. mearnsii-invaded
riparian zones and a return to pre-invasion levels in cleared riparian zones. However, Fourie (2014)
showed no evidence of significant denitrification in these same soils, leading to the conclusion that most
nitrogen must be lost to the stream, and an expectation that nitrogen in sediment will be higher. This
was the case for the sediment in the invaded reaches in the Wit River, which showed the same trends
in TN as was found for Naude (2012) in riparian soils. However, it was not evident in the Du Toit’s River,
where the natural and cleared reaches showed higher sediment nitrogen than the invaded site. While
river characteristics cannot be excluded, the role of historical land use may likewise not be excluded in
the Du Toit’s catchment: Naude (2012) clearly showed consistent elevated TN in riparian soils only in
invaded reaches, with low TN levels in natural riparian soils. However, she also showed high available
nitrogen in cleared soils — a legacy effect of clearing — as was the case in the current study, which
appeared to be lightly invaded before clearing and follow-up some years before the current monitoring
period.

The invaded and cleared sites also showed higher phosphorus values, which are consistent with
Naude’s (2012) findings that phosphorus cycles appear to be altered in invaded riparian soils, though
this was not evident in available phosphorus in her study. It is possible that TP stocks are higher in
invaded reaches, and that this phosphorus is released to the river in the form of litter when invaded,
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and in both litter and sediment subsequent to clearing, as was found here. At the Du Toit’s River sites,
the role of riparian geomorphology cannot be excluded as the sides of the river consisted of high
terraces made out of sediment.

In summary, it is clear that invasion by A. mearnsii can change sediment nutrient concentrations;
however, this may be a context-dependent response, which depends on geomorphology and other
factors. The role of litter in invaded reaches and the role of nitrogen in decomposition were also
investigated in this study.

A. mearnsii produced more litter than the two native trees, and the litter of Acacia trees were also
enriched in nitrogen. This supports the results that were obtained from the Wit River sites, where high
sediment nitrogen values were observed in the invaded reach, and the work of Naude (2012), who
found high nitrogen in riparian soils underneath stands of A. mearnsii in the Wit River catchment.
Another missing part of the nitrogen cycle in invaded riparian ecotones in the Fynbos Biome is the
breakdown of nitrogen in-stream to produce sediment nitrogen dynamics. Invaded riparian ecotones
showed higher litterfall, and had litter with higher nitrogen content, which also decomposed faster than
native trees. A. mearnsii leaf litter had consistently lower dry mass in litter bags installed in the stream
after the full duration of the experiment (102 days) than native species, though it appeared that native
species, in the initial phase of decomposition, held a slight advantage. There was also not strong
evidence of the HFA tested, as was observed in other ecosystems (Gholz et al., 2000; Ayres et al.,
2009). In summary, this research closed an important gap in the understanding of nitrogen dynamics in
riparian and aquatic ecosystems, especially regarding production of nitrogen-rich litter, decomposition
and sediment nitrogen dynamics.

The research provides a baseline for further studies in sediment and nutrient dynamics of invaded and
cleared rivers, in comparison with natural stream reaches in the Fynbos Biome. The overall aim of
development of a tool to quantify and monitor stream restoration success following removal of riparian
IAPs was partially achieved, in that the first step was taken, namely closing many of the gaps that
existed in our knowledge on the impact of invasion by nitrogen-fixing alien invasive species, and
assessing the changes brought on by clearing these alien invasive species.

In general, we recommend that rivers upstream of reservoirs or wetlands be prioritised for clearing, as
this would reduce sedimentation and nutrient loads received. Riparian zones slotted for clearing should
be assessed for stream bank zonation and connectivity to the main channel of the stream bank. Invasive
stands in riparian zones with low banks and high connectivity to the main channel should be prioritised
for clearing. Stands with high connectivity to the main channel and vulnerable features (reservoir or
wetland) should be prioritised over all other clearing activities in riparian zones. Finally, clearing needs
to be adapted where connectivity to the stream is high. We suggest that invasive stands could initially
be thinned and revegetated with native fynbos plants tolerant of higher nitrogen soil content. While
initially more expensive than clearing and leaving woody debris to decay, immediate revegetation may
lead to more rapid recovery, and at the same time be a cost-effective and rapid method for stabilising
stream banks.
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APPENDICES
Herbicide analyses

River water sampling

Sampling took place at Bainskloof and Franschhoek in the Western Cape, South Africa. River water
samples were collected in the Wit River that flow through Bainskloof Pass. River water samples were
also collected in the Du Toit’s River that flow through Franschhoek Pass. Schott bottles (500 ml) were
used to sample the surface water and sediment water from three different sites. Site A was a site
invaded by invasive species, Site B was a cleared site and Site C was a natural site. The samples were
kept on ice and transported to the laboratory where the solid phase extractions followed.

Solid phase extraction

The Max solid phase extraction column worked best to extract glyphosate, triclopyr, picloram and
fluroxypyr. A United States Environmental Protection Agency guideline (U.S. EPA, 2007) was followed
to condition the Max column. A 6 cc/150 mg cartridge was used to load 500 ml of river water onto the
cartridge. The column was conditioned by loading 2 ml methanol, 4 ml 0.5 M NaOH and 2 ml ultrapure
water first. The column was then rinsed using 4 ml 0.5 M NaOH and 2 ml ultrapure water after which
500 ml of the sample was loaded using auto-sampler tubes. The sample was diluted using 4 ml of a 2%
formic acid in methanol mixture. The elution deviated from the EPA method due to the polarity of
picloram, fluroxypyr and triclopyr. After the elution step, the sample was evaporated using an analytical
nitrogen evaporator whereafter the sample was reconstituted in ultrapure water and sent for Liquid
chromatography—mass spectrometry (LC/MS) analysis.

LC/MS conditions

Analytical grade glyphosate, triclopyr, fluroxypyr and picloram were obtained from Sigma-Aldrich
(Germany). The standards were made up using ultrapure water in amber LC/MS vials. The standards
were made using concentrations ranging from 10 ppm-0,001 ppm. 2,4-Dichlorophenyl acetic acid was
used as an internal standard. The samples and standard curve samples were spiked using a known
concentration of 1 ppm. A Waters Xevo triple quadrupole mass spectrometry system (Central Analytical
Facility, Stellenbosch) was used for the analysis and was operated using a 0.3 ml/min flow rate. For
glyphosate, a Thermo Hypercarb (5 pm, 2.1 x 100 mm) column was used with two solvents, 1% acetic
acid and methanol in 1% acetic acid respectively. For picloram, triclopyr and fluroxyoyr a Waters BEH
C18 (1.7 pm, 2.1 x 100 mm) column was used with two solvents, 0.1% formic acid and acetonitrile
respectively.

Table 28: Parent ions and daughter ions with their respective cone and collision energy for each active ingredient
and DCPAA (internal standard)

Analyte Parent ion m/z Daughter ion Dwell (s) Cone (V) Collision
m/z energy(V)
DCPAA 203 159 0.016 5 10
(infiltrated
sediment)
205 161 0.016 5 10

150



Analyte Parention m/z Daughter ion Dwell (s) Cone (V) Collision

m/z energy(V)
Glyphosate 170 60 0.161 15 20
170 88 0.161 15 20
Triclopyr 254 196 0.016 25 10
256 198 0.016 25 10
Fluroxypyr 255 181 0.016 30 25
255 237 0.016 30 10
Picloram 241 195 0.016 25 25
241 223 0.016 25 15

Results

Table 29: Results obtained from LC/MS analysis. Concentrations in ppm

Number # Sample Date collected Herbicides (g/L)
Glyphosate Triclopyr Fluroxypyr Picloram
12 Bainskloof A Surface 08/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
13 Bainskloof A Sediment  |08/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
14 Bainskloof B Surface 08/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
15 Bainskloof B Sediment  (08/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
16 Bainskloof C Surface 08/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
17 Bainskloof C Sediment  (08/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
18 Bainskloof A Surface 11/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
19 Bainskloof A Sediment  |11/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
20 Bainskloof B Surface 11/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
21 Bainskloof B Sediment  |11/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
22 Bainskloof C Surface 11/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
23 Bainskloof C Sediment  |11/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
24 Franchoek A Surface 09/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
25 Franchoek A Sediment  (09/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
26 Franchoek B Surface 09/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
27 Franchoek B Sediment  [09/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
28 Franchoek C Surface 09/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
29 Franchoek C Sediment  (09/12/2016 0.00E+00 0.00E+00 0.00E+00 0.00E+00
30 Franchoek A Surface 12/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
31 Franchoek A Sediment  |12/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
32 Franchoek B Surface 12/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
33 Franchoek B Sediment 12/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
34 Franchoek C Surface 12/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
35 Franchoek C Sediment 12/01/2017 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Conclusion

No active ingredients were found from the Bainskloof and Franschhoek samples that were taken. This
could be that the active ingredients were below the limit of detection for the LC/MS machine or that
there was no active ingredient present in the river water sampled.
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