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1 | INTRODUCTION

In our changing world, there is an increasing urgency to understand
interactions among multiple environmental stressors such as global
warming, species invasions, habitat destruction and pollution (Darling
& Cote, 2008; Jackson, Loewen, Vinebrooke, & Chimimba, 2016;
Jackson, Weyl, et al., 2016; Ormerod, Dobson, Hildrew, &
Townsend, 2010; Reid et al., 2019). Land use intensification is a
major driver of change which is already having global consequences
for biodiversity and ecosystem services (Clapcott et al., 2012;
Feld et al., 2016; Gutiérrez-Canovas, Sanchez-Fernandez, Velasco,
Millan, & Bonada, 2015; Mantyka-Pringle, Martin, Moffatt, Linke,
& Rhodes, 2014; Newbold, Hudson, Hill, Contu, & Lysenko, 2015).
Although other drivers such as climate change and species inva-
sions are also having negative effects (Dossena et al., 2012; Jackson
et al., 2014; Mollot, Pantel, & Romanuk, 2017), habitat destruction
associated with human activity is often considered the predominant
driver of biodiversity loss in both freshwater and terrestrial ecosys-
tems (WWF, 2018). With the global human population continuing to
grow, this effect can be expected to increase over time, but we know
very little about how whole communities of interacting species will
respond (Bracewell et al., 2019; Kroeker, Kordas, & Harley, 2017).
Climate change adds further complexity, and our knowledge of
how food webs and functional diversity respond to combined land
use and climate drivers is very limited (Bruder, Frainer, Rota, &
Primicerio, 2019; de Vries et al., 2012; Gray et al., 2014).

Our planet is warming as a result of human activity and maximum
temperature records across the world continue to be broken (Coumou
& Rahmstorf, 2012). The Intergovernmental Panel on Climate
Change predicts at least a 1.5°C average temperature increase by
the end of the century, as well as global changes in patterns of pre-
cipitation (IPCC, 2014). Despite this, we know very little about how
whole ecosystems will respond, particularly when a second driver of
change is involved, which is becoming increasingly inevitable. There
has been an increased focus recently on combined impacts of ‘mul-
tiple stressors’, with most evidence suggesting that they interact to
cause effects which are non-additive (i.e. not the sum of their parts;
Jackson, Loewen, et al., 2016; Jackson, Weyl, et al., 2016; Piggott,
Townsend, & Matthaei, 2015b). A meta-analysis in 2016 found that

to cause an effect larger than the sum of their independent effects), indicating
that management should first focus on mitigating the dominant stressor in stream
ecosystems for successful restoration efforts.

5. Overall, our study indicates subtle food web responses to multiple drivers of
change, only identified by using functional isotope metrics—these are a useful tool

for a whole-systems biology understanding of global change.

agriculture, climate change, macroinvertebrates, multiple stressors, South Africa, stable

just 88 papers had empirically quantified multiple stressor effects in
freshwaters and of these, only one considered species interactions
(Jackson, Loewen, et al., 2016; Jackson, Weyl, et al., 2016). This is
arguably our biggest blind spot in ecology, as the effects of stressors
will be transmitted through the food web. Moreover, freshwater eco-
systems are particularly vulnerable with average population declines
in vertebrates standing at >80% since 1970 (WWF, 2018).

The combined effect of human land use and climatic stressors
is usually measured on the performance, abundance or distribution
of a single species, without considering the consequences for food
webs and whole ecosystems (Gray et al., 2014; Jackson, Evangelista,
et al,, 2017; Jackson, Wasserman, et al., 2017). Food web interactions
are important in determining ecosystem stability and in distributing
the cascading indirect effects (e.g. trophic cascades) of environmen-
tal stressors, and so it is fundamental that this knowledge gap is ad-
dressed. Food webs can shift dramatically in disturbed ecosystems
(Gray et al., 2014; Shurin, Clasen, Greig, Kratina, & Thompson, 2012;
Thompson et al.,, 2016; Yvon-Durocher, Montoya, Trimmer, &
Woodward, 2011) due to the loss and/or addition of network nodes
(the species in a food web), and changes in the strength or direction of
network links (the trophic pathways in a food web). Different stressors
will disproportionately affect different trophic levels, and evidence
from terrestrial ecosystems suggests that predators are the feeding
group most at risk following land use change (Barnes et al., 2014;
Munguia, Trejo, Gonzalez-Salazar, & Pérez-Maqueo, 2016; Ripple
et al., 2014). Similarly, in freshwater ecosystems some studies have
found that disturbance results in loss of rare predators (Ledger, Brown,
Edwards, Milner, & Woodward, 2012) or causes declines in the trophic
position of top consumers (McHugh, Mcintosh, & Jellyman, 2010).

The independent effects of land use and climate change in fresh-
waters has been well-studied in some parts of the world including
Europe and North America (Mantyka-Pringle et al., 2014; Martinuzzi
et al., 2014; Woodward et al., 2012), but not usually using a food web
approach. Those that do employ a food web approach have found that
single stressors tend to simplify freshwater food webs, with empiri-
cal evidence for this in response to warming (O'Gorman et al., 2019),
drought (Ledger et al., 2012), pollution (Thompson et al., 2016), and
land use intensification (Yule, Gan, Jinggut, & Lee, 2015). More re-

cently, studies have started to quantify the combined effects of land
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use and climatestressors, usually with experimental approaches. For
instance, Piggott, Salis, Lear, Townsend, and Matthaei (2015) and
Piggott, Townsend, and Matthaei (2015a) found that temperature
had different effects on biofilm communities depending on the pres-
ence or absence of stressors associated with land use (sediment and
nutrient pollution). Changes in precipitation can also impact stream
food webs by altering flow, water quality and habitat availability
(Kroll, Ringler, de la Cruz Cano Costa & De las Heras lbanez, 2017).
However, few studies employ a food web approach when considering
realistic multiple stressor scenarios, while those that do only consider
one part of the web (e.g. microbial webs; Cabrerizo, Medina-Sanchez,
Villar-Argaiz, & Carrillo, 2019), use simple ‘modules’ of few species
(Schrama et al., 2017), or use conceptual models rather than empirical
data (Bracewell et al., 2019). There is a need to empirically quantify
the combined effects of climate and land use change on freshwater
food webs in natural environments to better understand how these
stressors modulate ecosystem processes and services. Freshwaters
provide many vital ecosystem services (such as drinking water, fish
protein and flood mitigation) and support high levels of biodiversity,
making them a priority for conservation efforts (Harrison et al., 2018).
Feeding interactions (e.g. predator-prey) are often more important
than horizontal interactions within populations (e.g. competition) in
driving these processes, but most studies usually only consider one
species or trophic level in multiple stressor research (see references
in Jackson, Loewen, et al., 2016; Jackson, Weyl, et al., 2016).

Stable isotope analysis is an ideal tool to test how food webs respond
to global change because it provides time- and space-integrated infor-
mation about trophic relationships in communities of interacting spe-
cies (Jackson et al., 2012; Layman, Arrington, Montafa, & Post, 2008).
Emerging tools provide metrics of functional food web structure that
can be compared across communities to address specific hypothe-
ses relating to global change (Cucherousset & Villéger, 2015; Layman
etal., 2012). For instance, this approach has recently been used in fresh-
water ecosystems to show that increased sedimentation from human
land use caused a decline in trophic diversity (i.e. less diversity in diet
between species; Burdon, Mclntosh, & Harding, 2019); and that urban-
ization caused a decline in trophic redundancy (i.e. fewer species at each
trophic level; Price, Sertic¢ Peri¢, Romero, & Kratina, 2019). Here we use
this approach to measure functional diversity as ‘a component of biodi-
versity that generally concerns the range of things that organisms do in
communities’ following Petchey and Gaston (2006). Our isotopic met-
rics of functional diversity provide a holistic and functional view of how
whole communities (and food webs) respond to stressors.

Understanding how multiple stressors interact within food webs is
essential for understanding human impacts on ecosystems. However,
to our knowledge, no studies have empirically quantified the response
of freshwater food webs to human land use and climate change in
Africa. Here we investigate food webs using 29 streams across a lati-
tudinal climate gradient and an anthropogenic land use gradient. South
Africa has experienced rapid population growth and increased migra-
tion to urban centres over the past 30 years (Kok & Collinson, 2006),
resulting in an expanding urban footprint and increased demand for

agricultural land with negative impacts on the environment (Todes,

2012). Although river systems had historically been negatively affected
by agricultural run-off and water abstraction (Abalu & Hassan, 1998),
they are increasingly coming under pressure from the effluent emanat-
ing from urban settlements (Jagals, 1997). Studies from Africa suggest
that macroinvertebrate diversity in streams is negatively impacted by
urban effluent, in particular from wastewater treatment works (e.g.
Kasangaki, Chapman, & Balirwa, 2008). However, the impacts of urban
and agricultural development on food webs and functional diversity
have not been quantified. We address this knowledge gap using a sta-
ble isotope approach and hypothesize that: (a) land use and climate
will interact non-additively to structure stream communities and food
webs; (b) streams highly disturbed by human land use will have simpler
isotopic food webs due to a loss of taxonomic and functional diversity;
and (c) maximum trophic level will be low at impacted sites in compari-

son to pristine streams due to a loss of predatory species.

2 | MATERIALS AND METHODS
2.1 | Food web sampling

We sampled 29 first or second order streams from across a latitudi-
nal gradient in South Africa covering seven ecoregions—these are
defined as areas which contain characteristic, geographically distinct
assemblages of species (Figure 1; Table S1). Five sites were sampled
during both summer (December 2014) and winter (August 2014), two
sites were additionally sampled during a second summer (December
2015), and the remaining 22 were sampled once during summer
(December 2015). At each of the sites, a 25-m reach of stream was
sampled. The stream invertebrate community was characterized based
on four Surber samples (50 cm x 50 cm, 230 pm mesh) from riffles
in each stream. All samples were preserved in 70% ethanol in sepa-
rate containers for later enumeration and identification to family level.
Additional invertebrates were sampled from 22 of the sites (those sam-
pled in December 2015) using a kick net and allowed to gut clear (in
clean river water) before being prepared for stable isotope analysis. At
these 22 sites, an electrofisher was used to quantify fish and amphib-
ian diversity and abundance in each stream-reach using a standardized
two-pass sampling method (Kimberg, Woodford, Roux, & Weyl, 2014).
All fish and amphibians were measured (fork or snout to vent length)
and identified before up to five individuals of each species were fin
or tail-clipped for stable isotope analysis and returned to the stream
upon completion of sampling. Stream temperature, pH, conductivity
and width (all measured at >3 points and averaged) were also taken on

each sampling occasion and incorporated into our analyses.

2.2 | Stable isotope analyses

All stable isotope samples were frozen and then oven dried at 60°C,
ground to a homogenous powder and analysed for their carbon and
nitrogen ratios at the Mammal Research Institute (MRI), University of

Pretoria, Pretoria, South Africa using a continuous flow isotope ratio
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FIGURE 1 A map of the 29 streams in
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mass spectrometer (DeltaV IRMS coupled with a Flash 1112 elemental
analyser with a ConFlolV interface). Laboratory standards (referenced
to V-PDB for carbon and atmospheric nitrogen for nitrogen) and blank
samples were run after every 12th sample to correct for drift if present.
We analysed three samples of each taxon (1-10 individuals per sample)
at each sampling site. The total number of species (i.e. nodes in the food
web) at each site ranged from 6 to 24. Samples from one site were lost

and, therefore, we only present isotope data from 21 streams.

2.3 | Stable isotopes: Functional diversity

Carbon and nitrogen stable isotope analyses of individuals can be used
to estimate population diet and food web structure because the isotope
signatures of an individual reflect what it has consumed. Stable isotope
analyses give a time-integrated measure of diet by reflecting what an
individual has consumed over a period of weeks (depending on body
size and temperature; Vander Zanden, Clayton, Moody, Solomon, &
Weidel, 2015). The distribution of populations in isotopic space can be
used to quantify food web metrics (Jackson et al., 2012). Firstly, we cal-
culated the food chain length of each community as the highest trophic
level of any species in both the invertebrate and vertebrate commu-
nity at each site. Tropic level was calculated using a Bayesian approach
(using the TRopHICPosITIoN package in the R Computing Programme;
Quezada-Romegialli, Jackson, & Harrod, 2019; R Core Team, 2017).
We used common grazing mayflies of the families Leptophlebiidae,
Baetidae and Caenidae as our baseline (except one site where we also
used herbivorous chironomids (sub-family Orthocladiinae) due to low
sample sizes of mayflies; n = 3-9 for each site), with trophic enrichment
factors of 1.3 + 0.3%o0 and 2.9 + 0.3%. for carbon and nitrogen respec-
tively (McCutchan, Lewis, Kendall, & McGrath, 2003). One site was
omitted from the food chain length analyses because we did not have

a reliable baseline (i.e. no mayflies and only one chironomid sample).

The §*3C and 8*°N data were then corrected by a community centroid
approach before calculating any further stable isotope-derived metrics
to allow comparisons between sampling sites with different isotopic
baselines. This was computed by converting the isotope data, where
values for each node (i.e. species) were expressed as the average dis-
tance from the community isotope mean for each individual site on
both the carbon and nitrogen axis (Cucherousset & Villéger, 2015;
Schmidt, Olden, Solomon, & Vander Zanden, 2007).

We combined the scaled invertebrate, fish and amphibian stable
isotope and abundance data to produce comparable isotopic food
webs (IsoWebs) and calculate metrics of trophic functional diversity.
First, we calculated the area occupied by the convex hull surrounding
the most extreme points in scaled isotopic space as a measure of the
total isotopic functional diversity (hereafter, Isotopic richness; Rigolet,
Thiébaut, Brind'’Amour, & Dubois, 2015). A reduction in functional di-
versity can be due to loss of species and/or a loss of functional roles
(i.e. the species is still present but switches diet)—our approach will
reflect both of these mechanisms. However, to account for differences
in abundance, next we calculated three abundance-weighted metrics
(separately for vertebrates and invertebrates). Usually, stable-isotope
metrics do not take species abundance or biomass into account—
providing equal functional weight to both rare and common species
(Rigolet et al., 2015). Here we accounted for abundance variation using
the following metrics described by Cucherousset and Villéger (2015):

1. lIsotopic dispersion ranges from O to 1, and the higher the value,
the further most nodes (or their weight) are far from the
centre of gravity. Low values indicate that most organisms are
packed within a small area of isotopic space near the centre
of gravity.

2. Isotopic divergence ranges from O to 1 and the higher the value,
the more variance in trophic ecology in the food web (i.e. the taxa

with the most extreme stable isotope values dominate the food
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web). Low values indicate that most organisms (or nodes) are close
to the centre of gravity of the convex hull.

3. Isotopic uniqueness ranges from O to 1 and the higher the value,
the more unique each node is in the isotopic space. Low values
indicate lots of overlap, indicating that species have similar func-

tional roles in the food web (i.e. high functional redundancy).

2.4 | Stressor classification

We quantified land use by first defining the catchment area upstream
of each individual site using a combination of quaternary drainage re-
gion boundaries (provided by the South African Department of Water
and Sanitation (DWS); https://www.gov.za/about-sa/water-affairs) and
hand-drawing catchment boundaries using elevation data in ArcGIS.
Land cover for the upstream catchment at each site was then quantified
using the South African National Land Cover Database (http://egis.envir
onment.gov.za) from 2013/2014 which categorizes land at a 1:75,000-
1:100,000 scale. We calculated the percentage of each catchment com-
prising agricultural (cultivated, plantation) and urban land (Appendix S1).
Within each region, we selected at least one site which was predomi-
nantly natural, agricultural or urban.

We extracted the following climate variables for each sampling site
from the WorldClim database using the R Computing Programme (Version
3.6.1; R Core Team, 2017): (a) mean annual air temperature; (b) monthly
variation in annual air temperature; (c) total annual rainfall and (d) monthly
variation in annual rainfall (all averages from 1970 to 2000). These mea-
sures provide a good proxy of each stream's hydrology, since stream
temperature is correlated with air temperature (Mohseni & Stefan, 1999;
Morril, Bales, & Conklin, 2005). Finally, fish invasion status was classified
as a binary presence or absence of invasive fish species based on our
electrofishing data and included in our ordinations (see below).

2.5 | Statistical analyses

All statistical analyses were performed using the R Computing
Programme (R Core Team, 2017). Firstly, we performed principle com-
ponent analysis (PCA) on our predictor variables: (a) sampling temper-
ature; (b) mean annual air temperature; (c) monthly variation in annual
air temperature; (d) total annual rainfall; (€) monthly variation in annual
rainfall; (f) latitude; (g) stream width; (h) pH; (i) conductivity; (j) per cent
urban land in catchment; (k) per cent agriculture land in catchment
and (I) fish invasion status (presence or absence). This, and simple
Pearson's correlations, indicated that not all variables were statisti-
cally independent and so we selected mean annual air temperature,
total annual rainfall, urbanization and agriculture for further analysis
(Figure S1). Next, canonical correspondence analysis (CCA) was used
to examine relationships between our chosen environmental variables
and binary presence and absence data of both invertebrates and ver-
tebrates (at the 22 sites where both were sampled) using the vecan
package (Oksanen et al., 2019). The significance of the environmental

predictors was tested using type 3 analysis of variance (ANOVA).

Next, we calculated beta diversity using the BETAPART package
(Baselga & Orme, 2012). This method quantifies the dissimilarity
between the animal communities at each site (presence or absence
of invertebrates and vertebrates), and shows how much variation
is due to species turnover (i.e. replacement of species at one site
by a different species in the second site) and nestedness (i.e. sites
with low richness have a subset of species present at more diverse
sites). We then used simple linear models to test for an effect of air
temperature, total rainfall, urbanization and agriculture differences
between sites. We then analysed whether any of these land use
or climate variables exerted any significant independent or com-
bined effects on stream communities (fish and invertebrate abun-
dance and richness, and the functional isotopic food web metrics;
all log(x + 1)-transformed) using general linear mixed effect models
(using the NLME package; Pinheiro, Bates, DebRoy, & Sarkar, 2019).
Here all 29 sampling sites were used for the taxonomic inverte-
brate responses, and 20-22 sampling sites were used for all other
response variables. The random effect of ecoregion (seven levels)
was included to account for the close proximity (and therefore, sim-
ilarity) between streams in each catchment area. Per cent urban
and agricultural land use and two climate variables (total annual
rainfall and mean temperture) were our fixed effects. Additionally,
season was included as a fixed effect for the taxonomic variables
(except fish abundance which was only quantifed in summer). We
ran models for individual, additive and interactive effects of all
single drivers and driver pairs and selected the best model based
on Akaike information criterion (corrected for small sample sizes;
AICc). The significance of the models was tested by comparing with
a null model (where we removed all fixed effects but the intercept),
and conditional R? values were calculated for the best models using
the siPLot package (Lidecke, 2020). The effects of multiple drivers
were considered non-additive if models including interaction terms
had the lowest AlCc values (Table S2). In these cases, the nature of
the interaction was determined by comparing effect sizes between
additive and non-additive models. Interaction effect sizes (F-values)
were subtracted from the sum of the main effect sizes producing
values representing the difference between additive and interac-
tive effects (following Lakeman-Fraser & Ewers, 2014). If the value
was positive (i.e. additive effect was greater than the interactive),
then the relationship was considered to be antagonistic (the impact
of the drivers was reduced when acting interactively); if however,
the value was negative (i.e. additive effect was less than the inter-
active), then the relationship was considered to be synergistic (the
impact of the drivers was increased when acting interactively).

3 | RESULTS
3.1 | Taxonomic community structure
The turnover component of beta diversity significantly increased

with increasing site differences in climate (temperature and rainfall;

Figure 2a,b) and land use (agriculture and urbanization; Figure 2c,d),
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TABLE 1 The effect of pairwise site
df Sumsquare  Mean square . . . .
. . X R differences in our four predictor variables
Predictor Response (residuals) (residuals) (residuals) F-value p )
(mean air temperature, total annual
Temperture  Turnover 1(1598) 2.7 (45.0) 2.7 (0.03) 95.9 <0.001 rainfall and urban and agriculture land
Nestedness 1 (1598) 0.2 (15.5) 0.1(0.01) 14 <0.001 cover (%)) on beta diversity
Rainfall Turnover 1(1598) 5.0(42.7) 5.0(0.03) 187.1 <0.001
Nestedness 1 (1598) 0.2 (15.6) 0.2 (0.01) 24 <0.001
Agriculture Turnover 1(1598) 1.9 (45.8) 1.9 (0.03) 64.7 <0.001
Nestedness 1 (1598) 0.01(15.6) 0.01(0.01) 11 0.29
Urbanization  Turnover 1(1598) 3.2 (44.5) 3.2 (0.03) 114.5 <0.001
Nestedness 1 (1598) 0.9 (14.7) 0.9 (0.01) 97.3 <0.001

while nestedness decreased with increasing differences in climate
(Figure 2a,b; Table 1). Nestedness also increased with increasing
pairwise site differences in urbanization (Figure 2d; Table 1). The
first two CCA axes explained 40.5% of the total variation in the ani-

mal communities (Figure 2e). The first CCA axis accounted for 20.6%

of the total variance and was positively correlated with urbanization,
but negatively correlated with temperature. The second CCA axis
accounted for 19.9% of the total variance and was negatively cor-
related with total annual rainfall and agriculture (Figure 2e). The dis-

tribution of sampling sites in the CCA revealed a strong separation
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between pristine and heavily urbanized sampling sites (Figure 2e),

and this was one of three significant predictors (F, = 206; p = 0.005)

of variation in the community, along with temperature (F1 = 1.90;

p = 0.015), and rainfall (F, = 1.70; p = 0.025).

Urbanization alone was the best predictor of invertebrate

family richness, which declined with increasing urban land use

(Figure 2f; Table 1; full model selection for all variables is pre-

sented in Table S2). Invertebrate abundance was best explained

TABLE 2 The best model for each response variable. Full model selection is shown in Table S2. All models included a random effect of

ecoregion

Response

Invertebrate family
richness

Invertebrate abundance
Fish species richness
Fish abundance

Food chain length
Isotopic richness

Invertebrate isotopic
dispersion

Invertebrate isotopic
divergence

Invertebrate isotopic
uniqueness

Vertebrate isotopic
dispersion

Vertebrate isotopic
divergence

Vertebrate isotopic
uniqueness

Best fit model

Urbanization

Season
Intercept
Intercept
Temperature
Temperature

Intercept

Intercept

Urbanization *
rainfall

Agriculture +
rainfall

Intercept

Intercept

W W N W W N

AlCc
31.3

104.1
531
29.6

-29.5
32.8

-35

-25.8

-21.5

-16.7

-4.6

BIC
36.9

109.7
56.5
31.6

-28.2
34.5

-33.2

-24.1

-21.23

-8.6

-16

-4

logLIK
-11.1

-47.5
-23.1
-11.1
20.1
-11.2
21.2

16.6

19.8

12.3

6.2

F-value

28.2

30.66
175.76
Sil./8
4.26
3.25
82.89

317.48

6.83

4.64 + 6.60

61.92

117.63

R2
0.45

NA

0.36
0.15

NA

0.501

Main effects -
Interactive effects

4.09 - 8.63=-4.54

Interaction
type

Independent

Independent

Independent

Independent

Synergistic

Additive

Abbreviations: ¥, interaction term; +, additive term; AlCc, Akaike information criterion corrected for small sample sizes; BIC, Bayesian information
criterion; logLIK, Log-Likelihood; R2, conditional R-squared.

FIGURE 3 The negative effect of
temperature on (a) isotopic richness and
(b) food chain length, where the shaded
area indicates the 90% confidence
intervals around a linear model and the
coloured points represent three reference
sites, with the corresponding IsoWebs
shown in (c) (blue, Keiskamma), (d) (green,
Magalies) and (e) (gold, Klipplaat). Here
the solid hulls surround each community's
trophic functional space and the carbon
and nitrogen isotope data are presented
on scaled axis to ensure it is comparable

between sampling sites
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FIGURE 4 (a) The interactive effect of
urbanization and rainfall on invertebrate
isotopic uniqueness. Metric values are

on a scale of low (grey) to high (black)
and the coloured points represent two
reference sites, with the corresponding
IsoWebs shown in (b) and (c). Here point
size represents abundance (per cent) and
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trophic functional space. Dashed lines
show the distance of each node from

the centre (i.e. the community mean) of
the IsoWeb. Isotopic uniqueness was
negatively affected by rainfall (e.g. Klein-
Sabie, b, blue), but this was compensated
for by urbanization in some sites, such as
Liesbeek (c, gold). Carbon and nitrogen
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by season, where it was lower during summer (Table 2; Figure S2).
None of our land use and climate driver combinations could im-
prove the null model and accurately predict fish species richness
or abundance (Table 2).

3.2 | Functional diversity

The isotopic food webs (IsoWebs) varied in structure across the
sites with the extracted metrics revealing that this was caused by
a combination of land use and climate. Both total isotopic richness
and food chain length decreased with temperature (Figure 3;
Table 2). Rainfall was a strong driver of abundance-weighted in-
vertebrate isotopic uniqueness, which declined in wetter areas, in-
dicating high functional redundancy (Figure 4; Table 2). However,

there was also a synergistic interaction with urbanization, with

-8 -6 -4
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FIGURE 5 (a) The interactive effect
of agriculture and rainfall on vertebrate
isotopic dispersion, Metric values are

I on a scale of low (grey) to high (black),
and the coloured points represent two
reference sites, with the corresponding
IsoWebs shown in (b) and (c). Here point
size represents abundance (per cent) and
the solid hulls surround each community's
trophic functional space. Dashed lines
show the distance of each node from
the centre (i.e. the community mean) of
the IsoWeb. Isotopic dispersion tended
to decrease with increasing agriculture
(e.g. Swartspruit, blue, b), but this was
compensated for by high rainfall (e.g.
Treur, gold, c), except for at heavily
impacted sites. Carbon and nitrogen
isotope data are presented on scaled
axis to ensure it is comparable between
sampling sites
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the highest invertebrate isotopic uniqueness (and therefore low
functional redundancy) found in areas with low rainfall and high
urbanization (Figure 4). There was an additive effect of agricul-
ture and annual rainfall on abundance-weighted vertebrate iso-
topic dispersion, with the former causing a decline in dispersion,
with this partially compensated for by high rainfall (Figure 5;
Table 2). None of our driver combinations could improve the null
model and accurately predict invertebrate isotopic dispersion and
isotopic divergence, or vertebrate isotopic divergence and isotopic
uniqueness (Table 2).

4 | DISCUSSION

Our results suggest that a combination of land use and climate

variables drive variation in community and food web structure
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among South African streams, supporting our first hypothesis.
However, we only found one non-additive interaction between
land use and climate stressor variables (when quantifying effects
on invertebrate isotopic uniqueness). In all other cases, independ-
ent or additive effects prevailed. In contrast to our second and
third hypotheses (that streams highly disturbed by human land
use will have simpler food webs and lower trophic levels), tem-
perature was the most important variable explaining food chain
length and isotopic richness (i.e. total functional diversity). This,
combined with increasing species turnover and increasing pair-
wise site differences in temperature, suggests that food webs
will become less diverse due to a loss of predators in a warmer
world. Total annual rainfall and land use (agriculture and ur-
banization) were the most important variables in explaining our
weighted-functional food web metrics, while urbanization alone
explained invertebrate taxonomic diversity. Our second hypoth-
esis was partially supported when considering vertebrate isotopic
dispersion (i.e. weighted-functional diversity), which declined with
increasing agriculture, although high rainfall appeared to com-
pensate for this.

4.1 | Effects of land and climate change on food
webs

We found that food webs were significantly compressed (i.e. low
isotopic richness) by elevated temperatures. Food chain length also
decreased with temperature, suggesting that this decline in trophic
richness was caused by the loss of predators. This is further sup-
ported by patterns in beta diversity, which showed that species
turnover increased with increasing temperature differences be-
tween sites. This suggests a loss of the predatory functional feeding
group in a warmer world, rather than decline in species richness.
In other words, populations or species which occupy lower trophic
levels are replacing those in more predatory roles, without a loss
of taxonomic diversity. Disturbance, resource availability, ecosys-
tem size and habitat heterogeneity also play key roles in determin-
ing food chain length (Jackson, Evangelista, et al., 2017; Jackson,
Wasserman, et al.,, 2017; Post, 2002). However, we expected
food chain length to show strong declines in response to human-
dominated landscapes (i.e. following predictions on the trophic-
down-grading of Earth; i.e. predator loss, Estes et al., 2011), but it
was best explained by temperature. This might suggest that climate
change will be more important than land use in driving changes in
freshwater predator distribution and abundance, or predatory be-
haviour, in the future. As temperatures increase, metabolic demand
also increases. If resources are limited, larger bodied predatory spe-
cies will not be able to keep up with the rising metabolic demands in
warmer streams (Vucic-Pestic, Ehnes, Rall, & Brose, 2011). As such,
reduced resource availability is directly linked to shorter food chain
lengths (Post, 2002).

Vertebrate isotopic dispersion, a measure of functional diver-

sity which takes abundance into account, declined with increasing

agriculture, perhaps because agriculture effectively removes a
resource (Burdon et al., 2019). Agricultural landscapes will have
less diverse riparian communities reducing the diversity of allo-
chothonous resources and, although we did not quantify this here,
many studies suggest that run-off from agricultural practices (con-
taminants, sediments) can reduce the abundance and diversity
of freshwater algae and plants (e.g. Piggott et al., 2015a, 2015b;
Piggott, Salis, et al., 2015). Pesticides from agricultural run-off for
example, can result in changes in primary producer and macro-
invertebrate community composition which has been shown to
result in bottom-up impacts on aquatic food webs elsewhere (e.g.
Macneale, Kiffney, & Scholz, 2010). This is supported by the fact
that high rainfall, which can flush out contaminants, had a positive
effect on vertebrate functional diversity. South Africa is predicted
to receive progressively less rainfall in the coming decades, partic-
ularly in the south-west, as the climate continues to warm (Archer
et al., 2018), which suggests that vertebrates in running waters
may become more vulnerable to agricultural intensification in the
region in the coming decades, as the mitigating effects of rainfall
weaken.

Rainfall was also an important driver of invertebrate isotopic
uniqueness, a measure of functional redundancy (which also takes
abundance into account). Isotopic uniqueness declined with total
annual rainfall, indicating higher functional redundancy in wetter
areas. This suggests that species' diet overlapped in wet regions, but
were more unique in dry regions. Rainfall can drive the hydrology of
streams and rivers by altering flow and seasonal discharge, which in
turn will alter habitat (macrophyte growth, sediment retention) and
resource (algal growth, detritus retention) availability for animals—
with direct food web implications (Power, Holomuzki, & Lowe, 2013).
Urbanization magnified the effect of low rainfall, suggesting that
functional redundancy is lowest in dry urban regions. This can be
partly explained by the loss of taxonomic invertebrate diversity with
urbanization; in more pristine streams there are multiple species
with similar diets (i.e. high functional redundancy), but they differ in
their sensitivity to human disturbance (Olds et al., 2018). Therefore,
taxonomic diversity and functional redundancy are lost in parallel
(Galand, Pereira, Hochart, Auguet, & Debroas, 2018).

4.2 | Functional versus taxonomic metrics

Ecologists have been studying taxonomic diversity for centuries,
and there is value in understanding how biodiversity at this level will
shift in the face of ongoing global change, particularly for endemic,
rare and/or iconic species (Hawkins et al., 2003; Kondratyeva,
Grandcolas, & Pavoine, 2019). However, using a purely taxonomic
approach may overlook the more subtle food web effects of stress-
ors, such as changes in trophic structure, functional diversity and
diet (Devictor et al., 2010; Petchey & Gaston, 2006). Here we found
that a stable isotope approach, which considers both the abundance
and trophic ecology of species, detected shifts in the food web in

response to climate and land use, which our taxonomic measures
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missed. However, our taxonomic metrics allowed us to identify the
mechanisms driving the observed changes in functional diversity.
Going forward, there is a need for a more holistic approach in the
bio-monitoring of freshwaters to detect the subtle food web effects
of multiple stressors (Jackson, Loewen, et al., 2016; Jackson, Weyl,
etal., 2016).

4.3 | Caveats

As with any field study, it is important to note that other fac-
tors might have a role in driving the observed relationships. For
instance, elevated temperatures are often correlated with other
variables which could be driving the patterns in trophic diversity
and food chain length (e.g. low dissolved oxygen concentrations
and flow; Du, Shrestha, Ficklin, & Wang, 2018). Additionally, across
our study sites, air temperature was mildly correlated with latitude,
pH, stream width, and rainfall (Figure S1). However, we are con-
fident that temperature is a strong driver of food web structure,
since similar results have been reported elsewhere (e.g. O'Gorman
et al., 2019). Agricultural land use also tended to be higher in areas
with high rainfall and rainfall variation, and was positively corre-
lated with fish invasion. Although this is not surprising, it suggests
that the additive effect of rainfall and agriculture on the functional
diversity of vertebrates might be more complex and also involve
both seasonal variation in precipitation, and the negative effects
of invaders in these streams (Jackson, Evangelista, et al., 2017;

Jackson, Wasserman, et al., 2017).

5 | CONCLUSIONS

Past studies have demonstrated the utility of stable isotopes in
detecting changes in food webs as a result of invasions, habitat
alteration and pollution, and here we have proven their ability to
reveal the combined effects of land use and climate on isotopic
functional diversity and functional redundancy. Our results sug-
gest that global warming will cause food webs to become less
diverse, with shorter food chain lengths. Vertebrate functional
diversity will decline with increasing agriculture and reduced rain-
fall, while invertebrates will be subjected to a loss of functional
redundancy with urban expansion and reduced rainfall. Multiple
stressors have received a lot of research attention over the last
5 years because of concerns that stressors regularly combine to
cause impacts which are worse than the sum of the independent
effects (i.e. a synergistic interaction, or amplified effects). Here we
show that, in South African streams, either the dominant stressor
alone explains variation between streams (in terms of invertebrate
taxonomic richness and abundance, isotopic richness and food chain
length) or, alternatively, the stressors combined in a simple addi-
tive manner (when effects were measured on vertebrate isotopic
dispersion). Non-additive effects were found in only one of the six

cases where our models improved predictive power beyond the

null model (1 of 12 cases in total). This suggests that management
should identify the dominant stressor for the response of interest
for successful conservation or restoration efforts. For instance, if
there is need to preserve invertebrate diversity, our results sug-
gest that urban spread should be reduced. However, if the priority
is to maintain top predators and vertebrate functional diversity,
mitigating the effects of climate change should be considered.
Conservation of freshwater ecosystems in human-dominated land-
scapes in our warming world is critical both from a biodiversity
and an ecosystem service perspective, and our results further sup-
port the importance of sustainable land use and good management
practices. Given the longitudinal aspect of rivers, threats associ-
ated with agricultural and urban expansion can affect areas down-
stream from the disturbance proportional to the scale and nature
of the disturbance (Davies, O'Keeffe, & Snaddon, 1993). This high-
lights the need for considering current and future land use pat-
terns in conservation planning initiatives aimed at protected area
expansion. Therefore, efforts should be made to preserve natural
freshwater ecosystems in human-dominated landscapes, and to
create more protected areas. This may be achieved by identify-
ing catchments of strategic importance for both biodiversity and
water resource provision (e.g. freshwater ecosystem priority areas;
Nel et al., 2011), and enforcing their protection from urban and

agricultural expansion through long-term spatial planning.

ACKNOWLEDGEMENTS

This paper is dedicated to Jean Wilkins for her ongoing support.
This project was funded by the South African National Research
Foundation (NRF) Centre for Invasion Biology and a grant awarded
to M.C.J. by the British Ecological Society. We acknowledge use
of infrastructure and equipment provided by the NRF-SAIAB
Research Platform and the funding channelled through the NRF-
SAIAB Institutional Support system. Authors D.J.W. (grant no.
103581), R.J.W. (grant no. 88746), T.A.Z. (grant no. 103602), C.T.C.
(grant no 95939) and O.L.F.W. (grant no. 109015) were supported
by the NRF incentive funding, while O.L.F.W. also acknowledges
support from the NRF—South African Research Chairs Initiative of
the Department of Science and Innovation (grant no. 110507). We
thank Grant Hall, James Vonesh and Mike McCoy for their help in
the laboratory or field. We are very grateful to Michelle Weyl and
Ben Cobbing at CSSGIS for the land use data, and to the reviewers
and editors of Functional Ecology whose advice greatly improved
the paper.

AUTHORS' CONTRIBUTIONS

M.C.J. conceived the ideas, designed the methods, analysed the
data and wrote the first draft. All authors collected the data,
contributed critically to the drafts and gave final approval for
publication.

DATA AVAILABILITY STATEMENT
Data available on figshare: https://doi.org/10.6084/m?9.figsh
are.11807097.v1 (Jackson et al., 2020).


https://doi.org/10.6084/m9.figshare.11807097.v1
https://doi.org/10.6084/m9.figshare.11807097.v1

JACKSON ET AL.

Functional Ecology 11

ORCID
Michelle C. Jackson https://orcid.org/0000-0003-2227-1111
Tatenda Dalu https://orcid.org/0000-0002-9019-7702

Darragh J. Woodford

Ryan J. Wasserman

https://orcid.org/0000-0002-9460-5195
https://orcid.org/0000-0002-4162-1503
https://orcid.org/0000-0003-0946-0452
https://orcid.org/0000-0002-8366-9994
https://orcid.org/0000-0002-8935-3296

Tsungai A. Zengeya
Christian T. Chimimba
Olaf L. F. Weyl

REFERENCES

Abalu, G., & Hassan, R. (1998). Agricultural productivity and natural re-
source use in Southern Africa. Food Policy, 23, 477-490. https://doi.
org/10.1016/50306-9192(98)00056-6

Archer, E., Engelbrecht, F., Hansler, A., Landman, W., Tadross, M., &
Helmschrot, J. (2018). Seasonal prediction and regional climate
projections for southern Africa. In K. Revermann, O. Schmiedel, &
J. Helmschrot (Eds.), Climate change and adaptive land management
in southern Africa - Assessments, changes, challenges, and solutions
(14-21). Gottingen, Germany & Windhoek, Namibia: Klaus Hess
Publishers. https://doi.org/10.7809/b-e.00296

Barnes, A. D., Jochum, M., Mumme, S., Haneda, N. F., Farajallah, A,
Widarto, T. H., & Brose, U. (2014). Consequences of tropical land
use for multitrophic biodiversity and ecosystem functioning. Nature
Communications, 5, 5351. https://doi.org/10.1038/ncomms6351

Baselga, A., & Orme, C. D. L. (2012). betapart: An R package for the
study of beta diversity. Methods in Ecology and Evolution, 3, 808-812.
https://doi.org/10.1111/j.2041-210X.2012.00224.x

Bracewell, S., Verdonschot, R. C. M., Schifer, R. B., Bush, A., Lapen,
D. R., & Van den Brink, P. J. (2019). Qualifying the effects of single
and multiple stressors on the food web structure of dutch drainage
ditches using a literature review and conceptual models. Science of
the Total Environment, 684, 727-740. https://doi.org/10.1016/j.scito
tenv.2019.03.497

Bruder, A., Frainer, A, Rota, T., & Primicerio, R. (2019). The importance of
ecological networks in multiple-stressor research and management.
Frontiers in Environmental Science, 7, 59. https://doi.org/10.3389/
fenvs.2019.00059

Burdon, F. J., Mclntosh, A. R., & Harding, J. S. (2019). Mechanisms
of trophic niche compression: evidence from landscape distur-
bance. Journal of Animal Ecology, 89(3), 730-744. https://doi.
org/10.1111/1365-2656.13142

Cabrerizo, M. J., Medina-Sanchez, J. M., Villar-Argaiz, M., & Carrillo, P.
(2019). Interplay between resistance and resilience governs the
stability of a freshwater microbial food web under multiple stress-
ors. Science of the Total Environment, 691, 908-918. https://doi.
org/10.1016/j.scitotenv.2019.07.173

Clapcott, J. E., Collier, K. J., Death, R. G., Goodwin, E. O., Harding, J.
S., Kelly, D., ... Young, R. G. (2012). Quantifying relationships be-
tween land-use gradients and structural and functional indicators of
stream ecological integrity. Freshwater Biology, 57, 74-90. https://doi.
org/10.1111/j.1365-2427.2011.02696.x

Coumou, D., & Rahmstorf, S. (2012). A decade of weather extremes.
Nature Climate Change, 7,491. https://doi.org/10.1038/nclimate1452

Cucherousset, J., & Villéger, S. (2015). Quantifying the multiple fac-
ets of isotopic diversity: New metrics for stable isotope ecology.
Ecological Indicators, 56, 152-160. https://doi.org/10.1016/j.ecoli
nd.2015.03.032

Darling, E. S., & Cote, I. M. (2008). Quantifying the evidence for eco-
logical synergies. Ecology Letters, 11, 1278-1286. https://doi.
org/10.1111/j.1461-0248.2008.01243.x

Davies, B. R., O'Keeffe, J. H., & Snaddon, C. D. (1993). A synthesis of the
ecological functioning, conservation and management of South African
river ecosystems. WRC Report no TT62/93, 232 pp.

de Vries, F. T., Liiri, M. E., Bjgrnlund, L., Bowker, M. A., Christensen, S.,
Setild, H. M., & Bardgett, R. D. (2012). Land use alters the resistance
and resilience of soil food webs to drought. Nature Climate Change, 2,
276-280. https://doi.org/10.1038/nclimate1368

Devictor, V., Mouillot, D., Meynard, C., Jiguet, F., Thuiller, W., & Mouquet,
N. (2010). Spatial mismatch and congruence between taxonomic,
phylogenetic and functional diversity: The need for integrative con-
servation strategies in a changing world. Ecology Letters, 13, 1030-
1040. https://doi.org/10.1111/j.1461-0248.2010.01493.x

Dossena, M., Yvon-Durocher, G., Grey, J., Montoya, J. M., Perkins, D. M.,
Trimmer, M., & Woodward, G. (2012). Warming alters community
size structure and ecosystem functioning. Proceedings of the Royal
Society B: Biological Sciences, 279(1740), 3011-3019. https://doi.
org/10.1098/rspb.2012.0394

Du, X., Shrestha, N. K., Ficklin, D. L., & Wang, J. (2018). Incorporation of
the equilibrium temperature approach in a soil and water assessment
tool hydroclimatological stream temperature model. Hydrology and
Earth System Sciences, 22, 2343.

Estes, J. A., Terborgh, J., Brashares, J. S., Power, M. E., Berger, J., Bond,
W. J,, ... Wardle, D. A. (2011). Trophic downgrading of planet earth.
Science, 333, 301-306. https://doi.org/10.1126/science.1205106

Feld, C.K., Birk,S.,Eme, D., Gerisch, M., Hering, D., Kernan, M., ... Malard,
F. (2016). Disentangling the effects of land use and geo-climatic
factors on diversity in European freshwater ecosystems. Ecological
Indicators, 60, 71-83. https://doi.org/10.1016/j.ecolind.2015.06.024

Galand, P. E., Pereira, O., Hochart, C., Auguet, J. C., & Debroas, D.
(2018). A strong link between marine microbial community compo-
sition and function challenges the idea of functional redundancy.
The ISME Journal, 12, 2470-2478. https://doi.org/10.1038/s4139
6-018-0158-1

Gray, C., Baird, D. J., Baumgartner, S., Jacob, U., Jenkins, G. B., O'Gorman,
E. J., ... Woodward, G. (2014). FORUM: Ecological networks: The
missing links in biomonitoring science. Journal of Applied Ecology, 51,
1444-1449. https://doi.org/10.1111/1365-2664.12300

Gutiérrez-Canovas, C., Sdnchez-Fernandez, D., Velasco, J., Millan, A., &
Bonada, N. (2015). Similarity in the difference: Changes in commu-
nity functional features along natural and anthropogenic stress gra-
dients. Ecology, 96, 2458-2466. https://doi.org/10.1890/14-1447.1

Harrison, ., Abell, R., Darwall, W., Thieme, M. L., Tickner, D., & Timboe, I.
(2018). The freshwater biodiversity crisis. Science, 362, 1369. https://
doi.org/10.1126/science.aav9242

Hawkins, B. A., Field, R., Cornell, H. V., Currie, D. J., Guegan, J. F,
Kaufman, D. M., ... Turner, J. R. G. (2003). Energy, water, and broad-
scale geographic patterns of species richness. Ecology, 84, 3105-
3117. https://doi.org/10.1890/03-8006

IPCC. (2014). Climate change 2014: Synthesis report. Contribution of
working groups I, Il and Il to the fifth assessment report of the in-
tergovernmental panel on climate change [Core Writing Team, R. K.
Pachauri, & L. A. Meyer (Eds.)]. Geneva, Switzerland: IPCC. 151 pp.

Jackson, M. C,, Donohue, |, Jackson, A. I, Britton, J. R., Harper, D. M., &
Grey, J. (2012). Population-level metrics of trophic structure based
on stable isotopes and their application to invasion ecology. PLoS
ONE, 7, e31757. https://doi.org/10.1371/journal.pone.0031757

Jackson, M. C., Evangelista, C., Zhao, T., Lecerf, A., Britton, J. R, &
Cucherousset, J. (2017). Between-lake variation in the trophic
ecology of an invasive crayfish. Freshwater Biology, 62, 1501-1510.
https://doi.org/10.1111/fwb.12957

Jackson, M. C,, Fourie, H. E., Dalu, T., Woodford, D. J., Wasserman, R. J.,
Zengeya, T.A., ... Weyl, O. L. F.(2020). Food web properties vary with
climate and land use in South African streams. figshare, https://doi.
org/10.6084/m9.figshare.11807097.v1

Jackson, M. C,, Jones, T., Milligan, M., Sheath, D., Taylor, J., Ellis, A,, ...
Grey, J. (2014). Niche differentiation among invasive crayfish and
their impacts on ecosystem structure and functioning. Freshwater
Biology, 59, 1123-1135. https://doi.org/10.1111/fwb.12333


https://orcid.org/0000-0003-2227-1111
https://orcid.org/0000-0003-2227-1111
https://orcid.org/0000-0002-9019-7702
https://orcid.org/0000-0002-9019-7702
https://orcid.org/0000-0002-9460-5195
https://orcid.org/0000-0002-9460-5195
https://orcid.org/0000-0002-4162-1503
https://orcid.org/0000-0002-4162-1503
https://orcid.org/0000-0003-0946-0452
https://orcid.org/0000-0003-0946-0452
https://orcid.org/0000-0002-8366-9994
https://orcid.org/0000-0002-8366-9994
https://orcid.org/0000-0002-8935-3296
https://orcid.org/0000-0002-8935-3296
https://doi.org/10.1016/S0306-9192(98)00056-6
https://doi.org/10.1016/S0306-9192(98)00056-6
https://doi.org/10.7809/b-e.00296
https://doi.org/10.1038/ncomms6351
https://doi.org/10.1111/j.2041-210X.2012.00224.x
https://doi.org/10.1016/j.scitotenv.2019.03.497
https://doi.org/10.1016/j.scitotenv.2019.03.497
https://doi.org/10.3389/fenvs.2019.00059
https://doi.org/10.3389/fenvs.2019.00059
https://doi.org/10.1111/1365-2656.13142
https://doi.org/10.1111/1365-2656.13142
https://doi.org/10.1016/j.scitotenv.2019.07.173
https://doi.org/10.1016/j.scitotenv.2019.07.173
https://doi.org/10.1111/j.1365-2427.2011.02696.x
https://doi.org/10.1111/j.1365-2427.2011.02696.x
https://doi.org/10.1038/nclimate1452
https://doi.org/10.1016/j.ecolind.2015.03.032
https://doi.org/10.1016/j.ecolind.2015.03.032
https://doi.org/10.1111/j.1461-0248.2008.01243.x
https://doi.org/10.1111/j.1461-0248.2008.01243.x
https://doi.org/10.1038/nclimate1368
https://doi.org/10.1111/j.1461-0248.2010.01493.x
https://doi.org/10.1098/rspb.2012.0394
https://doi.org/10.1098/rspb.2012.0394
https://doi.org/10.1126/science.1205106
https://doi.org/10.1016/j.ecolind.2015.06.024
https://doi.org/10.1038/s41396-018-0158-1
https://doi.org/10.1038/s41396-018-0158-1
https://doi.org/10.1111/1365-2664.12300
https://doi.org/10.1890/14-1447.1
https://doi.org/10.1126/science.aav9242
https://doi.org/10.1126/science.aav9242
https://doi.org/10.1890/03-8006
https://doi.org/10.1371/journal.pone.0031757
https://doi.org/10.1111/fwb.12957
https://doi.org/10.6084/m9.figshare.11807097.v1
https://doi.org/10.6084/m9.figshare.11807097.v1
https://doi.org/10.1111/fwb.12333

12 Functional Ecology

JACKSON ET AL.

Jackson, M. C., Loewen, C. J. G., Vinebrooke, R. D., & Chimimba, C. T.
(2016). Net effects of multiple stressors in freshwater ecosystems:
A meta-analysis. Global Change Biology, 22, 180-189. https://doi.
org/10.1111/gcb.13028

Jackson, M. C., Wasserman, R. J., Grey, J., Ricciardi, A., Dick, J. T. A., &
Alexander, M. (2017). Novel and disrupted trophic links following in-
vasion in freshwater ecosystems. Advances in Ecological Research, 57,
55-97. https://doi.org/10.1016/bs.aecr.2016.10.006

Jackson, M. C., Weyl, O. L. F, Altermatt, F., Durance, |., Friberg, N.,
Dumbrell, A. J,, ... Woodward, G. (2016). Recommendations for
the next generation of global freshwater biological monitoring
tools. Advances in Ecological Research, 55, 615-636. https://doi.
org/10.1016/bs.aecr.2016.08.008

Jagals, P. (1997). Storm water runoff from typical developed and develop-
ing South African urban developments: Definitely not for swimming.
Water Science and Technology, 35, 133-140. https://doi.org/10.2166/
wst.1997.0723

Kasangaki, A., Chapman, L. J., & Balirwa, J. (2008). Land use and the ecol-
ogy of benthic macroinvertebrate assemblages of high-altitude rain-
forest streams in Uganda. Freshwater Biology, 53(4), 681-697. https://
doi.org/10.1111/j.1365-2427.2007.01925.x

Kimberg, P. K., Woodford, D. J., Roux, H., & Weyl, O. L. F. (2014). Species-
specific impact of introduced largemouth bass Micropterus salmoides
in the Groot Marico freshwater ecosystem priority area, South
Africa. African Journal of Aquatic Science, 39, 451-458. https://doi.
org/10.2989/16085914.2014.976169

Kok, P., & Collinson, M. (2006). Migration and urbanisation in South Africa.
Pretoria, South Africa: Statistics South Africa.

Kondratyeva, A., Grandcolas, P., & Pavoine, S. (2019). Reconciling the
concepts and measures of diversity, rarity and originality in ecol-
ogy and evolution. Biological Reviews, 94, 1317-1337. https://doi.
org/10.1111/brv.12504

Kroeker, K. J., Kordas, R. L., & Harley, C. D. G. (2017). Embracing inter-
actions in ocean acidification research: Confronting multiple stressor
scenarios and context dependence. Biology Letters., 13, 20160802.
https://doi.org/10.1098/rsbl.2016.0802

Kroll, S. A., Ringler, N. H., de la Cruz Cano Costa, M., & De las Heras
Ibafiez, J. (2017). Macroinvertebrates on the front lines: Projected
community response to temperature and precipitation changes in
Mediterranean streams. Journal of Freshwater Ecology, 32, 513-518.
https://doi.org/10.1080/02705060.2017.1349695

Lakeman-Fraser, P., & Ewers, R. M. (2014). Untangling interactions: Do
temperature and habitat fragmentation gradients simultaneously im-
pact biotic relationships? Proceedings of the Royal Society B: Biological
Sciences, 281, 20140687. https://doi.org/10.1098/rspb.2014.0687

Layman, C. A., Araujo, M. S., Boucek, R., Hammerschlag-Peyer, C.
M., Harrison, E., Jud, Z. R., ... Bearhop, S. (2012). Applying sta-
ble isotopes to examine food-web structure: An overview of
analytical tools. Biological Reviews, 87, 545-562. https://doi.
org/10.1111/j.1469-185X.2011.00208.x

Layman, C. A, Arrington, D. A., Montaiia, C. G., & Post, D. M. (2008). Can
stableisotope ratios provide for community-wide measures of trophic
structure? Ecology, 88, 42-48. https://doi.org/10.1890/08-0167.1

Ledger, M. E., Brown, L. E., Edwards, F. K., Milner, A. M., & Woodward, G.
(2012). Drought alters the structure and functioning of complex food
webs. Nature Climate Change, 3, 223-227. https://doi.org/10.1038/
nclimate1684

Lidecke, D. (2020). sjPlot: Data visualization for statistics in social sci-
ence. https://doi.org/10.5281/zenodo.1308157

Macneale, K. H., Kiffney, P. M., & Scholz, N. L. (2010). Pesticides, aquatic
food webs, and the conservation of Pacific salmon. Frontiers in Ecology
and the Environment, 8, 475-482. https://doi.org/10.1890/090142

Mantyka-Pringle, C.S., Martin, T. G., Moffatt, D. B., Linke, S., & Rhodes, J.
R. (2014). Understanding and predicting the combined effects of cli-
mate change and land-use change on freshwater macroinvertebrates

and fish. Journal of Applied Ecology, 51(3), 572-581. https://doi.
org/10.1111/1365-2664.12236

Martinuzzi, S., Januchowski-Hartley, S. R., Pracheil, B. M., Mclintyre, P.
B., Plantinga, A. J., Lewis, D. J., & Radeloff, V. C. (2014). Threats and
opportunities for freshwater conservation under future land use
change scenarios in the United States. Global Change, 20, 113-124.
https://doi.org/10.1111/gcb.12383

McCutchan, J. H., Lewis, W. M., Kendall, C., & McGrath, C. C. (2003). Variation
in trophic shift for stable isotope ratios of carbon, nitrogen, and sulfur.
Oikos, 102, 378-390. https://doi.org/10.1034/j.1600-0706.2003.120
98.x

McHugh, P. A, McIntosh, A. R., & Jellyman, P. G. (2010). Dual influences of
ecosystem size and disturbance on food chain length in streams. Ecology
Letters, 13, 881-890. https:/doi.org/10.1111/j.1461-0248.2010.
01484.x

Mohseni, O., & Stefan, H. G. (1999). Stream temperature/air tempera-
ture relationship: A physical interpretation. Journal of Hydrology, 218,
128-141. https://doi.org/10.1016/50022-1694(99)00034-7

Mollot, G., Pantel, J. H., & Romanuk, T. N. (2017). The effects of invasive
species on the decline in species richness: A global meta-analysis.
Advances in Ecological Research, 56, 61-83. https://doi.org/10.1016/
bs.aecr.2016.10.002

Morril, J. C., Bales, R. C., & Conklin, M. H. (2005). Estimating stream tem-
perature from air temperature: Implications for future water qual-
ity. Journal of Environmental Engineering, 131, 139-146. https://doi.
org/10.1061/(ASCE)0733-9372(2005)131:1(139)

Munguia, M., Trejo, |., Gonzalez-Salazar, C., & Pérez-Maqueo, O. (2016).
Human impact gradient on mammalian biodiversity. Global Ecology
and Conservation, 6, 79-92. https://doi.org/10.1016/j.gecco.2016.
01.004

Nel, J. L., Driver, A., Strydom, W. F., Maherry, A., Petersen, C., Hill, L., ...
Smith-Adao, L. B. (2011). Atlas of freshwater ecosystem priority areas in
South Africa: Maps to support sustainable development of water resources.
WRC Report no. TT500/11. Water Research Commission, Pretoria.

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., & Lysenko, I. (2015).
Global effects of land use on local terrestrial biodiversity. Nature,
520, 45.

O'Gorman, E. J., Petchey, O. L., Faulkner, K. J., Gallo, B., Gordon, T. A. C.,
Neto-Cerejeira, J., ... Woodward, G. (2019). A simple model predicts
how warming simplifies wild food webs. Nature Climate Change, 9,
611-616. https://doi.org/10.1038/s41558-019-0513-x

Oksanen, J,, Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O'hara,
R. B., ... Oksanen, M. J. (2019). The ‘vegan’ package. R package version
2.9.

Olds, A., Frohloff, B. F., Gilby, B. L., Connolly, R. M., Yabsley, N. A.,
Maxwell, P. S., ... Schlacher, T. A. (2018). Urbanisation supplements
ecosystem functioning in disturbed estuaries. Ecography, 41, 2104~
2113. https://doi.org/10.1111/ecog.03551

Ormerod, S. J., Dobson, M., Hildrew, A. G., & Townsend, C. R. (2010).
Multiple stressors in freshwater ecosystems. Freshwater Biology, 55,
1-4. https://doi.org/10.1111/j.1365-2427.2009.02395.x

Petchey, O. L., & Gaston, K. J. (2006). Functional diversity: Back to ba-
sics and looking forward. Ecology Letters, 9, 741-758. https://doi.
0rg/10.1111/j.1461-0248.2006.00924.x

Piggott, J. J., Salis, R. K., Lear, G., Townsend, C. R., & Matthaei, C. D.
(2015). Climate warming and agricultural stressors interact to de-
termine stream periphyton community composition. Global Change
Biology, 21, 206-222. https://doi.org/10.1111/gcb.12661

Piggott, J. J., Townsend, C. R., & Matthaei, C. D. (2015a). Climate warming
and agricultural stressors interact to determine stream macroinver-
tebrate community dynamics. Global Change Biology, 21, 1887-1906.
https://doi.org/10.1111/gcb.12861

Piggott,J.J., Townsend, C.R., & Matthaei, C.D.(2015b). Reconceptualizing
synergism and antagonism among multiple stressors. Ecology and
Evolution, 5, 1538-1547. https://doi.org/10.1002/ece3.1465


https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1016/bs.aecr.2016.10.006
https://doi.org/10.1016/bs.aecr.2016.08.008
https://doi.org/10.1016/bs.aecr.2016.08.008
https://doi.org/10.2166/wst.1997.0723
https://doi.org/10.2166/wst.1997.0723
https://doi.org/10.1111/j.1365-2427.2007.01925.x
https://doi.org/10.1111/j.1365-2427.2007.01925.x
https://doi.org/10.2989/16085914.2014.976169
https://doi.org/10.2989/16085914.2014.976169
https://doi.org/10.1111/brv.12504
https://doi.org/10.1111/brv.12504
https://doi.org/10.1098/rsbl.2016.0802
https://doi.org/10.1080/02705060.2017.1349695
https://doi.org/10.1098/rspb.2014.0687
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1890/08-0167.1
https://doi.org/10.1038/nclimate1684
https://doi.org/10.1038/nclimate1684
https://doi.org/10.5281/zenodo.1308157
https://doi.org/10.1890/090142
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.1111/gcb.12383
https://doi.org/10.1034/j.1600-0706.2003.12098.x
https://doi.org/10.1034/j.1600-0706.2003.12098.x
https://doi.org/10.1111/j.1461-0248.2010.01484.x
https://doi.org/10.1111/j.1461-0248.2010.01484.x
https://doi.org/10.1016/S0022-1694(99)00034-7
https://doi.org/10.1016/bs.aecr.2016.10.002
https://doi.org/10.1016/bs.aecr.2016.10.002
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:1(139)
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:1(139)
https://doi.org/10.1016/j.gecco.2016.01.004
https://doi.org/10.1016/j.gecco.2016.01.004
https://doi.org/10.1038/s41558-019-0513-x
https://doi.org/10.1111/ecog.03551
https://doi.org/10.1111/j.1365-2427.2009.02395.x
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1111/gcb.12661
https://doi.org/10.1111/gcb.12861
https://doi.org/10.1002/ece3.1465

JACKSON ET AL.

Functional Ecology 13

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. (2019). nlme: Linear and
nonlinear mixed effects models. R package version 3.1-143.

Post, N. M. (2002). The long and short of food-chain length. Trends in
Ecology & Evolution, 17, 269-277. https://doi.org/10.1016/50169-
5347(02)02455-2

Power, M. E., Holomuzki, J. R., & Lowe, R. L. (2013). Food webs in
Mediterranean rivers. Hydrobiologia, 719, 119-136. https://doi.
org/10.1007/s10750-013-1510-0

Price, E. L., Serti¢ Peri¢, M., Romero, G. Q., & Kratina, P. (2019). Land
use alters trophic redundancy and resource flow through stream
food webs. Journal of Animal Ecology, 88, 677-689. https://doi.
org/10.1111/1365-2656.12955

Quezada-Romegialli, C., Jackson, A. L., & Harrod, C. (2019). tRophicPosition:
Bayesian trophic position calculation with stable isotopes. Retrieved from
https://CRAN.R-project.org/package=tRophicPosition

R Core Team. (2017). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Reid, A. J,, Carlson, A. K., Creed, |. F., Eliason, E. J., Gell, P. A., Johnson, P.
T. J., ... Cooke, S. J. (2019). Emerging threats and persistent conser-
vation challenges for freshwater biodiversity. Biological Reviews, 94,
849-873. https://doi.org/10.1111/brv.12480

Rigolet, C., Thiébaut, E., Brind’Amour, A., & Dubois, S. F. (2015).
Investigating isotopic functional indices to reveal changes in the
structure and functioning of benthic communities. Functional
Ecology, 29, 1350-1360. https://doi.org/10.1111/1365-2435.
12444

Ripple, W. J.,, Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G,
Hebblewhite, M., ... Wirsing, A. J. (2014). Status and ecological ef-
fects of the world's largest carnivores. Science, 343, 1241484.
https://doi.org/10.1126/science.1241484

Schmidt, S. N., Olden, J. D., Solomon, C. T., Vander Zanden, M. J. (2007).
Quantitative approaches to the analysis of stable isotope food
web data. Ecology, 88, 2793-2802. https://doi.org/10.1890/07-
0121.1

Schrama, M. S., Barmentlo, H., Hunting, E. R., van Logtestijn, R. S. P., Vijver,
M. G., & van Bodegom, P. M. (2017). Pressure-Induced shifts in tro-
phic linkages in a simplified aquatic food web. Frontiers in Environmental
Science, 5, 75. https://doi.org/10.3389/fenvs.2017.00075

Shurin, J. B, Clasen, J. L., Greig, H. S., Kratina, P., & Thompson, P. L. (2012).
Warming shifts top-down and bottom-up control of pond food web
structure and function. Philosophical Transactions of the Royal Society
B-Biological Sciences, 367, 3008-3017. https:/doi.org/10.1098/
rstb.2012.0243

Thompson, M. S. A, Bankier, C., Bell, T., Dumbrell, A. J., Gray, C., Ledger,
M. E,, ... Woodward, G. (2016). Gene-to-ecosystem impacts of a cat-
astrophic pesticide spill: Testing a multilevel bioassessment approach
in a river ecosystem. Freshwater Biology, 61, 2037-2050. https://doi.
org/10.1111/fwb.12676

Todes, A. (2012). Urban growth and strategic spatial planning in Johannes
burg, South Africa. Cities, 29, 158-165. https://doi.org/10.1016/
j.cities.2011.08.004

Vander Zanden, M. J., Clayton, M. K., Moody, E. K., Solomon, C. T,, &
Weidel, B. C. (2015). Stable isotope turnover and half-life in animal
tissues: A literature synthesis. PLoS ONE, 10, e0116182. https://doi.
org/10.1371/journal.pone.0116182

Vucic-Pestic, O., Ehnes, R. B., Rall, B. C., & Brose, U. (2011). Warming
up the system: Higher predator feeding rates but lower energetic
efficiencies. Global Change Biology, 17, 1301-1310. https://doi.
org/10.1111/j.1365-2486.2010.02329.x

Woodward, G., Gessner, M. O,, Giller, P.S., Gulis, V., Hladyz, S., Lecerf, A.,
... Chauvet, E. (2012). Continental-scale effects of nutrient pollution
on stream ecosystem functioning. Science, 336, 1438-1440. https://
doi.org/10.1126/science.1219534

WWEF. (2018). Living planet report 2018. Gland, Switzerland: World
Wildlife Fund for Nature.

Yule, C. M., Gan, J. Y., Jinggut, T., & Lee, K. V. (2015). Urbanization affects
food webs and leaf-litter decomposition in a tropical stream in Malaysia.
Freshwater Science, 34, 702-715. https://doi.org/10.1086/681252

Yvon-Durocher, G., Montoya, J. M., Trimmer, M., & Woodward, G. (2011).
Warming alters the size spectrum and shifts the distribution of bio-
mass in freshwater ecosystems. Global Change Biology, 17, 1681-1694.
https://doi.org/10.1111/j.1365-2486.2010.02321.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Jackson MC, Fourie HE, Dalu T, et al.
Food web properties vary with climate and land use in South
African streams. Funct Ecol. 2020;00:1-13. https://doi.
org/10.1111/1365-2435.13601



https://doi.org/10.1016/S0169-5347(02)02455-2
https://doi.org/10.1016/S0169-5347(02)02455-2
https://doi.org/10.1007/s10750-013-1510-0
https://doi.org/10.1007/s10750-013-1510-0
https://doi.org/10.1111/1365-2656.12955
https://doi.org/10.1111/1365-2656.12955
https://CRAN.R-project.org/package=tRophicPosition
https://doi.org/10.1111/brv.12480
https://doi.org/10.1111/1365-2435.12444
https://doi.org/10.1111/1365-2435.12444
https://doi.org/10.1126/science.1241484
https://doi.org/10.1890/07-0121.1
https://doi.org/10.1890/07-0121.1
https://doi.org/10.3389/fenvs.2017.00075
https://doi.org/10.1098/rstb.2012.0243
https://doi.org/10.1098/rstb.2012.0243
https://doi.org/10.1111/fwb.12676
https://doi.org/10.1111/fwb.12676
https://doi.org/10.1016/j.cities.2011.08.004
https://doi.org/10.1016/j.cities.2011.08.004
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1111/j.1365-2486.2010.02329.x
https://doi.org/10.1111/j.1365-2486.2010.02329.x
https://doi.org/10.1126/science.1219534
https://doi.org/10.1126/science.1219534
https://doi.org/10.1086/681252
https://doi.org/10.1111/j.1365-2486.2010.02321.x
https://doi.org/10.1111/1365-2435.13601
https://doi.org/10.1111/1365-2435.13601

