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Introduction

Abstract

Ecological niche theory predicts that coexistence is facilitated by resource parti-
tioning mechanisms that are influenced by abiotic and biotic interactions.
Alternative hypotheses suggest that under certain conditions, species may
become phenotypically similar and functionally equivalent, which invokes the
possibility of other mechanisms, such as habitat filtering processes. To test these
hypotheses, we examined the coexistence of the giant redfin Pseudobarbus
skeltoni, a newly described freshwater fish, together with its congener Pseudoba-
bus burchelli and an anabantid Sandelia capensis by assessing their scenopoetic
and bionomic patterns. We found high habitat and isotope niche overlaps
between the two redfins, rendering niche partitioning a less plausible sole mech-
anism that drives their coexistence. By comparison, environment—trait relation-
ships revealed differences in species—environment relationships, making habitat
filtering and functional equivalence less likely alternatives. Based on P. skeltoni’s
high habitat niche overlap with other species, and its large isotope niche width,
we inferred the likelihood of differential resource utilization at trophic level as
an alternative mechanism that distinguished it from its congener. In compar-
ison, its congener P. burchelli appeared to have a relatively small trophic niche,
suggesting that its trophic niche was more conserved despite being the most
abundant species. By contrast, S. capensis was distinguished by occupying a
higher trophic position and by having a trophic niche that had a low probabil-
ity of overlapping onto those of redfins. Therefore, trophic niche partitioning
appeared to influence the coexistence between S. capensis and redfins. This
study suggests that coexistence of these fishes appears to be promoted by their
differences in niche adaptation mechanisms that are probably shaped by his-
toric evolutionary and ecological processes.

strategies, behavioral and functional traits (Southwood
1988; Diaz et al. 2001), whereas feeding interactions

Ecological theory assumes that coexistence within com-
munities is structured by an interplay between environ-
mental and evolutionary processes (Holt 2001). In classic
ecological theory, niche-based mechanisms are considered
to be central because they describe interspecific niche dif-
ferentiation as a factor that facilitates resource partition-
ing among co-occurring species (Leibold and McPeek
2006; Soberon and Nakamura 2009). From a niche per-
spective, environmental factors are assumed to provide a
template that shapes interspecific differences in life history
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define the trophic role of a species within an ecosystem
(Leibold 1995). Because species differ in their environ-
mental requirements, trait-based studies within and
among communities provide a resolution through which
assemblages and species niches are structured along envi-
ronmental gradients (McGill et al. 2006; Cornwell and
Ackerly 2009). Similarly, assessing the trophic role of a
species provides an understanding of its interaction with
other species from a food web perspective (Layman et al.
2007). Thus, niche theory elucidates deterministic
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processes that facilitate species coexistence and has been
used to account for species diversity within ecosystems
(Hutchinson 1961; Silvertown 2004), ecological and func-
tional specialization of species within communities
(Wright 2002) and phylogenetic niche conservatism
among closely related species (Violle et al. 2011).

The applicability of niche theory is particularly appeal-
ing when examining the coexistence patterns of closely
related and cryptic species (Wellborn and Cothran 2007).
Both empirical and theoretical studies have shown that
coexistence among closely related and cryptic species may
be driven by phylogenetic niche conservatism that
imposes strong interspecific competition, leading to
resource partitioning (Violle et al. 2011; Maire et al.
2012). It is assumed that closely related species may coex-
ist through niche partitioning along both biotic and
abiotic axes (Kraft et al. 2015), which is likely to be
favored when such species possess dissimilar traits that
allow them to avoid competitive exclusion (MacArthur
and Levins 1967; Pacala and Tilman 1994). Possessing dif-
ferent resource acquisition traits reduces the intensity of
interspecific interactions and promotes complementary
use of resources when closely related species co-occur
(Silvertown 2004; Carroll et al. 2011).

While niche differentiation is considered central in sta-
bilizing interspecific interactions, closely related and cryp-
tic species often exhibit close phenotypic similarities,
thereby becoming functionally equivalent (McPeek and
Gomulkiewicz 2005). This poses a challenge to foster
niche-based processes as the sole drivers to coexistence
(Leibold and McPeek 2006). Although unequivocal evi-
dence has been presented on the role of niche partition-
ing processes in promoting (or facilitating) coexistence of
phenotypically species  (Violle et al. 2011;
Michalko and Pekar 2015), alternative mechanisms, such
as habitat filtering, neutral processes and nonequilibrium
dynamics, have been identified as potential drivers of spe-
cies coexistence (Hubbell 2001; Chave 2004; McGill et al.
2006). Habitat filtering is assumed to favor selection,
from a regional pool, of species that possess traits that are
suitable for a particular environment (Keddy 1992; Diaz
et al. 1998). This promotes evolution of converging func-
tional traits and life history strategies that enable different

similar

species to adapt to most frequently encountered environ-
ments, allowing them to coexist with limited competitive
exclusion (McGill et al. 2006). By imposing ecological fil-
ters that favor certain ecological traits for a given envi-
ronment, habitat filtering excludes functionally dissimilar
species because they cannot cope with local environmen-
tal conditions (Grime 1973; Mayfield and Levine 2010).
Due to the contrasting outcomes of niche- and habitat-
based mechanisms, there is need for studies that explicitly
test the relative roles of alternative ecological mechanisms
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to improve our understanding of the factors that under-
pin the coexistence of cryptic or closely related species.

Freshwater fishes of the cyprinid genus Pseudobarbus
(commonly referred to as redfins) represent an appropri-
ate model taxa for ecological research on the mechanisms
that promote coexistence of closely related species. Fishes
of this monophyletic genus are endemic to the Cape Fold
Ecoregion (CFE) of South Africa, with one species
restricted to the Lesotho Highlands (Skelton 1990, 2001).
Some of the redfin species occur in sympatry within
headwater tributaries of the Breede, Gouritz and Gamtoos
river systems (Skelton 1990, 2001; Chakona and Swartz
2013). The co-occurrence of closely related species of red-
fins in these headwater streams posits the likelihood of
niche-based processes as drivers of their coexistence.
Niche-based coexistence may occur due to the conser-
vatism of either phylogenetic, functional or ecological
traits, which may promote divergence in resource use by
different species (Pyron et al. 2015). Nevertheless, the
headwater streams within the CFE are considered to be
harsh environments that are characterized by extremes of
high flows and low water temperatures during the winter
months, contrasted with dry conditions, low flows and
high temperatures during the summer period (Dallas and
Rivers-Moore 2014). Because of these conditions, it is
likely that other processes, such as habitat filtering
(Carnicer et al. 2008; Mouchet et al. 2010), are also likely
to influence the coexistence patterns. These headwater
streams of Cape Fold Mountains are oligotrophic because
the catchments that they drain are highly weathered and
nutrient-poor (de Moor and Day 2013). Furthermore,
these streams are characterized by low habitat heterogene-
ity as they are dominated by coarse substratum (mainly
cobbles, boulders, and bedrock), with little or no in-
stream macrophytes. It is therefore likely that under such
extreme conditions, coexistence may be regulated by envi-
ronment- and habitat-driven factors, which may promote
convergence of functional and ecological traits, thereby
superceding the role of resource partitioning.

To understand the relative importance of niche-based
resource partitioning and habitat filtering mechanisms in
promoting species co-existence, we examined the ecologi-
cal patterns associated with the newly described giant red-
fin minnow Pseudobarbus skeltoni (Chakona and Swartz
2013) in the CFE. Currently, little is known about the
basic ecology and the conservation status of this new spe-
cies, apart from it having a restricted distribution within
the Breede River system where it is known from only a
few localities. Pseudobarbus skeltoni co-occurs with two
other species in the Upper Riviersonderend River, its con-
gener Pseudobabus burchelli and an anabantid Sandelia
capensis. The objective of this study was to compare habi-
tat use and trophic ecology of these three co-occurring
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species within an undisturbed 5 kilometer stretch of the
Upper Riviersonderend (Fig. 1). Current conservation
concerns on redfin species precluded protracted spatial
and temporal sampling of these populations. This study
therefore relied on short-term sampling to jointly exam-
ine both scenopoetic and bionomic patterns. We hypothe-
sized that if coexistence of these taxa is driven by niche-
based processes, these species would be expected to show
a pattern of habitat and/or trophic niche differentiation
and exhibit different morphological functional traits.
Alternatively, if habitat filtering processes drive coexis-
tence, the taxa are expected to show a pattern that is con-
sistent with functionally equivalent species and exhibit
similar morphological traits.

Methods

Study species

Fine-scale geographic sampling approaches and recent
phylogeographic studies have facilitated more accurate
mapping of the distribution ranges of stream fishes in the
CFE (Chakona and Swartz 2012; Chakona et al. 2013).
This study focused on three co-occurring taxa in the
Upper Riviersonderend River: the recently described
P. skeltoni (Chakona and Swartz 2013), the Breede lineage
of P. burchelli (hereafter P. burchelli sp. “Breede”), and
the Riviersonderend lineage of S. capensis (hereafter
S. capensis sp. “Riviersonderend”) (Chakona et al. 2013).
Pseudobarbus skeltoni is currently known from only three
tributaries in the Breede River system, the Upper
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Riviersonderend and the Krom and Tierkloof Rivers in
the Upper Breede (Chakona and Swartz 2013). Pseudobar-
bus burchelli sp. “Breede” occurs in three currently iso-
lated river systems, the Breede, Duiwenhoks, and
Goukou, whereas S. capensis sp. “Riviersonderend” occurs
in the Riviersonderend, a major subcatchment of the
Breede River system and the adjacent Palmiet River sys-
tem (Chakona et al. 2013). Accurate assessment of the
conservation statuses of these threatened taxa requires an
understanding of their ecology and the processes that
promote their persistence.

Data collection

Sampling was conducted in March 2014 within an undis-
turbed 5 km stretch (between coordinates 34°02/49.1"S;
19°03'30.7"E upstream and 34°03/54.7"S; 19°04'51.4"E
downstream) of the Upper Riviersonderend River (Fig. 1).
Pseudobarbus  skeltoni, P. burchelli sp. “Breede,” and
S. capensis sp. “Riviersonderend” were the only fish spe-
cies that occurred in the sampled section of the river.
Due to the current conservation concerns on redfins
within the CFE, sampling was conducted at a limited
temporal and spatial scale. Fish were collected using non-
destructive fyke nets (two-panel D-ring with 4-mm mesh
size) that were randomly positioned in pools and riffles
within the sampled stream reach. A total of 37 sites were
sampled over four consecutive days. The fyke nets were
deployed at 1600 h and retrieved at 0800 h. Fish were
identified to species, counted, and released. In addition, a
total of 10 individuals of each fish species were collected

Figure 1. Map of the study area showing the
sampled section of the Upper Riviersonderend
River within the Hottentots Holland nature

Reserve, Western Cape, South Africa.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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for both stable isotope analysis and for measuring mor-
phological traits, after which they were deposited as vou-
cher specimens at the South African Institute for Aquatic
Biodiversity (SAIAB) for future reference. The fish were
euthanized by a lethal dose of clove oil (1 mL of clove
0il/1 L of water). We characterized the microhabitat
around each sampling site based on mean depth, habitat
type, and dominant substratum. Mean depth was calcu-
lated from three points that were measured at each sam-
pling site. These measurements were taken randomly
along the fyke net. Habitat type was categorized as either
riffle (<1 m mean depth) or pool (>1 m mean depth).
Substratum composition was categorized based on a
modified Wentworth scale (Bovee 1986) as sand (0.5—
1 mm), gravel (10-60 mm), cobble (60-250 mm), boul-
der (250-1000 mm), and bedrock (>1000 mm). In addi-
tion, at each site, we measured physical and chemical
parameters, including water temperature (°C), pH, con-
ductivity (uS-em™), and total dissolved solids (TDS)
(ppm) using a HANNA HI 98703 Combo meter.

To examine trophic niche relationships, samples of fish
muscle tissue, macroinvertebrates, and plant matter were
collected for stable isotope analysis. A sample of fish mus-
cle tissue was taken above the lateral line in front of the
dorsal fin. Macroinvertebrates were collected using a
handheld scoop net (mesh size 250 pm). Sampling for
macroinvertebrates was conducted by disturbing and
washing-off the animals from stones in riffles, and by
repeatedly sweeping across vegetated habitats for 1 min in
an area approximately 1 m>. We collected plant matter
that included periphytic algae that were attached to sub-
stratum, and both emergent and submerged macrophytes.
These were either hand-picked or scrapped-off from sub-
stratum using scalpel blades, after which the plant matter
were thoroughly rinsed with river water. Samples for
stable isotope analysis were collected randomly across all
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sampling sites. All samples for stable isotope analysis were
kept in ice in the field and frozen until further analysis.
In the laboratory, stable isotope samples were thawed and
washed in distilled water. Macroinvertebrates were sorted
and identified to family under a dissecting microscope at
10x magnification. Caddisflies (family Hydroptilidae)
were detached from their cases prior to processing. All
samples were oven-dried at 60°C until to a constant
weight was reached, after which they were ground to a
fine powder. Samples were analyzed using a Europa Sci-
entific 20-20 IRMS interfaced to an ANCA SL Elemental
Analyser at the IsoEnvironmental Lab, Grahamstown,
South Africa. Stable isotope ratios, 31C and 8N, were
determined in parts per thousand (9,) relative to Vienna
Pee Dee Belemnite and atmospheric nitrogen standards,
respectively, and according to the formula: §C or
8"N = (Remple/Rstandard — 1) % 1000, where R = °C/"*C
or ""N/"N.

To determine the role of functional traits, we measured
standard length (Appendix 1) and the morphological
traits related to habitat use and swimming behavior
(Table 1). Morphological measurements for functional
traits followed Chakona and Swartz 2013; whereas swim-
ming behavior traits were based on Webb’s (1984) crite-
ria. Standard length measurements showed that P. skeltoni
was distinguished by having individuals attaining larger
length compared to its congener P. burchelli sp. “Breede”
that had relatively small-sized individuals (Appendix 1).
Quantitative traits included maximum body depth, body
width, and caudal peduncle dimensions (Webb 1984).
These were measured using digital Vernier calipers to the
nearest 0.1 cm. To correct for potential allometric bias,
measurements were adjusted based on Reist (1985) equa-
tion as follows: M,q; = logY — f(log X — log Xsr1), where
M,q; is the size transformed measurement, Y is the origi-

nal unadjusted measurement, f is the allometric

Table 1. Morphological traits and their functional significance for Pseudobarbus skeltoni, Pseudobabus burchelli sp. "“Breede,” and Sandelia
capensis sp. “Riviersonderend” that were sampled in the upper Riviersonderend River, Western Cape, South Africa.

Species

Morphological trait

Trait category

Pseudobarbus skeltoni

Pseudobabus burchelli

Sandelia capensis

Body depth

Body width

Caudal peduncle length
Caudal peduncle depth
Mouth position
Locomotor propulsion
mechanism

Locomotion, habitat use
Locomotion

Locomotion

Locomotion

Feeding, habitat use
Locomotion, habitat use

26.8 + 2.31 (

18.4 +2.33 (5.1 +0.23
22.3 +£0.76 (

12.2 £ 0.49 (4.3 +£ 0.03
Inferior/terminal

BCF periodic

3.6 £ 0.01) 25.2 £ 0.97 (3.0 &+ 0.05) 32.0 £ 1.60 (3.3 £ 0.12)
) 16.5 &+ 0.84 (3.9 &+ 0.08) 19.0 + 1.66 (4.2 + 0.08)
5.0 £ 0.10) 25.6 £+ 1.00 (4.2 &+ 0.06) 14.0 £+ 0.80 (3.6 & 0.05)
) 12.0 £+ 0.60 (3.5 4 0.05) 14.8 + 0.65 (4.5 + 0.04)
Inferior Terminal
BCF periodic BCF transient

The measurements are means (and their associated standard deviations) that were expressed as proportion of standard length, and the values in
parenthesis were the allometry-adjusted measurements that were used in the analyses. Locomotor propulsion mechanisms were given as body-
caudal-fin (BCF) periodic propulsion for both redfin species, and BCF transient propulsion for Sandelia capensis sp. “Riviersonderend.”
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coefficient (the slope of the relationship of log Y against
log X), X is the standard size measure of an individual,
and Xgpp is the mean of standard size measures across all
individuals. Qualitative traits included mouth position
and locomotor functional mechanism. Mouth position,
which represent feeding behavior and habitat use, was
described as being inferior for P. burchelli sp. “Breede”
and terminal for S. capensis sp. “Riviersonderend” (Skel-
ton 2001). By comparison, P. skeltoni exhibit an ontoge-
netic variability in this trait, with juveniles and subadults
possessing inferior mouth, whereas adults have a terminal
mouth (Chakona and Swartz 2013). Therefore, this spe-
cies was recorded as having inferior or terminal mouth.
Locomotor functional mechanism represents locomotion
and habitat use behaviors (Webb 1984). It was described
as being body-caudal-fin (BCF) periodic propulsion for
both redfin species, and being BCF transient propulsion
for S. capensis sp. “Riviersonderend.” BCF periodic
propulsion is designed for sustained swimming and is
typical of minnows that are considered to be generalist
feeders (Webb 1984). By comparison, BCF transient
propulsion is designed for rapid movements either to
capture prey or evade predators and is characteristic of
fishes with large body depth (Webb 1984).

Habitat niche overlap analysis

Streams offer a mosaic of microhabitats that influence
resource use by fishes. Microhabitat availability influence
several aspects of stream fishes, such as abundance, life
history traits, resource use, and interspecific interactions
(Copp 1992; Eros et al. 2003). For stream fishes, micro-
habitat availability can be quantified across multiple axes,
including spatial distribution within micro- and meso-
habitats based on species occurrence, habitat association
based on electivity data within defined microhabitats, and
relative abundance based on count data along continuous
gradients. In order to assess the hypothesis on habitat
niche overlap (NO), we jointly examined different data
types within a unified NO framework that emphasized
local realized niches for different species (Geange et al.
2011). We analyzed spatial NO for the three species based
on three microhabitat dimensions; habitat type, substra-
tum type, and depth. NO and null models were calculated
following the approach of Geange et al. (2011). This
approach takes into account multiple niche axes, each
being characterized by a different data type, and com-
putes a unified NO. For the habitat type dimension, the
response (occurrence of a species in either pools or rif-
fles) was treated as binary data and was modeled based
on Bernoulli distribution. NO between two species along
this dimension was calculated as the joint probability of
occurrence and absence along the resource axis. Statistical

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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significance of NO was modeled based on probabilities of
occurrence using randomization tests. For the substratum
dimension, the association of a species to a particular
substratum type was treated as electivity data. First, all
sites were categorized based on the dominant substratum
type to create a habitat availability vector. The availability
vector of the substratum types was scaled to proportion
based on the number of sampling sites. Second, for each
species, a habitat use vector was created based on the pro-
portional occurrence within the respective substratum cat-
egories. Manly’s alpha indices were then used to calculate
NO for the electivity data (Geange et al. 2011). For the
depth dimension, the number of fish at each site was
treated as count data. NO along the depth gradient was
therefore modeled based on Poisson distribution by creat-
ing density distributions based on nonparametric maxi-
mum-likelihood estimates (Norris and Pollock 1998).
This produces Poisson distributions that are analogous to
kernel density estimates, whereby NO between two species
is calculated from the joint probabilities of the fitted dis-
tribution. A unified NO between species i and j for the
mixed data sets was obtained by averaging NO from the
different dimensions and was given as:

1z
NO;;j == Z NOjs
=1

where NO;; is the niche overlap value that ranges from 0,
when distribution of two species is completely separate,
to 1, when they completely coincide, and T is the number
of dimensions (Geange et al. 2011). To test the statistical
significance of NO between a pair of species, null model
permutation tests were conducted to test whether mean
NO was significantly lower than expected by chance. Sta-
tistical null distributions (H, = no niche differentiation)
were generated by computing pseudo-values through ran-
dom permutation of species data. We used 1000 permuta-
tions to test the significance of each microhabitat
dimension and for the mean NO. Nonmetric multidimen-
sional scaling (NMDS) was used to graphically visualize
the results.

Species-environment-trait relationship
analysis

Because the sampling localities were contiguous, environ-
mental variables were used to test the assumption of
independence among sampling sites. This was based on
covariance comparison of environmental variables using
Moran’s I and Geary’s C randomization tests (Thioulouse
et al. 1995). We used water chemistry and depth mea-
surements for these comparisons. The results of this anal-
ysis revealed that the sampling sites were spatially
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autocorrelated (Appendix 2). In order to account for the
lack of independence, generalized linear mixed models
(GLMMs) were used to analyze fixed effects and spatially
autocorrelated random effects (Dormann et al. 2007;
Bolker et al. 2009). First, for all species, we used GLMMs
to test the environment—trait relationship (Jamil et al.
2013). We used microhabitat factors (habitat type, depth,
and substratum type) as environmental variables, and
morphological characteristics (body depth, body width,
caudal peduncle depth, caudal peduncle length, mouth
position, and locomotor propulsion mechanism) as trait
factors. The environment—trait relationship was tested as
an interaction term in the model of the form:
Vi = oo + ouX; + B1Z; + BXiZ; + 55 + 7i, where o is the
intercept, o; is the slope of the jth species with respect to
environmental variable X;, f5; is the slope of the jth spe-
cies with respect to trait factor Z; and f, represents the
environment-trait interaction X;Z;. The random effects of
the model were specified for species (&,j) and sites (7;).
Using fish counts (number of fish per fyke net for each
species) as response, data were modeled using Poisson
distribution and Laplace approximation for maximum-
likelihood estimation of parameters. For each environ-
mental variable, we created multiple environment—trait
relationship models. Each of these models was compared,
using likelihood ratio tests, to a null model that com-
prised of species and spatially autocorrelated sites as ran-
dom factors. The most optimal model was selected based
on the lowest Akaike information criterion (AIC) values
and highest Akaike weights (w;) (Burnham and Anderson
2002). To test the significance of environment-trait inter-
action, we compared the most optimal models to a null
model (ff; = 0) that excluded the interaction term. The
two models were compared using likelihood ratio tests.
The contribution of the trait to the interspecies variance
was compared using the estimates of the variances in the
optimal and null models, given as:

G=1- op (Zresidual)
a7 (total)
where 6ﬁ(residual) is residual variance of the model with
the interaction (optimal model), and ?f%(total) is residual
variance of the model without interaction (null model)
(Grosbois et al. 2009; Jamil et al. 2013). Second, for each
species, we used GLMMs to investigate the statistical rela-
tionships between abundance and microhabitat variables.
The response variable was Poisson distributed count data
(number of fish per fyke net at each site). Predictor vari-
ables were mean depth (m), substratum type (sand,
gravel, cobble, boulder, and bedrock), habitat type (pool
or riffle), and their two-way interactions (substratum x
habitat), and sampling sites were included as the random
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variable. The statistical significance of the fixed effects
was tested using Wald’s y” tests.

Stable isotope analysis

To investigate the trophic niche structure of the study
species, 8"°C and 8'°N were used to derive quantitative
population metrics (Layman et al. 2007) for each spe-
cies. The 8"C values were not adjusted for potential
lipid-accumulation bias (Post et al. 2007) because the C:
N was less than 3.5 in all fish samples. Metrics were
computed using the Stable Isotope Bayesian Ellipses in
R (SIBER, Jackson et al. 2011). These metrics included:
8"°C range (CR) that indicates trophic diversity at the
base of a food web; 8'°N range (NR) that provides
information on trophic length; distance to centroid
(CD), which is the average Euclidean distance of all
components to the centroid giving an indication on
average trophic diversity, and standard ellipse area (SEA
that was expressed as %,°) as a measure of trophic
niche structure (Jackson et al. 2011). A small sample
size-corrected standard ellipse (SEA.) was used to com-
pare trophic niche sizes. The uncertainty associated with
each SEA was determined using Bayesian distributions
(SEAg), thereby facilitating a comparison of trophic
niche sizes between species. Two other metrics, mean
nearest neighbor distance (MNND), and standard devia-
tion of nearest neighbor distance (SDNND) provide
information on trophic redundancy. The variability of
each metric was estimated using nonparametric boot-
strapping of the observed 8'’C-8'°N data (Efron and
Tibshirani 1993).

We determined the isotopic niche size for each species
by calculating trophic niche region (Ng) and compared
the degree of trophic NO between species following the
approach of Swanson et al. (2015). Trophic Ny is
defined as a specific region within #-dimensional isotopic
space in which individuals of a particular species have
the probability « of being found. In this study, we used
o = 95%. Trophic NO was calculated as the probability
that an individual from one species would be found in
the Ny of another species (Swanson et al. 2015). Uncer-
tainty associated with posterior distribution of both
trophic Nrx and NO was conducted within Bayesian
framework.

The relative contribution of dietary sources assimilated
by the three species was estimated using bivariate Baye-
sian isotopic mixing model, Stable Isotope Analysis in R
package (SIAR, Parnell et al. 2010). The SIAR model uses
a Markov Chain Monte Carlo simulations based on
Dirichlet distribution to produce simulations of plausible
values that show dietary proportions of potential prey to
the consumers. The resulting probability density

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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distributions, with the mean proportion together with the
50, 75, and 95% credibility intervals (the Bayesian ana-
logue of a confidence interval), were used to compare
contributions of different source groups. A total of nine
samples for P. skeltoni and 10 samples for both
P. burchelli sp. “Breede” and S. capensis sp. “Rivierson-
derend” were used to investigate the trophic niche pat-
terns. The sources were analyzed in triplicate, and these
included detritus, periphytic algae, macrophytes, and sev-
eral macroinvertebrate families. For the macroinverte-
brates, families in orders Odonata (Coenagrionidae and
Libellulidae), Ephemeroptera (Baetidae, Caenidae, and
Leptophlebiidae), Trichoptera (Hydropsychidae and
Hydroptilidae), and Plectoptera were grouped because
they were not statistically different (k-nearest neighbor
distance, randomization tests, P > 0.05). Discrimination
factors between sources and consumers were assumed to

—16—
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Figure 2. Interspecific similarities in unified realized niche overlaps
among Pseudobarbus skeltoni, Pseudobabus burchelli sp. “Breede,”
and Sandelia capensis sp. “Riviersonderend” assessed by nonmetric
multidimensional scaling (NMDS) based on habitat type, depth and
substratum type. The contours represent depth gradient based on
generalized additive model (GAM) fits.
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be 1+ 05%, (AS”C) and
(McCutchan et al. 2003).

All analyses were conducted within R (R Core Develop-
ment Team 2015). Habitat NO indices and environment—
trait relationships were analyzed based on an R scripts
provided by Geange et al. (2011) and Jamil et al. (2013),
respectively. Within R, the following packages were used;
vegan for NMDS, Ime4 for GLMMs, siar and nicheRover
for stable isotope analyses.

34 0.5%, (ASN)

Results

Habitat NO

The sampled sites had clear water that was characterized
by both low conductivity (mean £ SD = 27.59
+ 471 pS-em™') and low TDS (1592 + 2.63 ppm).
Water pH ranged from slightly acidic (5.8) to neutral (7),
and mean water temperature was 19.68 £ 1.06°C. A total
of 695 fishes were captured. These included 63 individuals
of P. skeltoni, 381 individuals of P. burchelli sp. “Breede,”
and 259 individuals of S. capensis sp. “Riviersonderend.”
All captured fishes (except those that were retained for
stable isotope analysis [see above]) were released back to
the river alive. The local realized habitat niche of P. skel-
toni was found to overlap with that of both P. burchelli
sp. “Breede” (mean NO = 0.94 £+ 0.09, P > 0.05) and
S. capensis sp. “Riviersonderend” (NO = 0.97 + 0.05,
P > 0.05). Similarly, there was no significant differences
in local realized habitat niches between P. burchelli sp.
“Breede” and S. capensis (mean NO = 0.92 + 0.13,
P > 0.05). This indicated that all three fishes occurred
within similar habitat conditions. Nevertheless, the spatial
niche patterns based on NMDS analysis showed that
S. capensis occurred in relatively deeper habitats than
P. skeltoni and P. burchelli sp. “Breede” (Fig. 2).

Environment-trait relationship

Two morphological traits, mouth position and caudal
peduncle depth, were most influential in explaining

Table 2. Summary of environment and trait interaction models explaining the abundances of Pseudobarbus skeltoni, Pseudobabus burchelli sp.
“Breede,” and Sandelia capensis sp. “Riviersonderend” in the upper Riviersonderend River, Western Cape.

Model df AIC Log likelihood Deviance e P

Habitat x caudal peduncle depth 8 870.49 —427.25 854.49 5.38 0.02
Habitat x mouth position 10 861.28 —420.64 841.28 6.06 0.05
Depth x caudal peduncle depth 8 840.93 —412.47 824.93 5.27 0.02
Depth x mouth position 10 831.54 —405.77 811.54 8.14 0.02
Substrate x caudal peduncle depth 26 801.98 —374.99 749.98 9.85 0.04
Substrate x mouth position 31 798.15 —368.07 736.15 16.74 0.03
© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 7147
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environment—trait relationship (Table 2). Trait—environ-
ment interaction models showed that morphological trait
mouth position accounted between 60 and 90%, whereas
caudal peduncle depth accounted between 20 and 70% of
species response to habitat variables. Based on the
GLMM, species with inferior mouth were most abundant
in riffles (riffle x inferior mouth, f,=0.68, z
value = 2.43, P = 0.02) and decreased in abundance with
increasing water depth (depth x inferior mouth,
p> = —0.60, z value = —2.39, P = 0.02). This pattern was
illustrated by the distribution of P. burchelli sp. “Breede”
whose abundance was significantly influenced by depth
(GLMM, 7} = 7.99, P = 0.004). Although this species was
ubiquitous and was captured in all substratum categories,
it was most abundant in riffles (Fig. 3). In contrast to
mouth position, species with large caudal peduncle depth
were less abundant in riffles (riffle x caudal peduncle
depth, 5, = —0.69, z value = —4.02, P < 0.01) and were
more abundant with increasing depth (depth x caudal
peduncle depth, f, = 0.84, z value = 4.48, P < 0.01) at
sites with either gravel (gravel x caudal peduncle depth,
p, =195, z value = 5.63, P < 0.01) or boulder (boul-
der x caudal peduncle depth, 5, = 0.87, z value = 3.74,
P < 0.01) substratum. This pattern was illustrated by the
distribution of S. capensis sp. “Riviersonderend” and
P. skeltoni that both had relatively large caudal peduncle
depth. Abundances of S. capensis sp. “Riviersonderend”
differed significantly among substratum types (GLMM,
Xﬁ =12.99, P = 0.01), with this species being most abun-
dant on boulder and gravel substratum within both pools
and riffles (Fig. 3). By comparison, abundances of P. skel-
toni differed significantly between habitat type (GLMM,
2 =633, P=001), depth (GLMM, j?=6.12,
P =0.01), and substratum types (GLMM, y; = 17.94,
P = 0.01). This species was most abundant in pools that
had boulder and gravel substratum (Fig. 3).

Trophic niches

Stable isotope analysis revealed that P. skelfoni occupied a
lower trophic position than other fishes (Fig. 4A). This
species  had  the largest isotope niche  size
(SEA. = 4.17%,%), which was consistent with the proba-
bilistic estimates of its Ny (Fig. 4B), and was character-
ized by a wide breadth in carbon sources (CR = 8.46%,,),
high trophic diversity (CD = 1.649,) an intermediate
trophic range (NR = 1.97%,), and low trophic redun-
dancy (MNND = 1.20%,, SDNND = 1.00%,). This
showed that P. skeltoni utilized a wider range of food
sources than other fishes. By comparison, its congener
P. burchelli sp. “Breede” had the smallest isotope niche
size (SEA. = 2.36%,%), a pattern that was corroborated by
probabilistic estimates of its Ny (Fig. 4B). This species
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Figure 3. Proportional abundances of Pseudobarbus skeltoni (A),
Pseudobabus burchelli sp. “Breede” (B), and Sandelia capensis sp.
“Riviersonderend” (C) within pool and riffles in relation to different
substratum types.

exhibited a narrow breadth in both carbon sources
(CR = 4.679,,) and trophic range (NR = 1.50%,). Fur-
thermore, P. burchelli sp. “Breede” showed the lowest
trophic diversity (CD = 1.16%,) and highest trophic
redundancy (MNND = 0.61%,, SDNND = 0.399,), indi-
cating that it had a low degree of diversity in its food
sources compared to other fishes. In contrast to the two
redfins, S. capensis sp. “Riviersonderend” occupied a
higher trophic position (Fig. 4A). Consistent with

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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probabilistic estimates of its Ny, this species was charac-
terized by intermediate isotope niche size (SEA. =
3.56%,%), trophic diversity (CD = 1.32%,) and trophic
redundancy (MNND = 0.75%,, SDNND = 0.85%,), and a
narrow breadth in carbon sources (CR = 4.479,). It was,
nevertheless, distinguished by having the widest breadth
in trophic range (NR = 4.209,,), indicating that it utilized
a wider range in trophic links than other fishes. We
found that there was a low probability of P. skeltoni over-
lapping onto the trophic niches of both P. burchelli sp.
“Breede” (overlap probability = 46%) and S. capensis sp.
“Riviersonderend” (overlap probability = 30%) (Fig. 5).
By contrast, P. burchelli sp. “Breede” was found to have a
high probability of overlapping onto trophic niches of
P. skeltoni (overlap probability = 78%) and S. capensis sp.
“Riviersonderend” (overlap probability = 69%). In com-
parison, S. capensis sp. “Riviersonderend” was found to
have low probability (<48%) of overlapping onto the
trophic niches of both redfin species.

Stable Isotope Analysis in R package mixing models
indicated that both P. skeltoni and P. burchelli sp.
“Breede” had diverse food sources, with macroinverte-
brates being more important than plant matter (Fig. 6).
Nonetheless, few prey sources, namely Athericidae, Ephe-
meroptera, Megaloptera, Odonata, and Plecoptera con-
tributed >10% (95% credibility range = 0-22%) each to

Coexistence Patterns of Giant Redfin

with Simuliidae, contributed >10% (95% credibility
range = 0-23%) each to the diet of P. burchelli sp.
“Breede.” By comparison, S. capensis sp. “Rivierson-
derend” diet comprised mostly of Plecoptera (me-
dian = 18%, 95% credibility ~range = 0-36%) and
Athericidae (median = 14%, 95% credibility range = 0—
28%). However, other prey sources, including Ephe-
meroptera, Megaloptera, and Odonata, were also impor-
tant as they contributed >10% to its diet.

Discussion

Based on the high habitat and isotopic trophic NO
between P. skeltoni and its congener P. burchelli sp.
“Breede,” the hypothesis of niche partitioning as the sole
driver to their coexistence was rejected. The results indi-
cated that there was no clear niche partitioning, either at
habitat or trophic scale, between the two redfins. Theory
suggests that in the absence of clear niche partitioning,
habitat filtering processes are likely to drive coexistence
due to convergence toward optimum traits that equili-
brate interspecific interactions among species, thereby
making such species functionally equivalent (Grime 2006;
Carroll et al. 2011). However, our results on environ-
ment—trait relationships revealed that the two redfins
exhibited interspecific differences in the role of morpho-

P. skeltoni’s diet. Similarly, these prey sources, together logical traits that influenced their microhabitat
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Figure 4. Biplots of 8'3C and &'°N isotope data indicating food web characteristics of Pseudobarbus skeltoni, Pseudobabus burchelli sp.
“Breede,” and Sandelia capensis sp. “Riviersonderend.” Panel a displays standard ellipse areas (SEA.) representing sample size-corrected isotopic
niche space (solid ellipses) and the convex hulls (dashed polygons) of the three fishes, and the mean 8'3C or §'°N values of the potential food
sources (black squares) and their associated standard deviations. The potential food sources included macroinvertebrate groups such as Plecoptera
(Ple), Athericidae (Ath), Ephemeroptera (Eph), Megaloptera (Meg), Odonata (Odo), Trichoptera (Tri), Simuliidae (Sim), and Elmidae (Elm). Basal
food sources included detritus (Det), macrophytes (Mac), and periphytic algae (Alg). Panel b displays ten random elliptical projections of trophic
niche regions (NR) for each species defined by stable isotope values of §">C and &'°N.
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associations. Specifically, we found that due to its inferior
mouth, P. burchelli sp. “Breede” exhibited high propensity
toward riffles, whereas species with terminal mouth
appeared to be most abundant in deeper habitats. By
comparison, for P. skeltoni, we inferred that due to its
possession of inferior and terminal mouth positions for
juveniles and adults, respectively, this species was most
likely to exhibit intraspecific difference in both habitat
use and prey diversity. During this study, P. skeltoni juve-
niles and subadults were captured in shallow habitats
together with P. burchelli sp. “Breede,” whereas adults
were most abundant in deep habitats. Thus, habitat filter-
ing and functional equivalence hypothesis appeared inad-
equate alternative mechanisms to explain the coexistence
of the two redfins.

Results of the present study indicated that P. skeltoni
had a large trophic niche that overlapped and encom-
passed that of P. burchelli sp. “Breede.” The large trophic
niche for P. skeltoni suggests that it occupied broad
ecological niches This suggests the two redfins differed in
their resource utilization patterns from a trophic niche
perspective, which may help to reduce the intensity of
interspecific competition. Some studies have shown that
populations or species that occupy larger ecological niches
usually exhibit greater intraspecific phenotypic variation
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of species A (rows) onto the niche of species B
(columns).

compared to those occupying smaller niches (Van Valen
1965). Intraspecific variability would manifest in different
forms, including genetic variation, sexual dimorphism,
and ontogenetic change (Galeotti and Rubolini 2004;
Meiri et al. 2005). Species that have large ecological
niches are assumed to be driven by eco-evolutionary pro-
cess that evolved to allow such species to utilize a wide
diversity of resources in order to minimize intraspecific
competition (Bolnick et al. 2007). For P. skeltoni, we
inferred that high phenotypic variability was a factor that
would potentially influence this species to utilize a broad
range of resources. This is because not only does this spe-
cies grow larger than its congener but also it is distin-
guished by having variable morphological characters, such
as inferior mouth in juveniles and subadults, and terminal
mouth in adults (Chakona and Swartz 2013). This posits
the likelihood of this species having differential habitat
use and feeding patterns during different life stages. We
postulate that such a phenomena could have been shaped
by past evolutionary processes associated with the specia-
tion of this species. Redfins are considered to have
evolved in allopatry through vicariance processes that led
to the isolation of different lineages, with the headwaters
and tributaries of the Breede River system acting as possi-
ble refugia for the isolated populations (Chakona et al.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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2013). It is likely that isolation of P. skeltoni may have led
to ecological release from interspecific competition,
thereby facilitating niche expansion that manifest in its
wide isotopic trophic niche, its propensity to utilize both
deep and shallow habitats, and its high habitat NO with
other species that was observed in this study. In contrast,

its congener P. burchelli sp. “Breede,” which exhibited less

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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morphological variability, appeared to have a more con-
served isotopic trophic niche and had high preference
toward shallow habitats despite it being the most abun-
dant species.

The large trophic niche size that was observed for
P. skeltoni suggests that it had a broader dietary spectrum
compared to its congener. Despite these differences, the
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two redfins both showed high trophic diversity that was
characterized by absence of dominant prey and relatively
similar dietary proportions. Based on the isotope mixing
model, macroinvertebrates appeared to be the most
important prey for the redfins. This appeared consistent
with other studies that have shown macroinvertebrates as
being the most important prey for redfins (Whitehead
et al. 2007). Other studies based on stomach contents
have, nonetheless, indicated that their high gut to length
ratio suggest a herbivorous feeding habit (Skelton 1980),
and they have been found to consume both plant and
detrital matter (Cambray and Stuart 1985). The low pro-
portional abundance of plant matter in redfin diets that
was inferred by stable isotope analysis may suggest that
either these basal food sources were less important or the
availability of this food source was determined by envi-
ronmental and abiotic factors that influence primary pro-
ductivity in these mountain streams. These habitats
appear to be structurally simple and are characterized by
low primary production because the rivers are olig-
otrophic (de Moor and Day 2013). Furthermore, these
mountain streams receive little allochthonous organic
input from the fynbos vegetation that dominate the upper
catchments, thereby supporting low biomass of secondary
productivity (de Moor and Day 2013). This probably pro-
motes trophic diversification, as was observed for the two
redfins. Overall, these studies suggest flexibility in the
feeding habits of redfins, which is probably a requisite
adaptive trait to maintain viable populations within the
CFE mountain stream that are subject to the influence of
proximate environmental factors, such as high seasonal
changes in flow and low nutrients, which are likely to
influence resource availability.

The lack of clear differentiation in resource utilization
between the two redfins suggests that their coexistence
could be driven by other mechanisms such as temporal
dynamics and potential differences in life history strate-
gies. A study by Cambray (1994) revealed that differences
in both life history strategies and spawning behaviors
were the likely mechanisms that facilitated the coexistence
of two closely related redfin minnows, Pseudobarbus asper
and Pseudobarbus afer in the Gamtoos River system. Dur-
ing this study, P. skeltoni was found in relatively low
abundance compared to its congener P. burchelli sp.
“Breede” that occurred in high abundance. Although
there is no information on the life history pattern of
P. skeltoni, previous studies on the breeding behavior of
P. burchelli within the Breede River have shown that it
has a protracted spawning period from September to
February (Cambray and Stuart 1985). Such a breeding
behavior most probably represent spawning patterns of
the different lineages of the P. burchelli species complex
and possibly included the recently described giant redfin
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P. skeltoni (Swartz et al. 2009; Chakona and Swartz 2013).
Evidence from previous surveys on P. skeltoni suggests
that this species aggregate in shallow pools and riffles in
November and December, possibly to spawn. Elsewhere
within the CFE, differences in both life history strategies
and spawning behaviors have been observed between two
closely related redfin minnows, P. asper and P. afer, and
have been suggested as the mechanism that facilitates
their coexistence and adaptations to varying environmen-
tal conditions (Cambray 1994).

In contrast to the redfins, resource use patterns by
S. capensis sp. “Riviersonderend” appeared to be influ-
enced by both environment—trait relationship and trophic
niche partitioning. Due to its small caudal peduncle,
S. capensis sp. “Riviersonderend” showed propensity to
use deeper habitats compared to the redfins. Furthermore,
from a trophic niche perspective, based on stable isotope
analysis, this species occupied a higher trophic position,
and its trophic niche had a relatively low probability of
overlapping with those of the redfins. Our study support
findings of previous studies that have described this spe-
cies as a predator that feeds on aquatic insects and small
fish (Siegfried 1963). Previous studies have also indicated
that S. capensis tolerates a wide range of physical and
chemical water conditions (Harrison 1952). However,
molecular evidence has shown that S. capensis is a species
complex that has probably been subjected to similar
vicariance processes and postspeciation dispersal mecha-
nisms that have shaped the evolution of different lineages
as the redfins (Chakona et al. 2013). Nevertheless, this
study suggests that, at metacommunity level, this lineage
of S. capensis was perhaps influenced by niche partition-
ing mechanisms through trophic niche segregation that
enabled it to co-occur with the redfins.

To conclude, this study suggests that coexistence of
these fishes appears to be promoted by their different
niche adaptation mechanisms that are probably shaped by
historic evolutionary and ecological processes. For the
closely related redfins, differences in niche adaptations
appear to be driven by functional differences in morpho-
logical traits. In particular, the morphological variability
in the mouth position of giant redfin P. skeltoni suggests
the potential for intraspecific differences in habitat associ-
ation and high trophic diversity compared to its congener
P. burchelli sp. “Breede.” Both these patterns were illus-
trated by P. skeltoni’s high habitat NO with its congener
and its larger isotopic trophic niche breadth. In contrast,
trophic niche differences appeared to be most important
in distinguishing the redfins from S. capensis. These find-
ings have important implications on the conservation of
these species. Currently, most redfins within the CFE are
threatened, mainly as a result of their susceptibility to
predation by non-native piscivores that include bass
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(Micropterus spp.), rainbow trout (Onchorhynchus mykiss),
and sharptooth catfish (Clarias gariepinus) that have
established viable populations in this region (Cambray
and Stuart 1985; Cambray 2003; Woodford et al. 2005;
Tweddle et al. 2009; Shelton et al. 2015). Although
P. skeltoni is a recent description, historical distribution
records and molecular evidence suggest that it was once
widespread within the Breede River and its major tribu-
taries, and probably occurred within main stem habitats
(Chakona and Swartz 2013). Its current distribution
appears to be a consequence of anthropogenic activities,
particularly invasion impacts. This study therefore pro-
vides an insight on its basic ecology to inform future con-
servation of this species.

Acknowledgments

This research was supported by funding from the Rufford
Small Grants for Nature Conservation (Ref: 14304-2) and
the Mohamed bin Zayed Species Conservation Fund (Ref:
13257420). CapeNature provided the permit (Permit No.
AAA007-00104-0056) to conduct this research. We thank
Nkosinathi Mazungula for assisting with field sampling.

Conflict of Interest

None declared.

References

Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R.
Poulsen, M. H. H. Stevens, et al. 2009. Generalized linear
mixed models: a practical guide for ecology and evolution.
Trends Ecol. Evol. 24:127-135.

Bolnick, D. I, R. Svanback, M. S. Araujo, and L. Persson.
2007. Comparative support for the niche variation
hypothesis that more generalized populations are also
heterogeneous. Proc. Natl Acad. Sci. USA 104:10075-10079.

Bovee, K. D. 1986. Development and evaluation of habitat
suitability criteria for use in the instream flow incremental
methodology. Fort Collins, U.S. Fish and Wildlife Service
Biological Report 86 (7).

Burnham, K. P., and D. R. Anderson. 2002. Model selection
and multimodel inference: a practical information-theoretic
approach. 2nd ed. Springer, New York.

Cambray, J. A. 1994. The comparative reproductive styles of
two closely related African minnows (Pseudobarbus afer and
P. asper) inhabiting two different sections of the Gamtoos
River system. Environ. Biol. Fishes 41:247-268.

Cambray, J. A. 2003. The need for research and monitoring on
the impacts of translocated sharptooth catfish, Clarias
gariepinus, in South Africa. Afr. J. Aquat. Sci. 28:37—41.

Cambray, J. A., and C. T. Stuart. 1985. Aspects of the biology
of a rare redfin minnow, Barbus burchelli (Pisces,

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Coexistence Patterns of Giant Redfin

Cyprinidae), from South Africa. S. Afr. J. Zool. 20:
155-165.

Carnicer, J., L. Brotons, D. Sol, and M. de Caceres. 2008.
Random sampling, abundance-extinction dynamics and
niche-filtering immigration constraints explain the
generation of species richness gradients. Glob. Ecol.
Biogeogr. 17:352-362.

Carroll, I. T., B. J. Cardinale, and R. M. Nisbet. 2011. Niche
and fitness differences relate the maintenance of diversity to
ecosystem function. Ecology 92:1157-1165.

Chakona, A., and E. R. Swartz. 2012. Contrasting habitat
associations of imperilled endemic stream fishes from a
global biodiversity hot spot. BMC Ecol. 12:19.

Chakona, A., and E. R. Swartz. 2013. A new redfin species,
Pseudobarbus skeltoni (Cyprinidae, Teleostei), from the
Cape Floristic Region, South Africa. Zootaxa 3686:
565-577.

Chakona, A, E. R. Swartz, and G. Gouws. 2013. Evolutionary
drivers of diversification and distribution of a southern
temperate stream fish assemblage: testing the role of
historical isolation and spatial range expansion. PLoS One 8:
€70953.

Chave, J. 2004. Neutral theory and community ecology. Ecol.
Lett. 7:241-253.

Copp, G. H. 1992. Comparative microhabitat use of cyprinid
larvae and juveniles in a lotic floodplain channel. Environ.
Biol. Fishes 33:181-193.

Cornwell, W. K., and D. D. Ackerly. 2009. Community
assembly and shifts in plant traits distribution across
environmental gradients in coastal California. Ecol. Monogr.
79:109-126.

Dallas, H., and N. Rivers-Moore. 2014. Ecological
consequences of global climate change for freshwater
ecosystems in South Africa. S. Afr. J. Sci. 110:1-11.

Diaz, S., M. Cabido, and F. Casanoves. 1998. Plant functional
traits and environmental filters at a regional scale. J. Veg.
Sci. 9:113-122.

Diaz, S., I. Noy-Meir, and M. Cabido. 2001. Can grazing
response of herbaceous plants be predicted from simple
vegetative traits? J. Appl. Ecol. 38:497-508.

Dormann, C. F., J. M. McPherson, M. B. Araujo, R. Bivand, J.
Bolliger, G. Carl, et al. 2007. Methods to account for spatial
autocorrelation in the analysis of species distributional data:
a review. Ecography 30:609—628.

Efron, B., and R. Tibshirani. 1993. An Introduction to the
Bootstrap. Chapman and Hall, New York.

Eros, T., Z. Botta-Dukat, and G. D. Grossman. 2003.
Assemblage structure and habitat use of fishes in a Central
European submontane stream: a patch-based approach.
Ecol. Freshw. Fish 12:141-150.

Galeotti, P., and D. Rubolini. 2004. The niche variation
hypothesis and the evolution of colour polymorphism in
birds: a comparative study of owls, nightjars and raptors.
Biol. J. Linn. Soc. 82:237-248.

7153



Coexistence Patterns of Giant Redfin

Geange, S. W., S. Pledge, K. C. Burns, and J. S. Shima. 2011.
A unified analysis of niche overlap incorporating data of
different types. Methods Ecol. Evol. 2:175-184.

Grime, J. P. 1973. Competitive exclusion in herbaceous
vegetation. Nature 242:344-347.

Grime, J. P. 2006. Trait convergence and trait divergence in
herbaceous plant communities: mechanisms and
consequences. J. Veg. Sci. 17:255-260.

Grosbois, V., M. P. Harris, T. Anker-Nilssen, R. H. McCleery,
D. N. Shaw, B. J. T. Morgan, et al. 2009. Modeling survival
at multi-population scales using mark-recapture data.
Ecology 90:2922-2932.

Harrison, A. C. 1952. The Cape kurper (with notes on the
rocky of the eastern province). Piscator 23:24-26.

Holt, R. D. 2001. Species coexistence. Pp. 413—426 in S. Levin,
ed. The encyclopaedia of biodiversity. Vol. 5. Academic
Press, New York.

Hubbell, S. P. 2001. A unified neutral theory of biodiversity
and biogeography. Princeton Univ. Press, Princeton, NJ.

Hutchinson, G. E. 1961. The paradox of the plankton. Am.
Nat. 95:137-145.

Jackson, A. L., R. Inger, A. C. Parnell, and S. Bearhop. 2011.
Comparing isotopic niche widths among and within
communities: SIBER — Stable Isotope Bayesian Ellipses in R.
J. Anim. Ecol. 80:595-602.

Jamil, T., W. A. Ozinga, M. Kleyer, and C. J. F. ter Braak.
2013. Selecting traits that explain species-environment
relationships: a generalized mixed model approach. J. Veg.
Sci. 24:988-1000.

Keddy, P. A. 1992. Assembly and response rules — 2 goals for
predictive community ecology. J. Veg. Sci. 3:157-164.

Kraft, N. J. B., P. B. Adler, O. Godoy, E. C. James, S. Fuller,
and J. M. Levine. 2015. Community assembly, coexistence
and the environmental filtering metaphor. Funct. Ecol.
29:592-599.

Layman, C. A, D. A. Arrington, C. G. Montana, and D. M.
Post. 2007. Can stable isotope ratios provide for community-
wide measures of trophic structure? Ecology 88:42—48.

Leibold, M. A. 1995. The niche concept revisited: mechanistic
models and community context. Ecology 76:1371-1382.

Leibold, M. A., and M. A. McPeek. 2006. Coexistence of the
niche and neutral perspectives in community ecology.
Ecology 87:1399-1410.

MacArthur, R., and R. Levins. 1967. The limiting similarity,
convergence and divergence of coexisting species. Am. Nat.
101:377-385.

Maire, V., N. Gross, L. Borger, C. Wirth, R. Proulx, L. da
Silveira Pontes, et al. 2012. Habitat-filtering and niche
differentiation jointly determine species relative abundance
within grassland communities along fertility and disturbance
gradients. New Phytol. 196:497-509.

Mayfield, M. M., and J. M. Levine. 2010. Opposing effects of
competitive exclusion on the phylogenetic structure of
communities. Ecol. Lett. 13:1085-1093.

7154

W. T. Kadye et al.

McCutchan, J. H., W. M. Lewis, C. Kendall, and C. C.
McGrath. 2003. Variation in trophic shift for stable isotope
ratios of carbon, nitrogen, and sulfur. Oikos 102:378-390.

McGill, B., B. Maurer, and M. Weiser. 2006. Empirical
evaluation of neutral theory. Ecology 87:1411-1423.

McPeek, M. A., and R. Gomulkiewicz. 2005. Assembling and
depleting species richness in metacommunities: insights
from ecology, population genetics, and macroevolution. Pp.
355-373 in M. Holyoak, M. A. Leibold and R. D. Holt, eds.
Metacommunities: spatial dynamics and ecological
communities. Univ. of Chicago Press, Chicago, IL.

Meiri, S., T. Dayan, and D. Simberloff. 2005. Variability and
sexual size dimorphism in carnivores: testing the niche
variation hypothesis. Ecology 86:1432—-1440.

Michalko, R., and S. Pekar. 2015. Niche partitioning and niche
differentiation mediates the coexistence of three closely
related spider species (Araneae, Philodromidae). Ecol.
Entomol. 40:22-33.

de Moor, F. C., and J. A. Day. 2013. Aquatic biodiversity in
the Mediterranean region of South Africa. Hydrobiologia
719:237-268.

Mouchet, M. A., S. Villeger, N. W. H. Mason, and D.
Mouillot. 2010. Functional diversity measures: an overview
of their redundancy and their ability to discriminate
community assembly rules. Funct. Ecol. 24:867-876.

Norris, J. L., and K. H. Pollock. 1998. Non-parametric MLE for
Poisson species abundance models allowing for heterogeneity
between species. Environ. Ecol. Stat. 5:391-402.

Pacala, S. W., and D. Tilman. 1994. Limiting similarity in
mechanistic and spatial models of plant competition in
heterogeneous environments. Am. Nat. 143:222-257.

Parnell, A. C., R. Inger, S. Bearhop, and A. L. Jackson. 2010.
Source partitioning using stable isotopes: coping with too
much variation. PLoS One 5:€9672.

Post, D., C. Layman, D. Arrington, G. Takimoto, J.
Quattrochi, and C. Montana. 2007. Getting to the fat of the
matter: models, methods and assumptions for dealing with
lipids in stable isotope analyses. Oecologia 152:179—189.

Pyron, A. R., G. C. Costa, M. A. Patten, and F. A. Burbrink.
2015. Phylogenetic niche conservatism and the evolutionary
basis of ecological speciation. Biol. Rev. 90:1248-1262.

R Development Core Team. 2015. R: a language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.

Reist, J. D. 1985. An empirical evaluation of several univariate
methods that adjust for size variation in morphometric
data. Can. J. Zool. 63:1429-1439.

Shelton, J. M., M. J. Samways, and J. A. Day. 2015. Predatory
impact of non-native rainbow trout on endemic fish
populations in headwater streams in the Cape Floristic
Region of South Africa. Biol. Invasions 17:365-379.

Siegfried, W.R. 1963. Observations on the reproductive and
feeding of the Cape kurper Sandelia capensis (C. and V.) in
De Hoop Lake, Bredasdorp. Investigational Report No. 3,

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



W. T. Kadye et al.

Cape Department of Nature Conservation, Cape Town,
South Africa.
Silvertown, J. 2004. Plant coexistence and the niche. Trends
Ecol. Evol. 19:605-611.

Skelton, P.H. 1980. Systematics and biogeography of the redfin
Barbus species (Pisces: Cyprinidae) from southern Africa.
[Ph.D. thesis], Rhodes University, Grahamstown, South Africa.

Skelton, P. H. 1990. The conservation status of threatened
fishes in southern Africa. J. Fish Biol. 37:87-95.

Skelton, P. H. 2001. A complete guide to the freshwater fishes of
southern Africa. 2nd ed. Struik, Cape Town, South Africa.

Soberon, J., and M. Nakamura. 2009. Niches and
distributional areas. Concepts, methods, and assumptions.
Proc. Natl Acad. Sci. USA 106:19644-19650.

Southwood, T. R. E. 1988. Tactics, strategies and templets.
Oikos 52:3-18.

Swanson, H., M. Lysy, and M. Power. 2015. A new
probabilistic method for quantifying n-dimensional
ecological niches and niche overlap. Ecology 96:318-324.

Swartz, E. R., P. H. Skelton, and P. Bloomer. 2009. Phylogeny
and biogeography of the genus Pseudobarbus (Cyprinidae):
shedding light on the drainage history of rivers associated
with the Cape Floristic Region. Mol. Phylogenet. Evol.
51:75-84.

Thioulouse, J., D. Chessel, and S. Champely. 1995.
Multivariate analysis of spatial patterns: a unified approach
to local and global patterns. Environ. Ecol. Stat. 2:1-14.

Tweddle, D., R. Bills, E. Swartz, W. Coetzer, L. Da Costa, J.
Engelbrecht, et al. 2009. The status and distribution of
freshwater fishes. Pp. 21-37 in W. R. T. Darwall, K. G.
Smith, D. Tweddle and P. H. Skelton, eds. The status and
distribution of freshwater biodiversity in southern Africa.
IUCN and South African Institute for Aquatic Biodiversity,
Gland, Switzerland and Grahamstown, South Africa.

Van Valen, L. 1965. Morphological variation and width of
ecological niche. Am. Nat. 99:377-390.

Violle, C., D. R. Nemergut, Z. Pu, and L. Jiang. 2011.
Phylogenetic limiting similarity and competitive exclusion.
Ecol. Lett. 14:782-787.

Webb, P. W. 1984. Body form, locomotion and foraging in
aquatic vertebrates. Am. Zool. 24:107-120.

Wellborn, G. A., and R. D. Cothran. 2007. Niche diversity in
crustacean cryptic species: complementarity in spatial
distribution and predation risk. Oecologia 154:175-183.

Whitehead, A., O. L. F. Weyl, and L. R. Bills. 2007.
Reproductive and feeding biology of the endangered fiery
redfin Pseudobarbus phlegethon. (Barnard, 1938) (Teleostei:
Cyprindae), in the Noordhoeks River, South Africa. Afr. J.
Aquat. Sci. 32:281-290.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Coexistence Patterns of Giant Redfin

Woodford, D. J., N. D. Impson, J. A. Day, and I. R. Bills.
2005. The predatory impact of invasive alien smallmouth
bass, Micropterus dolomieu (Teleostei: Centrarchidae), on
indigenous fishes in a Cape Floristic Region mountain
stream. Afr. J. Aquat. Sci. 30:167-173.

Wright, S. J. 2002. Plant diversity in tropical forests: a review
of mechanisms of coexistence. Oecologia 130:1-14.

Appendix 1

Box plots indicating standard length distribution of Pseudobarbus
skeltoni (A), Pseudobabus burchelli sp. “Breede” (B), and Sandelia
capensis sp. "Riviersonderend.”.
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Appendix 2

Moran’s | and Geary's C randomization tests of environmental
variables that were sampled across all sites indicating the observed
values (Obs), their standard deviation (Std. obs), and significance level
(P-value). The tests were based on 1000 Monte Carlo randomization
simulations.

Test Obs Std. obs P-value
Temperature 0.28 3.36 0.003
pH 0.37 4.39 0.001
Total dissolved solids 0.25 3.07 0.003
Conductivity 0.23 2.92 0.006
Depth 0.32 4.06 0.002
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