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Abstract

Animals exhibit diel periodicity in their activity in part to meet energy requirements whilst evading predation. A competing
hypothesis suggests that partitioning of diel activities is less important because animals capitalise on opportunity. To test
these hypotheses we examined the diel activity patterns for two cyprinid minnows, chubbyhead barb Barbus anoplus and
the Eastern Cape redfin minnow Pseudobarbus afer that both occur within headwater streams in the Eastern Cape, South
Africa. Chubbyhead barbs exhibited consistent nocturnal activity based on both field and laboratory observations. Due to
the absence of fish predators within its habitat, its nocturnal behaviour suggests a response to the cost associated with
diurnal activity, such as predation risk by diving and wading birds. In contrast, redfin minnows showed high diurnal activity
and a shoaling behaviour in the wild, whereas, in the laboratory, they showed high refuge use during the diel cycle. Despite
their preference for refuge in the laboratory, they were diurnally active, a behaviour that was consistent with observations in
the wild. The diurnal activity of this species suggests a response to the cost associated with nocturnal activity. Such a cost
could be inferred from the presence of the longfin eel, a native predator that was active at night, whereas the daytime
shoaling behaviour suggests an anti-predator mechanism to diurnal visual predators. The implications of these findings
relate to the impacts associated with the potential invasions by non-native piscivores that occur in the mainstem sections.
Diurnal activity patterns for redfin minnows, that are IUCN-listed as endangered, may, in part, explain their susceptibility to
high predation by visual non-native piscivores, such as bass and trout. In contrast, the nocturnal habits of chubbyhead
barbs suggest a probable pre-adaptation to visual predation. The likelihood of invasion by nocturnally-active sharptooth
catfish Clarias gariepinus, however, may compromise this prior advantage.

Citation: Kadye WT, Booth AJ (2014) Alternative Responses to Predation in Two Headwater Stream Minnows Is Reflected in Their Contrasting Diel Activity
Patterns. PLoS ONE 9(4): e93666. doi:10.1371/journal.pone.0093666

Editor: Christopher J. Fulton, The Australian National University, Australia

Received November 19, 2013; Accepted March 10, 2014; Published April 1, 2014

Copyright: � 2014 Kadye, Booth. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding provided by South Africa’s National Research Foundation, Rufford Small Grants Foundation, Research Committee of Rhodes University. The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: kadyew@yahoo.com

Introduction

It is assumed that diel activity patterns have evolved in response

to both exogenous stimuli and endogenous biological constraints

[1–4]. Exogenous stimuli, including predation, prey dynamics,

competition and ambient environmental conditions, are consid-

ered to be the selective ecological drivers for the contrasting effects

of relative risk and resource use within a particular environment

[5]. Adaptive responses to such stimuli are reflected by special-

isation towards either diurnal or nocturnal use of available space

and resources. Diel activity patterns are therefore considered to be

a temporal axis that can facilitate niche segregation among

potential competitors [6–8] and coexistence within predator-

mediated systems [9].

Activity patterns in prey fishes exhibit particular diel rhythms

that are reflected by nocturnal, diurnal or crepuscular habits

[10,11]. For stream fishes, such diel activity patterns are

considered to be a response to both risk, such as the differential

predation effects either by piscivorous predators in deep water or

by wading and diving terrestrial predators in shallow water [12],

and potential reward from foraging opportunities [13]. Prey fishes

therefore select alternative patches that will yield minimum daily

food requirements against negative risk associated with predation

and competition [14]. Such behavioural responses by prey fish

species would manifest in restrictions of their activities to periods

when there is a perceived low prohibitive risk and a high profitable

foraging opportunity [13,15]. Studies have also alluded to the

importance of local habitat features, such as cover, depth and

habitat complexity in conferring both refuge and foraging space

[16,17]. Commonly, analyses of the relationships between

population dynamics and physical attributes are used to infer

habitat preference or avoidance [18], which suggests the

importance of such physical attributes to both the temporal and

spatial patterns in resource use among stream fishes [16].

Understanding diel patterns of stream fishes, particularly those

that are prey fishes, is critical because of the increasing threat

posed by the establishment of non-native piscivorous fishes. Since

diurnal-to-nocturnal synchrony is considered to be an adaptive

response that has developed over a longer evolutionary scale, there

is need to understand how diel activity patterns relate to

susceptibility of native species to invasion impacts. While many

studies have provided insights on the spatial aspects of niche

partitioning where potential impacts are likely to be high within
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invaded zones [19,20], it is not clear how the temporal aspects

related to the perceived physiological and adaptive traits of native

prey species contributes to our understanding of their persistence,

or lack thereof, in invaded habitats. For example, recent studies

have reported the sympatric occurrence of both non-native

piscivorous invaders and native prey fish [21], which suggest that

the behavioural adaptation traits, including diel activity patterns,

may play an important role in reducing potential impacts. Recent

studies have revealed the role of diel adaptations in facilitating

predator avoidance in invaded systems [22].

Ecological theory suggests that animals are evolutionarily

constrained to their activity patterns, which ultimately fixes

temporal partitioning, rendering them less amenable to manipu-

lation [23–25]. This hypothesis suggests that animals will show

fixed diel patterns due to specific physiological and adaptive traits

that would result in sub-optimal performance during the alternate

diel period [26,27]. However, certain species have been found to

exhibit flexibility in their adaptations to activity patterns [5,28,29].

Several studies on freshwater fishes have provided evidence for

such plasticity in activity patterns [15,30,31]. This alternative

hypothesis suggests that temporal partitioning is less important as

animals tend to maximise on opportunity, and animals would

therefore be able to exhibit flexibility in their diel activity [32].

We test these hypotheses by comparing the diel activity patterns

of two cyprinid minnows, the chubbyhead barb Barbus anoplus and

the Eastern Cape redfin minnow Pseudobarbus afer. Both species

occur within headwater tributaries of rivers in the Eastern Cape,

South Africa. These two minnows are an integral component of

the ecological functioning and food webs within headwater

streams. There are, however, serious concerns over the invasion

of their habitats by non-native piscivores, such as sharptooth

catfish Clarias gariepinus, largemouth bass Micropterus salmoides and

smallmouth bass M. dolomieu that occur within the mainstem

sections of many rivers [33]. We relate our findings to the

responses that have been observed in B. anoplus and P. afer to the

invasion of their habitats by non-native predators. We therefore

hypothesize that diel activity patterns of these two species would

reflect their potential susceptibility to different non-native invad-

ers.

Methods

Ethics statement
This study was conducted in accordance with the guidelines for

the use of animals in research for South Africa. Research on both

chubbyhead barbs Barbus anoplus and redfin minnows Pseudobarbus

afer was approved by the Eastern Cape’s Department of Economic,

Development and Environmental Affairs through permit numbers

CRO 67/13CR, CRO 68/13CR and CRO 69/13CR. Research

within the Groendal Wilderness Area for redfin minnows was

approved by the Eastern Cape’s Parks and Tourism Agency

through permit number RA 0151 and the Rhodes University

Ethics committee. All animals were sampled using non-destructive

minnow traps and through seine netting.

Study species
The chubbyhead barb, B. anoplus, is common in many rivers of

the region and is the most widespread minnow in South Africa

[34]. It is particularly abundant within headwater streams [35]

and is listed as a species of least concern under the IUCN list of

threatened taxa [36]. Anecdotal evidence suggests that it occurs in

sympatry with non-native piscivores, such as largemouth and

smallmouth bass and rainbow trout Onchorynchus mykiss in certain

habitats. The Eastern Cape redfin minnow P. afer, by contrast, is

listed as endangered [36], and is restricted to headwater streams

that drain the Cape Fold Mountains. Pseudobarbus spp. are

considered to be threatened primarily by non-native piscivorous

predators. Both species are persistent in headwater streams with

their population dynamics driven primarily by recruitment [35].

We investigated the diel activity patterns for these two species

using both field and laboratory experiments.

Field experiments
To assess diel activity, we conducted sampling for both

chubbyhead barbs and redfin minnows between May and July

2013. Chubbyhead barbs were sampled in the headwaters of the

Mankazana River, a tributary of the Koonap River that is a major

tributary of the Great Fish River. No other fish species were found

in the sampled stream. Redfin minnows were sampled in the

Waterkloof River, a tributary of the Swartkops River within the

Groendal Wilderness Area. Two other native fish species, Cape

kurper Sandelia capensis and longfin eel Anguilla mossambica also

occurred in the sampled stream.

To estimate abundance, minnow traps (50 cm long by 25 cm

diameter and 3 cm diameter opening, with 2 mm mesh), baited

with trout pellets, were randomly positioned in different habitats of

each stream. The traps were deployed from 07:00 to 16:00 hrs and

18:00 to 06:00 hrs for diurnal and nocturnal observations,

respectively. The sampled stream consisted of a series of pools

and riffles. We deployed 20 traps for each sampling occasion in

new and different localities. Each trap was positioned at least 30 m

apart to minimise resampling the same fish. Sampling was

conducted over three consecutive days and nights. The micro-

habitat around each trap was assessed based on water depth (cm),

dominant substratum and the presence or absence of bank

vegetation. Substratum composition was categorised based on a

modified Wentworth scale [37] as coarse gravel (,6 cm), cobble

(6–25 cm), boulder (25 cm–100 cm) and bedrock (.1 m). To

determine the presence and diel patterns of predatory fish, six

double-ended fyke nets were set randomly and monitored over the

same three consecutive days and nights. The fyke nets were set

between 07:00 to 16:00 hrs and 18:00 to 06:00 hrs for diurnal and

nocturnal observations, respectively. Both minnow traps and fyke

nets were observed between 16:00 to 18:00 hrs and 06:00 to

08:00 hrs for the day and night captures, respectively. All fish that

were captured were identified, measured (standard length) and

released back into the river alive.

Laboratory experimental procedure
Chubbyhead barbs and redfin minnows were captured by seine

netting and transported to the laboratory in oxygenated tanks. The

batches for the two species were left to acclimatise in holding tanks

(90 cm632 cm640 cm in length, width and height, respectively)

in the laboratory for a period of at least four weeks. The laboratory

was designed to simulate a 12 hour day and night photoperiod

using timer-controlled fluorescent lights. The day period was

therefore illuminated from 00:00 to 12:00 hrs, whereas the night

period commenced from 12:00 to 00:00 hrs. This illumination

cycle allowed for the observations of both diurnal and nocturnal

activity during the course of a working day. We maintained the

fish in clean filtered water. Water temperature was maintained at

20uC and dissolved oxygen was kept at saturation level. The fish

were fed daily on standard commercial aquarium fish flakes.

After the acclimation period, the fish were size-sorted into two

groups of small (,40 mm TL) and large fish (.40 mm TL)

corresponding to immature and mature individuals respectively

[38,39], after which they were transferred to their experimental

tanks. Both species reach sexual maturity at approximately 40 mm
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TL [38,39]. Experimental tanks comprised of 20 identical units

each measuring 30 cm623 cm624 cm in length, width and

height, respectively. Each tank, which contained an undergravel

bed with an air-lift oxygenation system, was divided into three

equal areas; pipe refuge, ‘‘grass’’ refuge, and open water. The pipe

refuge was a half-cylinder pipe (110 mm in diameter and 150 mm

long). The grass refuge comprised of polythene strips (4 mm in

width and 200 mm long) woven into a 10 cm2 polythene grid that

was secured to the false-bottom and covered with gravel to allow

the strips to float freely above the substrate. Both refuge types were

placed adjacent to each other at the back of the tank, with the

front section of the tank constituting the open-water section. Each

experimental tank was enclosed with black polythene cover on the

sides with a small flap cut into the polythene that could be lifted for

making observations. All tanks were positioned at eye-level in the

laboratory and illuminated from above.

We hypothesized that, for each species, diel activity patterns

would differ between size classes (small versus large fish) and in the

presence or absence of conspecifics (individuals versus being in a

group). To test these hypotheses, we conducted a factorial

experiment on both size class and conspecifics whereby each of

the four size class 6 conspecific treatments had five replicates

randomly allocated to the 20 experimental tanks. The single fish

treatments for both small (S1) and large (L1) fish comprised of one

individual, whereas the grouped fish treatments comprised of three

individuals for both small (S3) and large (L3) fish. Fish that were

transferred to the experimental tanks were allowed to acclimate for

a period of two days after which observations on diel activity

patterns commenced. Fish were fed daily with the food dispensed

evenly throughout each tank. Observations were made twice for

each of the light and dark periods per day. To minimise the effect

of the feeding on activity rhythms, observations were made before

the fish were fed and at least two hours after feeding. The

experimental trial was duplicated with each trail session consisting

of four consecutive days and nights. Each inter-trial period lasted

for one week during which the experimental tanks were cleaned

and their water replaced. The treatments were then randomly re-

assigned to the experimental tanks before the second trial. A total

of 40 fish were used during each trial, and no fish was used more

than once. We made observations on habitat choice and activity

during each diel cycle. For habitat choice, we recorded each

individual fish in relation to their occurrence in either pipe, grass

or in open water within each experimental tank. Fish activities

were recorded into three categories as being inactive (motionless

on the bottom), slightly active (hovering in mid-water) and active

(swimming in mid-water), and these categories were coded as 1, 2

and 3, respectively.

Statistical analysis
For the field experiments, relative fish abundance (number of

fish per trap) was assessed between day and night photoperiods

and the physical habitat attributes (depth, substratum composition

and presence/absence of vegetation cover). Relative fish abun-

dance was modelled with a Poisson generalised linear mixed

models (GLMM) and log-link function after examining for possible

overdispersion [40]. To standardise catch rate, trap soak time was

included as an offset term in the model. Furthermore, we used the

GLMM models to compare whether relative abundance was

depth-dependent between each of the day and night photoperiods

by including the interaction between depth and photoperiod into

the model. Model validity was assessed by applying Kolmolgorov-

Smirnov and Cramer-von Mises [41] goodness-of-fit tests on the

cumulative residuals.

For the laboratory experiments, we used frequency and activity

of fish as response variables to examine the effect of photoperiod

(day and night), habitat choice (pipe, grass and open water), size

(small and large) and conspecifics (individual versus grouped fish).

The frequency data, being multinomial response data, were

assessed with Poisson GLMM with a log-link function. Activity was

assessed with a linear mixed model (LMM). For the GLMM and

LMM models, we used Laplace and restricted maximum

likelihood (REML) approximations, respectively, for the maximum

likelihood estimation of parameters [40]. The statistical signifi-

cance of the fixed effects were tested using Wald x2 tests.

Models were developed using best subset modelling [42]. In

total, the candidate models considered were 56 models for the

field-based abundance data, 19 models for the laboratory-based

activity data, and 38 models for the laboratory-based frequency

data. For the field experiments, the model for each species

included photoperiod, depth, substratum and vegetation as fixed

effects, and photoperiod 6depth and substratum 6 vegetation as

interaction terms. For the laboratory experiments, analysis of the

frequency model for each species included photoperiod, choice,

conspecifics and size as fixed effects, and photoperiod 6 choice 6
conspecifics as interaction terms. Analysis of the activity model for

each species included photoperiod, conspecifics and size as fixed

effects, and photoperiod 6 conspecifics 6 size as the interaction

terms. The candidate model sets were developed from a fully

saturated model that included all terms and their interactions.

Akaike’s Information Criterion (AIC) was used to compare each

model’s goodness-of-fit. We identified models with the lowest AIC

as the most parsimonious, and evaluated each model’s relative

strength based on their Akaike weights(wi) that is calculated from

Di, the difference between the AIC for the best model and all other

models in the candidate set. Only those models with Di#2 were

considered to have substantial support from the data [42]. All

analyses were conducted within R [43] using the packages lme4

[44] and MuMIn [45].

Results

A total of 423 chubbyhead barbs and 1931 redfin minnows were

collected during the field experiments (Figure 1). No other fish

species were captured in habitats with chubbyhead barbs. In

contrast, a total of seven longfin eels, Anguilla mossambica, which are

known predators, were captured using fyke nets at night in habitats

with redfin minnows. The GLMMs, with Di# 2, for chubbyhead

barbs abundance explained between 82 and 98% of the variation

in the data (Table 1). Photoperiod, depth and substratum were the

significant variables that explained chubbyhead barb abundance

in all the models. Based on the most parsimonious model,

chubbyhead barb abundance differed between photoperiods

(x2 = 124.2, df = 1, p,0.001). Furthermore, chubbyhead barb

showed strong nocturnal activity whereby 87% (n = 368) of the fish

were captured at night, whereas daytime captures accounted for

13% (n = 55) of the catches (Figure 1). For redfin minnows, the

best ranked models for its abundance explained 80% of the

variation (Table 1). The best ranked models included photoperiod,

substratum and depth together with the interaction between depth

and photoperiod as the significant variables explaining their

relative abundance (Table S1). Similar to chubbyhead barbs,

redfin minnow relative abundance differed between photoperiods

(x2 = 594.5, df = 1, p,0.001) based on the most parsimonious

model. However, in contrast to the abundance patterns observed

for chubbyhead barbs, redfin minnows exhibited a shoaling

behaviour, and showed high diurnal activity pattern whereby 73%

(n = 1407) of the fish were captured during the day compared to
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27% (n = 524) during the night. For both species, the highest

number of captured fish was significantly associated with boulders

and cobbles (Figure 1).

Chubbyhead barb abundance showed a moderate increase with

depth (x2 = 4.7, df = 1, p = 0.03). However, there was no

interaction between depth and photoperiod (x2 = 1.6, df = 1, p.

0.05) with the results indicating a weak positive correlation

between abundance and depth at night (Spearman’s rank

correlation, r = 0.23, p.0.05) and no correlation for daytime

observations (Spearman’s rank correlation, r = 0.08, p = 0.49). By

contrast, redfin minnow abundance was significantly influenced by

depth (x2 = 99.8, df = 1, p,0.001) together with having a

significant interaction between depth and photoperiod

(x2 = 30.2, df = 1, p,0.001), indicating that the relationships

between depth and abundance were different between day and

night. Although redfin minnow abundance increased with depth

for each of the photoperiods (Figure 2), this relationship was

stronger (Spearman’s rank correlation, r = 0.70, p,0.001) during

the day compared to night (Spearman’s rank correlation, r = 0.57,

p,0.001).

In the laboratory, chubbyhead barbs exhibited a marked

temporal difference in habitat association. The best ranked

GLMMs showed that the fixed effects (photoperiod, choice and

conspecifics) and their interactions were most important in

explaining chubbyhead barbs frequency of habitat association

(Table 2). Fish showed high association with pipe refuge during the

day and open water at night (Figure 3). Inference from the most

parsimonious model revealed an interaction between photoperiod

and habitat choice (x2 = 7.5, df = 2, p = 0.02) (Table 2), indicating

that habitat selection was dependent on photoperiod. Specifically,

the conspecifics 6 open water interaction indicated that grouped

fish utilised open water in higher frequencies than individuals

(Table S2, Figure 3). Furthermore, there were differences in

habitat association based on presence or absence of conspecifics

(x2 = 189.2, df = 1, p,0.001), with the results indicating that

individual fish were associated with grass refuge in relatively

higher proportions compared to grouped fish (Figure 3). For redfin

minnows, the best ranked GLMMs showed that habitat associa-

tions were explained by the presence or absence of conspecifics

(Table 2). Based on the most parsimonious model, redfin minnows

were associated with the different refuge type equally throughout

the diel cycle (x2 = 4.72, df = 2, p = 0.09) (Figure 3, Table S2).

Nevertheless, redfin minnows exhibited significant conspecific

effects (x2 = 69.0, df = 1, p,0.001) with individual fish preferring

pipe refuge, whereas, grouped fish were associated with both pipe

and ‘‘grass’’ refugia during the day (Figure 3). Furthermore, we

found that redfin minnows were associated with open water at

night rather than during the day.

Activity patterns in chubbyhead barbs mirrored the field

observations, with high fish activity being observed at night in

open water for both individual and grouped fish (Figure 4). The

best fitted model revealed that fish activity was influenced only by

photoperiod (x2 = 2663.2, df = 1, p,0.001). In comparison, redfin

minnows’ activity was influenced by both photoperiod and

conspecific effects (Table 2). Although redfin minnows were

associated with pipe refugia throughout the diel cycle, they had

high diurnal activity (x2 = 11.2, df = 1, p,0.001) (Figure 4). The

activity rate of redfin minnows was higher in the presence of

conspecifics (x2 = 32.2, df = 1, p,0.001).

Discussion

Diel activity patterns in minnows
The two species in this study exhibited contrasting diel activity

patterns. Based on the field experiments, we found that chubby-

head barbs were nocturnal, whereas, redfin minnows showed high

diurnal activity. The results of this study broadly supported the

hypothesis that the two species have fixed diel activity patterns.

Nevertheless, their contrasting diel activities suggest that they

exhibited differences to risk perception and foraging opportunity

in response to the proximate cues within their particular habitats.

Studies have shown that the preferred period of activity by animals

is associated with maximising energy gain while minimising

predation risk [13]. For chubbyhead barbs, their nocturnal

behaviour suggests a response to the costs associated with daytime

activity. Because nocturnal activity is considered to be inefficient

for visual foraging [11] particularly for stream-dwelling minnows

[46], and due to the absence of fish predators within its habitat, the

nocturnal habit of chubbyhead barbs suggests a response to visual

terrestrial predators, such as diving and wading birds. Nocturnal

investment by fishes usually reflects a perceived high foraging cost,

primarily due to predation risk, during the day rather than at night

[26]. The evolution of a nocturnal lifestyle is therefore believed to

have been driven by visual diurnal predators [5] and is common in

fish [23,47,48], and has been observed for other taxa, including

aquatic insect larvae [49,50] and zooplankton [51].

Diurnal activity by redfin minnows suggests a response to the

relative costs associated with nocturnal activity. Although the cost

Figure 1. The number (mean ± standard error) of fish caught in
minnow traps in relation to different substratum categories
during field experiments for chubbyhead barb Barbus anoplus
and Eastern Cape redfin minnow Pseudobarbus afer during day
and night. Sampling was conducted over three consecutive days and
nights for each species.
doi:10.1371/journal.pone.0093666.g001
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of nocturnal activity could be inferred from the presence of longfin

eel A. mossambica that was active at night in habitats with the

minnows, visual terrestrial predators, such as birds, could

potentially be associated with the cost of diurnal activity for this

species. Furthermore, the sympatric occurrence of redfin minnows

with S. capensis suggests potential for resource competition. Studies

show that when animals are faced with different costs associated

with satisfying minimum energy requirements, due to either

predation or competition, they often learn to discriminate between

these costs and individual risks [52]. Natural selection would

therefore favour the ability to recognise the intensity of perceived

costs [10], and animals would exhibit appropriate behaviour for a

given type and intensity of each perceived cost [53]. Based on the

field experiments, the redfin minnow’s diel activity patterns suggest

three probable adaptive mechanisms to both direct and indirect

costs, such as predation and competition, respectively. First, by

being active during the day, minnows could potentially capitalise

on feeding efficiency that would be conferred by the light hours for

both prey detection and capture while avoiding predation from

nocturnal predators, such as longfin eel. Second, the shoaling

behaviour by minnows that was observed in this study may suggest

an adaptive mechanism to visual terrestrial predators. Shoaling

behaviour in fishes has been observed to be an important anti-

predator strategy in streams that are subject to high predation risk

[54]. By shoaling, individuals benefit from increased vigilance,

coordinated anti-predator responses and a dilution effect [55–57].

Third, our results indicated stronger depth-dependence for redfin

abundance during the day compared to night. This suggests that

although the redfin minnow was diurnal, it was more active in

deeper pools, which could potentially curtail the risk of visual

terrestrial predators, particularly shallow diving and wading birds.

Table 1. Analysis of Poission generalized linear mixed models indicating the null and best-subset models describing the relative
abundance patterns of chubbyhead barb Barbus anoplus and Eastern Cape redfin minnow Pseudobarbus afer that were captured in
the wild in relation to photoperiod and physical habitat variables.

AIC Di wi R2

Barbus anoplus Intercept 740.9 299.5 0.00 0.00

Intercept + Depth+Photoperiod + Substratum + Vegetation + Substratum
6Vegetation

414.4 0.00 0.14 0.98

Intercept + Depth + Photoperiod + Substratum + Vegetation +
Substrate6Vegetation +
Depth 6 Photoperiod

414.7 0.28 0.12 0.98

Intercept + Depth + Photoperiod + Substratum + Vegetation 442.9 1.44 0.07 0.82

Intercept + Depth + Photoperiod + Substratum + Vegetation + Depth 6
Photoperiod

443.2 1.75 0.06 0.82

Pseudobarbus afer Intercept 1537.2 579.00 0.00 0.00

Intercept + Depth + Photoperiod + Substratum + Depth 6Photoperiod 961.2 0.00 0.33 0.80

Intercept + Depth +Photoperiod + Substratum + Vegetation + Depth 6
Photoperiod

963.2 1.97 0.12 0.80

In all models, catch rate was standardised by time with the inclusion of soak time as an offset term. AIC = Akaike’s Information Criterion, Di = the difference in AIC
values between the candidate model and the most parsimonious model with the lowest AIC, wi = the model weight in relative to all models assessed, and R2 = the
pseudo-coefficient of determination. Significant effects (a,0.05) are indicated in bold.
doi:10.1371/journal.pone.0093666.t001

Figure 2. The relationship between fish abundance and depth during day and night for chubbyhead barb Barbus anoplus and
Eastern Cape redfin minnow Pseudobarbus afer based on field experiments.
doi:10.1371/journal.pone.0093666.g002
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Theory predicts that when populations are exposed to variable

environments with reliable cues, selection favours adaptive

plasticity [58]. For example, in predator-mediated environments,

prey activity is considered to be inversely related to predation or

risk intensity [59]. It is therefore anticipated that removing

potential predator cues through controlled laboratory experiments

would induce different behavioural responses by prey. The results

of our laboratory experiments, nonetheless, did not show any

major shifts that indicated an innate recognition of predator

absence. The results for these two species are therefore consistent

with the suggestion that animals, particularly prey species, have

evolved inherent behaviours that indicate anticipated rather than

observed risk [26]. For chubbyhead barbs, their consistent

nocturnal activity based on both field and laboratory observations

suggests that their behaviour was a response to an anticipated risk

associated with diurnal activity. Similar studies on aquatic

invertebrates have shown that taxa that have evolved nocturnal

habits in response to diurnal predators remain nocturnal in the

absence of the predator [60]. In comparison, redfin minnows

exhibited high refugia use during the diel cycle in the laboratory

that appeared contrary to its high diurnal activity in the wild. This

altered behaviour by redfin minnows may be explained by two

probable mechanisms. First, the redfin minnows showed both

depth-dependence and shoaling behaviour in the wild as possible

predator avoidance mechanisms. Depth-dependence was, howev-

er, not simulated by our experiment where all animals were tested

at a consistent depth of approximately 20 cm. Furthermore, our

results showed that habitat association by redfin minnows was

influenced by conspecifics, which suggests the importance of

shoaling behaviour for the diurnal activity of this species. It is likely

therefore that these fish would utilise refuge both at shallow depth

and in the absence of big shoals that would potentially confer

refugia advantage. Second, studies have shown that food

availability plays an important role in the diel activity of fish.

For example, experimental studies on European minnows Phoxinus

phoxinus showed that they were likely to spend more time in refuge

when they had abundant food supply [13]. Because the fish in the

study were well-nourished, it is likely that they would utilise refuge

during the day. This is consistent with the suggestion that fish

would minimise exposure to diurnal predators by utilising refuge

when their energetic requirements are satisfied [13]. The results of

this study were also consistent with observations from other studies

that suggest that when animals either regard their foraging area to

be risky or have an imperfect knowledge about their environment,

they tend to overestimate risk [26,61,62]. This often manifests in

extensive refuge use or reduced foraging time [26], as was

observed for the redfin minnows. Despite their high refuge use

during the diel cycle, the redfin minnows showed high diurnal

activity that was consistent with observations in the wild.

The diel activity patterns for both species were influenced by

habitat structure. Physical habitat has been found to affect daily

activity patterns in fish [47]. Often, for prey fishes, habitats that

are profitable for foraging may not be optimal for refuge.

Individuals would therefore select habitats that provide a good

Table 2. Analysis of GLMMs and LMMs on laboratory observations indicating the null and best-subset models describing either
the frequency of observations or activity levels within different refugia for chubbyhead barb Barbus anoplus and Eastern Cape
redfin minnow Pseudobarbus afer in relation to photoperiod, choice of refuge, size, presence of conspecifics.

Frequency AIC Di wi R2

Barbus anoplus Intercept 3098.5 173.2 0.00 0.00

Intercept + Choice + Conspecifics + Photoperiod + Choice6
Conspecifics + Choice6Photoperiod + Conspecifics6
Photoperiod + Choice6Conspecifics6Photoperiod

179.0 0 0.34 0.24

Intercept + Choice + Conspecifics + Photoperiod + Choice6
Conspecifics + Choice6Photoperiod+Conspecifics6
Photoperiod

179.3 0.37 0.28 0.24

Intercept + Choice + Conspecifics + Photoperiod + Size +
Choice6Conspecifics + Choice6Photoperiod +
Conspecifics6Photoperiod + Choice6Conspecifics
6Photoperiod

180.7 1.73 0.14 0.24

Pseudobarbus afer Intercept 2221.2 60.3 0.00 0.00

Intercept + Choice + Conspecifics 173.8 0 0.16 0.11

Intercept + Choice + Conspecifics + Size 174.1 0.28 0.14 0.12

Intercept + Conspecifics + Size 174.8 0.96 0.10 0.11

Intercept + Conspecifics 175.1 1.22 0.09 0.11

Intercept + Choice + Conspecifics + Photoperiod + Size 175.6 1.79 0.07 0.12

Activity AIC Di wi R2

Barbus anoplus Intercept 1697.3 1259.5 0.00 0.00

Intercept + Photoperiod 437.8 0.00 0.95 0.73

Pseudobarbus afer Intercept 1367.6 23.9 0.00 0.00

Intercept + Photoperiod + Conspecifics 1343.7 0.00 0.69 0.11

The frequency models were Poisson, while activity models were Guassian. AIC = Akaike’s Information Criterion, Di = the difference in AIC values between the candidate
model and the most parsimonious model with the lowest AIC, wi = the model weight in relative to all models assessed, and R2 = the pseudo-coefficient of
determination. Significant effects (a,0.05) are indicated in bold.
doi:10.1371/journal.pone.0093666.t002
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trade-off between energy intake and risk avoidance [14,63]. In

streams, physical refugia that provide cover from predators or

habitats in which predators are inefficient often provide such

trade-offs [47]. In this study, we found significant associations

between fish abundance and coarse substratum (boulders and

cobbles) in the wild, whereas in the laboratory the fish tended to

show avoidance of open-water by utilising the concealed pipe

refugia. Furthermore, our field observations indicated low fish

abundance in fine substratum, such as gravel, which suggests that

habitats dominated by this substratum were suboptimal and were

avoided. This suggests that diel activity was mediated by habitat

complexity. In particular, the interstitial spaces associated with

coarse substrates not only provide refuge, but are also associated

with invertebrate prey for fish [64].

Implications on biological invasions
Non-native piscivorous fish are considered to be the major

threat to both populations for these minnows [65]. Although most

populations for both species occur in headwater streams, periodic

incursions by the non-native fishes into these sections have been

reported [66]. The probable invasion pathways include deliberate

illegal introductions by anglers, especially for largemouth and

smallmouth bass, and through movement from mainstem sections

into headwater streams when habitats become connected during

periods of high flow (particularly for sharptooth catfish).

Previous studies on predation impact have shown local

extirpations of redfin minnows in habitats invaded by largemouth

and smallmouth bass and trout that are known to be visual

predators [67,68]. By comparison, chubbyhead barbs occur in

sympatry with trout and bass in certain habitats where they have

been deliberately stocked as fodder fish (Booth pers. obs). The

nocturnal habits of chubbyhead barbs suggest a pre-adaptive

response to potential predation by diurnal visual predators. This

nocturnal behaviour may explain, in part, the co-occurrence of the

chubbyhead barbs with non-native predators, such as bass and

trout. Nevertheless, it is unclear whether such co-occurrences are

associated with both predation and non-consumptive costs. In

addition, potential invasion by sharptooth catfish, which is now

dominant in the mainstem sections of many rivers in the region

[33,66], may offset this prior advantage as it is known to have

nocturnal habits [69].

The diurnal activity of redfin minnows may, also in part,

explain its vulnerability to visual predators. Although we observed

its shoaling behaviour as a potential anti-predator mechanism,

such behaviour may have also evolved in response to a known

visual predator, such as birds, and may therefore be an

inappropriate behaviour if exposed to a novel aquatic predator.

This shoaling behaviour may increase vulnerability to visual

predators, such as bass and trout, as observed in predation impact

studies (e.g. [67]). Some studies suggest that when prey species

learn to recognise novel predators, they respond by either altering

Figure 3. Laboratory experiments showing the proportion (mean ± standard error) of individual and grouped fish associated with
pipe, grass and open water habitats during day and night for chubbyhead barb Barbus anoplus and Eastern Cape redfin minnow
Pseudobarbus afer.
doi:10.1371/journal.pone.0093666.g003
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their diel activity [70] or they shift their habitat use by moving to

shallow habitats to avoid predation by non-native piscivores [71].

Behavioural modifications by native prey species in response to the

presence of non-native predators may nonetheless be associated

with non-consumptive effects, such as use of suboptimal habitats

and limited foraging time that would have an effect on population

fitness [22], whereas, shifting habitat use could expose these fishes

to terrestrial prey [72]. The diurnal activity and shoaling

behaviour of redfin minnows may explain why this species has

experienced severe localised extirpations in river sections that have

been invaded by visual predators, particularly Micropterus spp. that

are known to be active during day time periods.
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