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Abstract Turbidity, caused by suspended particles in the wa-
ter column, induces light scattering and shifts in the wave-
lengths of light. These changes may impair the ability of fish
to use physical cues and hence may modify social interactions.
We experimentally investigated the social interactions of
guppies, Poecilia reticulata, in clear and turbid water. Fish
were significantly less active, formed smaller shoals and were
found to be more often alone in turbid than in clear water. A
Markov chain analysis revealed significant differences in the
social dynamics when comparing clear and turbid water con-
ditions. The probability of leaving a particular nearest neigh-
bour and the probability of choosing some neighbour after
swimming around alone differed between the treatments.
Our results indicate that turbidity has a number of different
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effects on the social interactions of the guppy, and we discuss
their potential costs and benefits and wider implications.
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Introduction

Turbidity in the water body has become a worldwide phenom-
enon and is steadily increasing. It is caused by suspended par-
ticles that generate light scattering. This is mainly a result of
anthropogenic influences (Scheffer et al. 2001). Intense human
land use like deforestation, mining and agriculture lead soils
releasing clay and silt particles and increased amounts of fertil-
izers, which are washed into rivers and lakes. While fertilizers
raise productivity of aquatic ecosystems, often reflected in sub-
stantially increased algae growth (Carpenter et al. 2001; Conley
et al. 2009), soils, clay and silt may be suspended in the water
column and hence may cloud the water (Tockner et al. 2010).
Quarrying is one of the human activities that affects land and
has lasting effects on the environment (Maya et al. 2012). With
increasing demand for construction material in the centres of
dense population and development all over the world, the con-
sequence of quarrying moves into focus. Closely linked but not
mandatory to the activity of quarrying is deforestation. Both can
lead to higher nutrient concentrations, pH values, temperatures
and stronger currents in streams (Likens et al. 1970; Galas
2003). With flash floods, clay from the quarries and soil can
be washed into the rivers leaving a thick coating of mud and
high turbidity levels (Tockner et al. 2010; Maya et al. 2012)
which might influence the physiology of organisms
(Ardjosoediro and Ramnarine 2002). In addition, turbidity scat-
ters and reduces the amount of light and may lead to a change of
the light spectrum, in the water column (Utne-Palm 2002).
Many fish species rely on vision as their main source of
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information, for example, with respect to foraging and anti-
predator behaviour (Guthrie and Muntz 1993). Therefore,
changes in the natural environment that modify the optical prop-
erties of water or the visibility per se may have important con-
sequences for the biology of fishes (Endler 1992; Utne-Palm
2002; Chapman et al. 2009, 2010; Sluijs et al. 2010).

In fish, visual communication plays a role in kin recogni-
tion and familiarity (Griffiths and Magurran 1999; Hain and
Neff 2007), identification of predators and social learning
(Laland and Williams 1997; Day et al. 2001) as well as forag-
ing and shoaling behaviour (Hoare et al. 2000). In highly
turbid water, visibility may be reduced and a decrease of in-
formation exchange may occur. Fish may be able to counteract
such constraint by increasing their activity. Such a response
has been found in juvenile cod (Gadus morhua) where fish
under turbid conditions kept their foraging rate constant by
increasing their activity levels (Meager and Batty 2007). In
the presence of predator cues, pike larvae (Esox lucius) hid
within the vegetation less and exploited the open water more
when under turbid conditions than when under clear water
conditions (Lehtiniemi et al. 2005). However, African cichlid
showed a marginally significant decrease in activity in turbid
water when fish were reared in turbidity (Gray et al. 2012).

To investigate the influence of turbidity on social behav-
iour, we selected the Trinidadian guppy, Poecilia reticulata,
which has become a classic study system in behavioural ecol-
ogy and evolutionary biology over the last 50 years (Magurran
2005). The guppy is subject to high levels of turbidity in large
parts of the Northern Mountain Range of Trinidad as a result
of quarrying activities. After rainfall, runoff from quarries en-
ters the rivers causing dramatic short-term increases in turbid-
ity (KKB and RJGC pers. obs.). In our study, we examined
changes of activity and social behaviours in guppies exposed
to turbidity. To investigate the changes of social structure, we
carried out generalized linear mixed model. The social dy-
namics of the fission-fusion process was analysed with a
Markov chain approach. We hypothesize that increased tur-
bidity has an effect on the activity of fish as well as on the
association behaviour with conspecifics and social dynamics.
We predict that activity of the fish will differ under clear and
turbid water conditions. Further, we predict that group size
will decrease and the frequency of fish being alone will in-
crease in turbid water because encounter probabilities between
individuals should be reduced in turbidity.

Methods
Study species
Guppies caught from the Northern Mountain Range of

Trinidad, Arima River, were bred for about 20 generations in
the laboratory. They were fed twice a day with TetraMin dry
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food. Water had a constant temperature of 24 °C, and diel
illumination rhythm was at 12/12 h.

Experimental setup

One hundred fish (50 males, 2.2-2.8 cm; 50 females: 2.8—
3.8 cm) were individually marked with fluorescent elastomer
which are known to have no impact on fish behaviour (Croft
and Krause 2004). Fish were divided into 10 groups of 10 fish
(five males and five females) each and were kept for 12 days
in 40%x30 cm tanks to become familiar with each other
(Griffiths and Magurran 1997). Subsequently, the groups were
transferred to test tanks (100% 100x20 cm with a grid of 10x
10 cm squares placed below the tank to facilitate the recording
of two-dimensional positions of individual fish) and left over-
night for acclimation either in clear or in turbid water. The next
day, each group of 10 fish was observed for 2 x30 min. After
observation, groups were transferred to test tanks with the
opposite water quality treatment and left overnight for accli-
mation. Observations were conducted the next day. Half of the
groups experienced turbidity first, and the other half experi-
enced clear water first to control for treatment order. To facil-
itate individual recognition of fish during experiments from
above even under turbid conditions, water depth was limited
to 2 cm. Guppies often enter very shallow waters in the field
(KKB and JK pers. obs.); therefore, such shallow water does
not provide unusual conditions for them. Furthermore, pilot
experiments showed that the fission-fusion dynamics of fish in
tanks was consistent with that shown in the wild (see Wilson
et al. 2014). Turbidity was created using 5 g of Kaolin
(Amberger Kaolinwerke, Germany) to achieve a level of
about 1000 nephelometric turbidity unit (NTU). We used
Kaolin to turbid the water as it consists of little clay particles
with a big surface that keeps the particles suspended for a long
time (Meager et al. 2005). Turbidity levels dropped to
700 NTU during experiments but the optical range of the fish
was consistently lower than 5 cm (pre-test showed that fish
reacted towards other fish only within a 5-cm range). For
comparison, turbidity levels in the clear water treatment were
about 5-10 NTU. Similar NTU ranges, namely about 900—
1000 NTU for turbid and about 7 NTU for clear water, were
measured in natural guppy habitats at the Turure River,
Trinidad. Turbidity was measured with Horiba Water quality
checker U-53, Kyoto, Japan. To avoid sedimentation of
Kaolin during the experiments, we gently stirred up the bot-
tom of the tank in the evening, in the morning and before each
observation period. We did so in both treatments to control for
potential disturbance of fish.

Data collection

Each fish (in a group of ten) was individually tracked by direct
observation for 2x3 min per treatment. The position of the
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focal fish on the grid and the identities of its neighbours were
recorded every 10 s giving 2 x 18 data points per focal fish. We
defined a focal fish’s neighbours as follows: first, all fish
which were within four body lengths of the focal fish (which
is a commonly used criterion for social associations, Krause
and Ruxton 2002) and second, all fish which were within four
body lengths of the above mentioned neighbours (if present).
The 10-s duration and the observation time of 3 min were
chosen because previous work indicated that this approach
captures their social dynamics (Wilson et al. 2014).
The following response variables were calculated:

1. Mean shoal size. We calculated the arithmetic mean of
shoal size for each focal fish out of the number of its
neighbours from 2% 18 data points.

2. Mean time alone. Out of the 2x 18 data points for each
focal fish, we recorded how many times a fish was ob-
served alone, i.e. no other fish was located within four
body lengths of the focal fish. From these counts, we
calculated the arithmetic mean.

3. Mean activity. If a fish changed its grid position (as mea-
sured by the squares under the tank) from one 10-s record-
ing to the next, we defined this as a square crossing (re-
gardless of the number of squares moved). We calculated
the mean activity as the mean number of square crossings
of each fish.

Statistical analysis

From the original 10 groups, one group had to be excluded
because of incomplete data. Furthermore, two single male fish
from separate groups had missing data or died before the first
observation. Therefore, the subsequent analysis was carried
out with 88 fish in nine groups. To evaluate whether social
behaviour of guppies differed between the treatments and fish
sexes, we calculated generalized linear mixed models
(GLMM). Models were constructed with treatment and sex
as fixed factors, and individual fish nested within groups as
a random factor. All response variables were approximated as
count data; therefore, we applied the Poisson family distribu-
tion with its canonical link function (Kachman 2000).
Correlations between activity and solitary fish and activity
and mean shoal size were calculated by Pearson’s 7. All sta-
tistical calculations were performed by the function
glmmPQL from MASS package (Venables and Ripley 2002)
in R version 2.14.1 (R Core Team 2011) and Sigma Plot 12.0.

Markov chains
In order to better understand the underlying dynamics of the

patterns of social behaviour and to investigate differences be-
tween the two treatments, we used a fission-fusion model

based on Markov chains. Following Wilson et al. (2014), we
constructed two variants (with different levels of detail) that
describe the social behaviour common to all focal individuals
as sequences of ‘behavioural states’. In the simple model
(Fig. 1a), a focal fish can either be social (with a conspecific)
denoted by i or alone (no conspecific within four body
lengths) denoted by x. By regarding i and x as states of a
first-order Markov chain, the transition probabilities between
these states can be estimated from the data points in our ob-
servations (see supplementary material and Wilson et al. 2014
for more details). Our simple model then predicts the distribu-
tions of the lengths of phases of social contact and of being
alone. In the more detailed model (Fig. 1b), the identities of
the neighbours of the focal fish are also taken into account, i.e.
the state 7 of the simple model is split up into & states iy, ..., iy,
where £ is the number of potential neighbours and the state i;
indicates that the focal fish is currently associated with indi-
vidual j. The more detailed model has k+1 states, one for each
potential neighbour plus the state x. In addition to the simple
model, the more detailed model predicts the lengths of contact
phases with the same neighbour.

In a first-order Markov chain, the next state only depends
on the current state. In our case, this means, for example, that
the decision of a focal fish to leave its current neighbour and to

p,=0.21

92 = d3 =
0.79 0.47

p>=0.21

Fig. 1 Markov chain models of social behaviour in the guppy. All
probabilities are estimates for the clear water treatment. a The simple
model. A fish can either be social (with a conspecific) denoted by i or
alone (no conspecific within four body lengths) denoted by x. p, and p;
indicate the respective probabilities for changing states and ¢,=1—p, and
¢3=1—pj3 those for retaining current states. b The more detailed model. In
this model, state i (dotted circle) is split up into as many states as there are
potential neighbours, and the focal fish is in state i,, if individual g is its
nearest neighbour. In our model, the dynamics do not depend on the
neighbour’s identity and is the same for each state i,. Therefore, for the
sake of clarity, the figure only shows the state 7;. A focal fish stays with its
current nearest neighbour with probability ¢;. When the contact with this
neighbour ends, it decides to be alone with probability p, or switches to a
different neighbour with probability p,. If there are & potential neighbours
other than i, the probability of choosing a particular one is py/k
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swim around alone (only) depends on its current state. Wilson
et al. (2014) showed that this is a valid assumption for female
guppies observed in the wild.

In the supplementary material (Figs S1 and S2), it is dem-
onstrated that the simple and the more detailed Markov
models capture the dynamics of the state changes in our ob-
servations and that the observed lengths of social contact, of
contact with a particular nearest neighbour and of being alone
are well approximated by the model predictions.

The model probabilities are estimated as simple propor-
tions (see supplementary material for more details). This al-
lows us to investigate differences between the treatments re-
garding the lengths of social contact phases, of contact phases
with the same neighbour and of being alone, where the length
is measured as multiples of time intervals of 10 s. We used the
two-sample test for equality of proportions with continuity
correction in R for our tests.

Results

The mean shoal size was significantly greater in clear than in
turbid water (Table 1; Fig. 2a), and fish in turbid water were
significantly more often alone than fish in clear water (Table 1;
Fig. 2b). Furthermore, fish in clear water were significantly
more active than fish in turbid water (Table 1; Fig. 3). Males
and females differed significantly in mean activity across both
treatments with males showing higher levels of activity
(Table 1). In the following, we investigated the potential in-
fluence of activity on social behaviour. We found no signifi-
cant correlation between activity and mean shoal size (Pearson
correlation, r=—0.364, p=0.335) and activity and mean time
alone in turbid water (#=0.293, p=0.445). Furthermore, no
significant correlation was found between activity and mean
shoal size (r=—0.488, p=0.182) and activity and time spent
alone in clear water (r=0.513, p=0.158).

For each treatment (clear and turbid water), the Markov
model probabilities were computed across all groups

(Table 2). The probability p, of switching the nearest neigh-
bour (0.52 in clear water and 0.43 in turbid water) and the
probability p; of choosing some neighbour after swimming
around alone (0.53 in clear water and 0.38 in turbid water)
differed between the treatments. Both probabilities were sig-
nificantly greater in clear water than in turbid water (two-sam-
ple test for equality of proportions with continuity correction,
both p values <0.001). The probability of ending social time
(i.e., leaving any neighbour) did not differ significantly be-
tween the treatments (Table 2). This means that both the con-
tact phases with a particular nearest neighbour and the phases
of being alone were longer in turbid water than in clear water,
while the lengths of general social contact did not differ.

The reciprocal values of the model probabilities specify the
mean number of data points over which a focal fish will retain
a state. Multiplying this number by 10 s (the time between two
data points) yields the mean time spent in each state. The mean
length of social contact in clear water was about 47 s and in
turbid water about 50 s. Social contacts included 3.4 different
nearest neighbours in clear water and 3.2 in turbid water on
average. The mean length of contact with a particular nearest
neighbour was 14 s in clear water and 16 s in turbid water.

Discussion

Our results show that turbidity leads to a strong behavioural
response, which has potentially important implications for in-
formation transfer and predator recognition. Furthermore, fe-
males and males differed in activity levels.

Altered social behaviour in turbid water may be a result of a
sensory constraint in that fish are less able to detect conspecifics
visually. Therefore, individuals cling longer to a particular
neighbour or remain longer alone after leaving their neighbour,
leading to smaller group sizes. Smaller group sizes and less
frequent switching of the nearest neighbours suggest that
guppies under turbid conditions might have less access to pub-
lic information and fewer opportunities for social learning
about food locations (Laland and Williams 1998; Bates and

Table 1 Results of GLMM with

treatment, sex and their Response Fixed factor Mean Std. error DF t value p value
interaction as fixed factors and variable
fish nested within groups as
random factor Mean shoal size Treatment —0.1941 0.0699 87 —2.7760 0.0067
Sex 0.0016 0.0668 79 0.0233 0.9815
Treatment X sex —0.0368 0.0999 87 —0.3681 0.7137
Mean time alone Treatment 0.2065 0.0930 87 2.2199 0.029
Sex 0.1386 0.1065 79 1.3011 0.1970
Treatment x sex —0.0290 0.1283 87 —0.2256 0.8220
Mean activity Treatment —0.2087 0.0531 87 —3.9345 0.0002
Sex 0.1167 0.0503 79 2.3201 0.0229
Treatment x sex 0.0961 0.0724 87 1.3271 0.1880
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Fig. 2 Shoaling behaviour of the a b
fish in turbid and clear water. a = 2 I
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Chappell 2002) and identities of predators (Magurran and
Higham 1988). Lower activity rates suggest that fish conduct
less general sampling to keep up to date with their surroundings
(Webster and Laland 2011).

Smaller group size and longer time alone could also be
interpreted as an adaptive response to changed environmental
conditions. Several studies suggest that turbidity might reduce
the perceived risk of predation in fish from visually hunting
predators (Gregory and Northcote 1993; Maes et al. 1998). In
studies of Pacific salmon (Oncorhynchus tshawytscha), it was
shown that fish perceived less predation risk in turbidity and
foraged more often in open water in turbidity than in clear
water (Gregory 1993; Gregory and Levings 1998).
Furthermore, Fischer and Frommen (2013) showed that in
turbidity, the three-spined stickleback (Gasterosteus
aculeatus) lost its preference for bigger shoals. Smaller group
size and more time alone in turbidity could be therefore an
adjustment to reduced perceived predation risk (Abrahams
and Kattenfeld 1997). In addition, competition for food is
reduced in smaller groups (Hoare et al. 2004).With the
Markov chain approach, we were able to shed more light on
the dynamics behind the observation that fish are more often
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Fig.3 Comparison of activity (mean number of squares fish transited out
of 2x17 possible) between turbid and clear water treatments. Bars show
mean values and standard error for n=176 fish

alone in turbid water than in clear water. Obviously, the fish
did not increase the number of phases of being alone but rather
their lengths, supporting our first hypothesis that turbidity
might be experienced as a constraint.

It has been proposed that under turbid conditions, predator-
prey interactions are primarily characterized by the encounter rate
of predator and prey (Abrahams and Kattenfeld 1997). In clear
water, prey can watch for predators and use anti-predator behav-
iour for protection whereas the only chance under high turbidity
and short recognition distances is to avoid encounter. Therefore,
decreased activity interpreted as an active response to turbidity
would allow fish to reduce actively the encounter probability
with predators. A supporting result was found in sticklebacks
where individuals switched less often between shoals in turbid
water (Fischer and Frommen 2013). Generally, males were found
to be more active than females. Since females are receptive ap-
proximately every 4 weeks, a reasonable interpretation might be
that males are more active to find new mates (Magurran 2005).

Fish showed a strong behavioural response to turbidity in
our study. Such behavioural flexibility might be used to min-
imize negative effects in order to cope with environmental
change (Wright et al. 2010; Sih et al. 2011; Tuomainen and

Table 2  Estimated model probabilities py, ps, p» and p3 and 95 %
confidence intervals for both treatments

Treatment  Clear water Turbid water

Estimate 95 % CI Estimate 95 % CI P value
p1 0.73 0.71-0.75  0.63 0.61-0.65 <0.001
Ps 0.52 0.50-0.54 0.43 041-045 <0.001
P2 0.21 0.20-0.23  0.20 0.18-0.22 0.25
p3 0.53 0.50-0.57 0.38 0.35-041 <0.001

p1 1s the probability of leaving the current neighbour, p, of switching to a
different neighbour, p, of leaving any neighbour (i.e. switching from state 7
to state x) and p; of choosing some neighbour after having been alone (i.e.
switching from state x to state 7). ps=p;—p,. The corresponding probabilities
41, 4> and g; of retaining the respective states are not contained in the table
because g;=1—p; for all j. The p values resulted from the two-sample test for
equality of proportions with continuity correction
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Candolin 2011). In fact, a complex behavioural and cognitive
repertoire is known to influence the probability of coloniza-
tion (Huizinga et al. 2009; Bisazza 2011) and the guppy is
probably the world’s most widely distributed tropical fish
(Magurran 2005). However, regular occurrence of turbidity
implies regular disturbance of the social dynamics of fish
and they might learn to better cope with it and develop differ-
ent strategies (Sih 2013). For example, guppy males are
known to be selected for colourful pigments by females
(Houde 1997; Magurran 2005). Under regular occurrence of
turbidity, females may switch to another sense for mate
choice, for example olfaction, reducing visual selection pres-
sure as it has been shown in sticklebacks (Heuschele et al.
2009). Cichlid flocks in the great lakes of Africa have also been
strongly affected by turbidity within the last decades. Cichlids
showed a strong radiation, where species were sexually isolated
by visual mate choice. With increasing and enduring turbidity
caused by algae blooms due to eutrophication, species radiation
collapsed. Cichlid females were not able to differentiate be-
tween different colour morphs of males anymore (Sechausen
etal. 1997). Here, females apparently, were not able to switch to
another sense to maintain speciation.

However, not only the visual sense of fishes is impacted by
anthropogenic influences. Road traffic, for example, masked
females perception of male signals in the grey tree frog, Hyla
chrysoscelis, (Bee and Swanson 2007) or provoked altered
singing frequencies in the grey shrike-thrush, Colluricincla
harmonica (Parris and Schneider 2009). In bottlenose dol-
phins, Tursiops sp., communication range was found to be
reduced by vessel noise (Jensen et al. 2009).

With our study, it is not possible to disentangle whether we
observed an active behavioural change to turbidity or whether
it acted as a constraint. However, Trinidad is increasingly
affected by quarries and deforestation (Agard et al. 2004)
and changes in social behaviour of affected fish should be
closely monitored. Even more when we take into account that
turbidity induced by quarry runoffs has many other effects like
periodically higher water levels and stronger currents associ-
ated with rainfall. Further systematic studies are urgently
needed to understand how regular occurring environmental
changes affect the behaviour, ecology and evolution of guppy
populations, which have been a focus point of scientific atten-
tion for more than 70 years (Houde 1997). This will also
require novel methods to assess changes in behaviour as a
result of disturbance. In our study, we used a first-order
Markov chain (MC) as an individual-based model to approx-
imate the social dynamics of guppies. A MC represents the
simplest possible individual-based model and provided a good
fit to our data. There is a twofold benefit of modelling fish
social behaviour in this way. Firstly, the MC captured the
dynamics of the social behaviour unlike most network ap-
proaches which are based on accumulating observations on
such a coarse temporal scale that the dynamics is lost
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(Sundaresan et al. 2007; Henzi et al. 2009). Second, we can
circumvent some of the problems associated with convention-
al social network comparisons because MCs avoid the con-
founding influence of differences in network density (Croft
etal. 2008). The fact that the MC modelling approach worked
for guppy social behaviour in both the lab (this study) and the
field (Wilson et al. 2014) makes it a promising candidate for
future studies that extend to other contexts (than shoaling be-
haviour) and other species.
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