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Abstract

Natural zooplankton populations are continuously subjected to widely varying
environmental conditions determining their distribution and abundance. Predation is an
important natural stressor, which commonly exhibit a sharp selectivity of preys changing
population size composition. In addition, increasingly pesticide exposure from released into
freshwater systems exert detrimental effects on size structured zooplankton populations
which may be different from the observed at individual level. The present study addressed
experimentally the combined effects of anthropogenic stress (pesticide exposure) and
natural stress (selective predation) and pointed out the significance of combined stressors in
evaluating the impact of toxic chemicals on population dynamics. Simulated predation was
performed to shift size structure of population towards smaller or larger body size by
imitating fish or invertebrate predation on Daphnia populations. Our modeling analysis
used theoretically based population dynamics models and Royama’s theoretical framework

for analyzing the dynamics of populations influenced by exogenous forces.

Our results showed that the effects of pesticide exposure led to different population
sensitivity and their population dynamics was affected through different mechanism
depending on the predation pressure. For exposed population under selective predation on
newborns and selective predation on adults a nonlinear effect of pesticide exposure was
observed. In populations under selective predation on newborns the population dynamics
was affected by a decrease in the maximum reproductive rate. Conversely, for populations
under selective predation on adults, changes in population dynamics were largely due to

increased maximum reproductive rate and decreased competition intensity.
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On the other hand, for populations under non-selective predation, the pesticide exposure
exerted a weak lateral effect due to decreased competitive intensity. Findings from the
present work could help to explain the seasonal variations of pollutant impact on population

dynamics, mediated by the composition and activity of local predator assembly.
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Resumen

Las poblaciones naturales del zooplancton estin continuamente sometidas a una amplia
variedad de condiciones ambientales que determinan su abundancia y distribucién. La
depredacion es un factor natural que comuinmente exhibe una fuerte selectividad de presas,
cambiando la distribucion de tamafios dentro de las poblaciones. Adicionalmente, la
creciente exposicion a pesticidas liberados en los ecosistemas de agua superficiales ejerce
efectos perjudiciales sobre las poblaciones tamafio-estructuradas que pueden ser diferentes
a los efectos tamafto especificos observados a nivel individual. El presente estudio evalud
experimentalmente los efectos combinados de un factor antropogénico (pesticida) y un
factor natural (depredacion). Destacando la importancia de la depredacion selectiva en la
evaluacion del impacto de compuestos quimicos sobre la dinamica poblacional. Se efectud
depredacion simulada con el objetivo de cambiar la estructura poblacional hacia tamafios
corporales pequefios o grandes, imitando la depredacion ejercida por peces o invertebrados
sobre las poblaciones de Daphrnia. Nuestro andlisis tedrico utilizd modelos de dindmica
poblacional y el marco tedrico desarrollado por Royama para analizar los efectos de fuerzas
exOgenas sobre la dindmica poblacional. Los resultados mostraron que los efectos del
pesticida condujeron a sensibilidades y dindmica poblacionales diferentes dependiendo del
tipo de depredacion. Para las poblaciones expuestas al pesticida en condiciones de
depredacién selectiva sobre neonatos y depredacion selectiva sobre adultos se observaron
efectos no lineales. Sin embargo, los mecanismos por los cuales estas poblaciones
modificaron su dindmica fueron diferentes. Para las poblaciones sometidas a depredacién
selectiva sobre neonatos la dinamica fue afectada mediante disminuciones de la tasa de

reproduccién méxima. Por el contfrario, la dindmica de las poblaciones sometidas a una

Xix




depredacidén selectiva sobre adultos fue afectada por un incremento en la tasa de
reproduccion maxima y una disminucion de la intensidad de competencia intraespecifica.
Por otro lado, la exposicién al pesticida en las poblaciones sometidas a depredacién no
selectiva, produjo un débil efecto lateral sobre su dindmica, disminuyendo solo la

intensidad de competencia intraespecifica.

Los resultados de este trabajo podrian ayudar a explicar las variaciones estacionales de
impacto de los pesticidas sobre la dindmica poblacional, mediadas por la composicion y la

actividad del ensamble de depredadores locales.
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1. Introduction

Zooplankton from superficial waters is continuously subjected to a wide variation in
environmental conditions determining distribution and abundance of populations. It is well
known that species composition and abundance of freshwater zooplankton are strongly
modulated by predation pressure (Hrbacek 1962; Hall et al. 1976; Stenson 1972; Nilsson &
Peijler 1973; Dodson 1974) and predators in freshwater ecosystems commonly exhibit a
sharp selectivity of preys (Brooks & Dodson 1965; Williamson 1986; Brandl 1998a,b).
Fishes are visuals predators that choose prey of larger body size. Conversely, invertebrate
predators such as larval stages of insects exert a higher predation pressure on smaller sized
prey (Zaret 1980; Brett 1992; Gergs 2013). In prey species with relatively large adult sizes
such as Daphnia, a size-selective predation means that fish predation exerts a preferential
removal of adult individuals, while predation by invertebrates promotes preferential
removal of hewborns and early juveniles (Zaret 1980; Manca et al. 2008). Thus, functional
diversity of predatory guilds, lead to changes in the age and size populations structure of

their prey (Brooks & Dodson 1965).

Superficial fresh waters are widely affected by anthropogenic disturbances, such as
byproducts of agriculture or the release of wastewater. These stressors could also exert
profound changes in the dynamic and composition of freshwater populations (Agatz et al.
2012).The adverse effects of pollutants on non-target organisms such as zooplankton vary
in magnitude according to the biological properties of species and populations and the
physiological status of the exposed organisms. Thus, the effects of many pollutants depend
on the age of exposed organisms (Medina et al. 2002; Willis & Ling 2004) and apparently,

the most general pattern is that younger or smaller individuals have a lower tolerance




(Bodar et al. 1989; Forget et al. 1998). However, the age or size dependent effect of
pollutants on the dynamics and abundance of a population with a given age structure cannot
be understood solely on the basis of knowledge of the effect of pollution on individuals of
different age or size. Predation may interact with pesticide effects via size-selectivity of
both stressors leading to a non-linear (or non-additive) combination of effects at population
level, as observed by Gergs and co-workers (2013). However, more studics are needed for
understanding mechanisms behind interactive effects of long-term pesticide exposure and
natural stressors on dynamics of populations structured by different patterns of predation

pressure.

The present study aims to reveal how size-selective and non-selective predation,
through regulating population size structure, determines the population level responses of
Daphnia to stressor exposure. We analyze, by means of integrating laboratory experiments
and modeling, the effects on Daphnia ambigua population dynamics exerted by sublethal
long-term exposure to a neurotoxic pesticide (methamidophos) under contrasting patterns
of simulated size-selective predation. In particular, we use the Royama classification of
exogenous perturbations (vertical, lateral and non-linear) as an approach for evaluating the

impacts on population dynamics (Royama 1992).




2. Methods
2.1. Zooplankton and phytoplankton cultures

All experiments were conducted using a clone of Daphnia ambigua isolated from natural
populations from Pefiuelas lake (33° 07' S y 71° 24' O), Valparaiso, Chile. Laboratory
cultures of Daphnia were maintained in COMBO media (Kilham et al. 1998) at 20 = 1°C in
light:dark cycle (16h:10h). The phytoplankton species Pseudokirchneriella subcapitata (ex
Selenastrum capricornutum) was used as food for Daphnia during maintenance and trials.
P. subcapitata was cultured using Bristo]l medium (James 1978) in 2L glass bottles
constantly aerated through a 0.2 um filter. Prior to its use as food, the phytoplankion
medium was removed through centrifugation at 3500 r.p.m. and the concentrate was kept at

5+1°C.

2.2. Size-specific individual tolerance to methamidophos

The effects of the pesticide methamidophos (O, S-dimethyl phosphoramidothioate) were
cvaluated at individual and population levels. This pesticide belongs to the
organophosphorus family and has been used worldwide due to its high efficiency against
insect pests in agroindustry (Malato et al. 1999). Methamidophos exerts its harmful effect
on the central nervous system by inhibiting acetylcholinesterase activity (Hussain 1987). Its
effects have been reported in mammals, birds and terrestrial insects. It is also highly toxic
for aquatic organisms, registering LCso.96 values between 25-51 mg L™ for fish (Tomin

1994),




To compare the magnitude of effects of the pesticide across different Daphnia body
size, we performed acute toxicity tests on newborns (< 1 day old), juveniles (3 days old)
and adults (7 days old) D. ambigua. The experiment was performed modifying the OECD
(2004) procedure to determining the 24h-LCsoand 48h-LCso for Daphnia. Nominal
concentrations of methamidophos were 0, 50, 100,200, 400 y 800 pg L' (for newborns); 0,
5, 150, 300, 600, 1200 pg L7 (for juveniles) and 0, 90, 180, 360, 720, 1440 pg L™ (for
adults). For each size class assay, five replicates were run per concentration, each one
containing four individuals in 40 mL of media. The modification to the standard test
consisted of feeding the individuals during the test with P. subcapitata at 10° cell mL-L, in
order to mimic conditions of the main experiments. The LCsos values for methamidophos
were calculated by probit analysis using the Spearman-Karber Method (Hamilton et al.

1977) with the statistical program Probit (U.S. EPA 1988).

2.3. Main experiments

2.3.1 Experimental concentration of methamidophos

A subset of concentrations below the 48h-LCso value obtained on newborns (the most
sensitive size class observed: see Results), were used in a chronic assay, in order to
estimate the lowest observable effect conceniration (LOEC) on reproduction and survival
of D. ambigua. These results allowed to determining the sublethal concentration to be used

in the main experiment (see appendix S2 for details).



2.3.2. Experimental design

To determine the harmful effects of methamidophos on size-structured populations of D.
ambigua, experimental populations were subjected to simulated size-selective predation
and exposure to pesticide. The experiment was started with parallel 24 experimental
populations containing 10 individuals each (4 newborns, 3 juveniles and 3 adults), in 1L
flasks with COMBO medium and fed with P. subcapitata at10%cel mL!. The size structure
within each population during phase 2 and 3 was manipulated by three different kinds of
simulated selective predation where a proportion of newborns (< 1.2 mm.), juveniles (1.2 —
1.5 mm.) and adults (> 1.5 mm.) were removed by manual pipetting, according to the
comresponding simulated predation treatment: 30% of newboms in populations biased
toward larger sizes, 30% of adult in populations biased toward smaller sizes and 10% of
each size class in populations without bias. Selective predation and exposure treatments
were performed considering three distinct experimental phases. Phase 1 (transient):
According to the time determined in previous experiments (data not shown), the 24
experimental units were maintained without manipulation the first 12 days to ensure the
stabilization of their abundances. Phase 2 (selective predation): after transient phase 1,
treatments of size selective predation were initiated, subjecting 8 populations randomly
selected to each of the three predation treatments described above. Phase 3 (selective
predation and pesticide exposure): after 9 days in Phase 2, four populations from each of
the predation treatments were subjected to chronic pesticide exposure. The concentration of
pesticide used was 80 mg L, chosen for being higher than the low observable effect
concentration (LOEC = 60 mg L) determined in the chronic assay, and just high enough to
approach a reduction of 50% in reproduction (Appendix S2). During the whole phase 3, all

populations were subjected to selective predation. The experiments were finished after

5




reaching a stable age structure, tested by the statistical tools described in the following

section.

Each 3 days the densities of newborns, juveniles and adults were measured for each
population (replicate) and the medium was renewed. The size classes described above were
determined in an experiment showed in appendix S1. Total counts were performed at low

densities. However, at high densities, three 40 mL aliquots were taken for each replicate.

2.4. Asymptotic analysis of population structure

Chi-square analysis was performed at each phase to determine the stable size structure
within populations. Counts of newborns, juveniles and adults at a particular date were
pairwise contrasted with the final count performed. This procedure allowed to creating a
binary data set with 1 or 0 at each time for each replicate, indicating respectively significant
or non-significant differences, where (i) ones values (p <0.05) corresponding to different
size class structure and (ii) zeros values (p >0.05) corresponding to equal size class
structure. A logistic regression was fitted to this binary data at each experimental phase for
determining the time (tf) at which each treatment reached their stable size structure,
separating in this way the transient from the asymptotic dynamics in each experimental
phase. In phase 2, one-way ANOVA was performed to determine differences in mean
stable population densities between predation treatments. In phase 3, two-way ANOVA
were performed to determine differences on mean stable population densities using
pesticide exposure and predation treatments as factors. Post hoec Tukey-HSD test was used

to make specific comparisons.




We also tested for changes in the asymptotic (i.e. in phase 3) size structure between
exposed and unexposed populations under each predation treatment. This was done by
means of a permutation test, randomly allocating (10,000 runs) the measured size structures
between control and exposed treatments under each predation type. At each run, we
measured the differences between size structures by mean of the y? metrics. If the

differences between observed control and exposed treatment (y%obs) exceeded the 95% of

the distribution of randomized y* values (%), significant differences were accepted at the
5% level. In addition, generalized linear models (GLM) were performed, since parametric

assumptions were not fulfilled, using pesticide exposure and size classes as factors.

2.5. Diagnosis and statistical models of population dynamics

To determine the endogenous structure of D. ambigua population dynamics, we first
determined the order of the feedback structure of the obtained time series. Hence, we
carried out an autoregressive analysis using the partial rate correlation function {(PRCF),
according to Berryman and Turchin (2001). In all cases the populations were dominated by
first-order feedback (Figs. S4A-C).Therefore, we used a nonlinear version of the simple
Ricker’s (1954) equation as a starting point to model the R-function (Berryman 1999). R-
functions represent the realized per capita population growth rates that represent the
processes of individual survival and reproduction (Berryman 1999). This allowed us to

model the basic influences of endogenous and exogenous forces on these dynamics.




2.5.1 Theoretical models of Daphnia population dynamics

Royama (1992) classified the R-functions by introducing three categories of exogenous
perturbations: vertical, lateral and nonlinear perturbations. Vertical perturbations shift the
maximum reproductive rate and the carrying capacity additively, changing the relative
position of the whole R-function along y axis in an additive way. Lateral perturbations shift
the carrying capacity without altering maximum reproductive rate, therefore the R-function
shift along the X-axis in a non-additive manner. Nonlinear perturbations could affect
together or independently the maximum reproductive rate and the carrying capacity shifting
the curvature of the R-function. To understand how endogenous and exogenous forces
determine population dynamics, we used a simple model of intra-specific competition, the

exponential form of the discrete logistic model (Ricker 1954; Royama 1992):

Ny = Ny Lnnl exp [-c LN{-4] D

where N: represents the population abundance at time #, rm is a positive constant
representing the maximum finite reproductive rate, ¢ is a constant representing competition
and resource depletion, and ¢ indicates the effect of interference on each individual as
density increases (Royama 1992); ¢>1 indicates that interference intensifies with density
and a<1 indicates habituation to interference. By defining Eq. 1 in terms of the R-function,
Rt = loge (Ni/Nt.1), log-transforming Eq. 1, and defining the population density in logarithm

X: = loge (Ny), we obtain:

Ry = Ry - exp [al X4+ (] 2)




Where R is the realized per capita growth rate R= loge(Ne¢Ne1), Rm = loge(rm), a is the
same parameter as in Eq. 1, C = loge(c), and X = loge(N). We fitted Eq. 2 by means of
nonlinear regression analyses (Bates and Watts 1988) using the nls library in the program R
(R Development Core Team 2014). For each replicate in phase 3 R-function parameters

were estimated and compared among treatments by paired t-test.

3. Results
3.1. Size-specific individual tolerance to methamidophos

Acute toxicity test showed that tolerance to methamidophos, measured through both 24h

and 48h LCsg, increased with age/size (Fig. S2A).

3.2 Asymptotic analysis of population structure

Population trajectories of D. ambigua under the two pesticide exposure and the three size-
selective predation treatments are shown in Fig. 1. All D. ambigua populations exhibited an
initial phase of exponential growth during the first 12 days. During this period, peak
density of about 600-700 individuals L' were reached (Fig. 1). In phase 1, newborns were
the most abundant size class, while juveniles and adults not differed in their densities (Fig.
4a). Figure 2 shows an example (under selective predation on newboms) of the measured
trajectories of newborns, juveniles and adults. In appendix S3 we show the detailed
trajectories for all treatments.

In phase 2 (from day 12), when size-selective predation started, population density

decreased and then oscillated around 300 individuals L (Fig. 1). One-way ANOVA




showed significant differences in asymptotic mean density among predation treatments
(F221 = 16.2; P < 0.001) and Tukey-HSD test showed that selective predation on adults led
to higher densities, as compared to the others predation treatments (P < 0.001: Fig. 3b). In
this phase, higher density of larger size class was observed in populations under selective
predation on newborns. In contrast, populations under predation on adults were dominated
by newborns. In populations under non-selective predation, slightly higher abundances of
newborns were obtained (Tukey-HSD; Fig. 3a). The chi-square contingency analysis
(Appendix S3) showed that size structure reached in populations at phase 1 differed
significantly from the size structure reached in phase 2, for populations under selective
predation on newborns (%2 = 42.56; P <0.0001), as well as for population subjected to non-
selective predation (> = 8.039; P <0.05) and selective predation on adults (32 = 6.73; P
<0.05). Furthermore, significant differences were observed in phase 2 among size
structures generated by each predation treatments 2 (32> 20; P <0.001 for all pairwise
comparison). Therefore, the three patterns of simulated predation effectively generated
different size structures in the experimental populations.

In phase 3, after the determination and addition of 80 pg L of methamidophos (See
Appendix S2) to the corresponding treatments, two-way ANOVA showed that predation
regime (Fz35¢ = 2238.5; P < 0.001), pesticide exposure (F1,354 = 18076.8; P < 0.001) and
their interaction (F23s4 = 1889.1; P < 0.001) affected significantly the asymptotic
population density (Fig. 4). Lower population densities were reached in populations
exposed to the pesticide, under all predation treatments (Tukey-HSD test, P < 0.05; Fig. 4).
During phase 3 all populations showed an initial decrease followed by an increase in

densities (Fig. 1). However, populations under selective predation on adults were the most
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affected, relative to controls, reaching an evidently reduced asymptotic density as compared
to each other predation treatment (Fig. 1). Furthermore, exposed populations differed
significantly in asymptotic total population density among predation treatments (tukey-
HSD, p < 0.001). Results from GLM analysis showed, for all predation treatments, an
interactive effect between pesticide exposure and size classes suggesting significant
differences in size structure between exposed and unexposed populations (Table S3A). We
observed a lower F value for populations under selective predation on newborns and a
higher F value for populations under selective predation on adults, which means a higher
shift in size structure for the last populations (Table S3A). In contrast, the permutation
analysis showed that pesticide exposure caused a shift in size structure of populations under
selective predation on adults (x%s = 19.04, y%pes = 13.10, P < 0.05), reversing the
dominance of earlier stages (Fig. 4¢). Also, the permutation test revealed a marginally

significant difference in size structure for populations under unselective predation (x> =
6.58, %2pos = 4.86, P < 0.05; Fig. 4b). For selective predation on newboms no differences in

population structure were detected by this test to pesticide exposure (x* =1.18, y%pos =

1.232, P> 0.05; Fig. 4a).
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Figure 1. Time series of D. ambigua population density under selective predation on
newborns (upper panel), non-selective predation (middle panel) and selective predation on
adults (lower panel). Open circles and filled represent populations not exposed and
exposed, respectively, to the pesticide methamidophos. Color areas represent phase 1
(green shading, growing populations), phase 2 (light orange shading, simulated predation)

and phase 3 (light blue shading, simulated predation and pesticide exposure).
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Figure 2. Time series of density for size classes newborns (black points), juvenils (red

points) and adults (green points) for a replicate of populations under selective predation on

newborns as an example.
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Figure 3. (a) Mean asymptotic density + 95% C.1I. of each size class during phase 1 (left

panel) and for each predation treatment in phase 2 (right panel). Different letters above

bars indicate significant differences among size class densities within each treatment

predation treatments (Tukey-HSD test, P < 0.001). (b) Asymptotic total population density

+ 95% C.I. for phase 1 (left panel) and each predation treatment in phase 2 (right panel).

Different letters above bars indicate significant differences among treatments (Tukey-HSD

test, P < 0.001).
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Figure 4. Mean asymptotic density + 95% C.I for size classes (left panels) and total
population density (right panels) during phase 3 for unexposed populations (open bars) and
exposed populations (filled bars) to pesticide, under the three experimental predation
patterns: (a) selective predation on newborns, (b) non-selective predation and (c) selective
predation on adults. Asterisks indicate significant differences among control an exposure

treatments (Tukey-HSD test, P <0.001).
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3.3 Population dynamics

In phase 3, all D. ambigua populations showed a clear first-order dynamics caused by
negative feedback of density at time #-1 (Berryman 1999). See Figure 5 as an example and
Appendix S4 for a deeper analysis of partial rate correlation functions.

Accordingly, R-functions were constructed by fitting the realized per capita growth rate at ¢
(Ry) to the logarithm of total abundance at #-1 (log Ni.1). All parameters in each fitted curves
were significant (t < 5.5, p< 0.02) and the pesticide exposure exerted different effects in the
shape of R-function depending on the predation ireatment.

In terms of Royma’s classification the pesticide exposure exerted nonlinear effects in both
populations under selective predation on newborns and selective predation on adults (Fig.
S4D). However, the mechanisms which led to changes in population dynamics were
different for each treatment. For populations under selective predation on newborns, the
changes in population dynamics exerted by pesticide exposure were driven by a significant
decrease in the maximum reproductive rate Rn (t = 8.85, p<0.001; Fig. 5a), while
maintaining without significant differences the competition intensity C (t = 1.22, p = 0.27;
Fig. 5c) and the individual interference a (t = -1.18, p = 0.28; Fig. 5b). Conversely, for
populations under selective predation on adult, the changes in dynamics exerted by
pesticide exposure were driven by a significant increase in R, parameter (t = -8.40,
p<0.001; Fig. 5a) and a significant decrease in C parameter (t = -22.86, p<0.001; Fig. 5c),
maintaining without significant differences the a parameter (t = 1.54, p = 0.17; Fig 5b).

On the other hand, under non-selective predation, populations showed a weak, although
statistically significant lateral effect of pesticide exposure (Fig. S4D). In which, the C
parameter was decreased significantly (t = -9.75, p<0.001; Fig. 5c), while Ry, parameter (t=

0.69, p = 0.53; Fig 4a) and a parameter (t = 1.50, p = 0.11; Fig 4b) remained without
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significant differences. However, the observed shift in the R-function of populations under
non-selective predation suggests a vertical effect of pesticide exposure, since both R, and C

were decreased and the whole curve was displaced (Fig. S4D).

1.0

05

Lag (d)

Fig. 5 Partial rate correlation function for a time serie in an unexposed population of D.
ambigua subjected to selective predation on newborns (as a graphical example). See

appendix S4 for detailed plots in each predation treatment.

17




(a)

nE= 2r 2 Cantrol
o I Pesticide
2 *
5 I .
2 T T
g = 1 I
3 |
g._ 1
1

2
£
]
E
g

4]

{b)

2 L
)
@
o
c
5
3!
3 T L
3 T
B
=
k-
=

0

{c)

0
2}
£
]
8 -3
£
s
2 T
2 T -
3 £3
g5l » ED
o *

Newboms Non-selective  Adults
Predation treatment
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different predation treatments. Asterisks indicate significant differences among control an

exposure treatments (t-Test, P < 0.001).
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4. Discussion

In this study, our aim was to determine how population size-structure resulting from size-
selective predation modulates the effects of pesticide exposure on population dynamics of
D. ambigua. Simulated size-selective predation was effective in driving significant changes
in the size structure of the experimental Daphnia populations. Pesticide exposure decreased
population density in each predation treatment, exerting a higher density decrease in
populations under selective predation on adults. Regarding the frequency of the different
size classes, all exposed populations were dominated by larger individuals, while control
populations showed different patterns of size structures depending on the predation
treatment. Pesticide exposure exerted changes in population structure only in populations

under selective predation on adulis.

The modeling analysis showed that pesticide exposure promoted different
population dynamics depending on the predation selectivity exerted on the experimental
populations. In our analyses, pesticide effects on population dynamics was evaluated
through its impact on each of three parameters that governs the shape of the R-function:
maximum reproductive rate Rmax, competition intensity parameter C and individual
interference parameter a. A significant and stronger decrease on the maximum reproductive
rate was observed in exposed populations under selective predation on newborns.
Conversely, exposed populations under selective predation on adults showed a significant
increase in their maximum reproductive rate. Whereas, in exposed populations under non
selective predation the maximum reproductive rate did not show significant changes.
Pesticide exposure exerted a decrease in the competition intensity parameter in populations

under selective predation on adults as well as in populations under non selective predation,
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although the effect was strongest in the former. Conversely, this parameter was not shifted
by pesticide exposure in population under selective predation on newborns. Finally, the
individual interference parameter remained without significant differences among control

and exposed populations.

During the initial phase all populations showed a dominance of smaller individuals, which
is typical for growing populations under high food availability and weak intraspecific
interactions (Hanazato & Hirokawa 2004; Takahashi & Hanazato 2007). After, in phase 2
(only predation) population structure in each treatment differed respect to the initial phase
and the internal organization of D. ambigua populations was shifted in similar way to the
natural changes exerted either by fish (selective predation on adults) or invertebrates
(selective predation on newborns) in natural freshwater populations, leading to an
accumulation of smaller or larger individuals, respectively (Zaret 1980; Brett 1992; Gliwicz
el al. 2010; Greg 2013). The greater effects of predation pressure were observed in
populations under selective predation on adults, in which density of newborns
predominates likely due to lower intraspecific competition for food resources between

remained adults (Glazier 1992; Preuss et al 2009).

During the experimental pesticide exposure, greater negative effects on population density
were observed in populations under selective predation on adults, which were composed
predominantly by smaller individuals. This reduction reflects the observed resulis of our
individual level test, where smaller individuals were less tolerant to methamidophos and
confirms the greater sensitivity of smaller sizes or early stages to pesticide exposure
observed early for cladocerans (Klein 2000; Takahashi & Hanazato 2007). Furthermore, a

recent study conducted on populations of Daphnia magna subjected to selective predation
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pressure of invertebrates and short-term pesticide exposure revealed a higher decrease in
abundance driven by pesticides in populations composed largely by smaller individuals

(Gergs 2013).

However, our populations under selective predation on newborns did not follow the same
pattern found above. Pesticide exposure removed a greater proportion of individuals of
larger size classes, which could be attributed to lower demographic transitions from smaller
to larger individuals (Liess et al. 2006). In environments under higher crowding and
stronger intraspecific interactions as observed in our populations under selective predation
on newborns and non-selective predation, the pesticide exposure increased the negative
effects on all size classes present in the population (Hanazato & Hirokawa 2004; Takahashi

& Hanazato 2007).

Our modeling analysis showed different mechanisms by which the pesticide exposure
drove population level effects, in dependence on the predation treatment to which were
subjected. The parameter analysis showed that exposed populations under selective
predation on newborns not changed their competition intensity parameter but decreased
their maximum reproductive rate, as compared to control. Conversely, exposed populations
under selective predation on adults decreased the competition intensity parameter and
increased their maximum reproductive rate. Selective predation on newborns could have
decreased the food condition and increasing the individual stress as observed previously
(Knops et al. 2001; Smolders 2005), affecting consequently the further reproduction in
remained individuals (Burns 1995; Barata et al. 2002; Liess 2002; Beketov & Liess 2005;
Foit et al. 2011).We observed that the selective predation, either by smaller or large size

classes drove to stronger and qualitative changes in the population dynamics. Exposed
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populations under those treatments showed nonlinear effects but differed in the
mechanisms by which the population dynamics was shifted. In contrast, for populations
under non-selective predation weaker lateral effects of pesticide exposure were observed on
population dynamics. However a vertical effects also could be suggested, which could have
emerged in conditions of stronger predation pressure or pesticide exposure for these

populations.

The ways in which endogenous process (population feedbacks) and exogenous factors
(environmental perturbations) may interact have implications for the resulting of population
dynamics and for the sensitivity of a particular species to environmental conditions (Johst
& Drechsler 2003; Owen-Smith 2011). Changes in population dynamics had considered
predominantly environmental variation as food fluctuations (Lima & Berryman 2006;
Previtali et al. 2009; Jhost et al. 2012), weather changes (Lima et al. 2008; Jhost et al. 2012)
and predation (Lima et al. 2002; Previtali et al. 2009). Specially, the joint effects of climate
variability, seasonality and changes in the predator guild are likely to result in a large
nonlinear and seasonal impact on demography and population dynamics. As observed for
semiarid rodent species, which during the breeding season, population dynamics appear to
be limited by food and regulated by intraspecific competition. By contrast, during the non-
breeding season, predation and to a lesser degree food availability appear to determine
population reproductive rates (Lima et al. 2002). This finding, in line with our results
shows how the environmental variability shifts the qualities of population dynamics
through diverse mechanisms. We observed how both pollution effects and selective
predation modulate the qualitative properties of population dynamics and could help to

extend the vision of exogenous perturbation by incorporating in the same and simple
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framework the effects of anthropogenic stressors on population dynamics of freshwater

ecosystems,

We concluded that aquatic populations in natural environments could respond in different
ways to pesticide exposure depending on size structure and diversity of the dominant
predators. In presence of fishes, which are characterized by a selective predation towards
larger size classes, Daphnia population dynamics could be affected by strongly reducing
population densities and changing size structure, through changes in both the interaction
between individuals and the population reproductive rate. On the other hand, the selective
predation on smaller prey sizes as the exerted by invertebrates or non selective predation
which could be present at Iow fish densities and presence of invertebrates, promote changes
in population dynamics by exerting lower decrease in population densities, through changes
in the reproductive rate of populations and in the interaction between individuals,
respectively. Of further consideration for research is the consequences of the seasonal
variation in the composition and activity of the predator assembly in interaction with the
seasonal variation in exposure to agrochemicals, and the potential shifts expected for these
seasonal trends as a product of climate change. Only through a deeper understanding of the
interactive effects of natural and anthropogenic stressors we could advance our ability to

manage natural systems.
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APPENDIX S1

Body growth and population size classes

Aiming to determine the body size of individuals and set population size classes, ten
individuals of D. ambigua arranged individually in 50 mL flasks with 40 mL of COMBO
media were used. Daily and during 20 days, body length measures (from the top of the head
to the base of the tail spine) were obtained with a digital camera attached to a microscope,
keeping individuals at the same focal point and subsequently analyzed by Biopix IQ 2.0
software (BioPix. AB, Gothenburg, Sweden). The precision of the length measurements
was 10-4 mm. In addition, successive molts were recorded, which indicate the way to a
higher stage of development (instar) to maturity. For each replicate, data of body length
versus instar were fitted to the following sigmoid model by nonlinear regression analyses
(Bates and Watts 1988) using the nls library in the program R (R Development Core Team
2011):

_ Linax — Lmin)
Lo = (1 T (t/tz)?) + Lmin

where L(t) = body length at time #, Lmax = asymptotic body length (i.e. projected body
length at infinite age), Lmin = initial body length, tn = age at which the middle value

between Lmin and Lmax is reached, and a= abruptness of the curve.

29




Table S1A. Summary of parameters fitted by means of nonlinear regression analyses for
body growth of D. magna.

Parameter value  Std. Error t p-value R?
Lin 0.631 0.035 183 <0.0001 0.965
Lax 2.776 0.090 30.8 <0.0001

ty 4.348 0.222 19.5 <0.0001
a 1.979 0.169 11.7  <0.0001
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Fig.S1A. Measurement of body length versus days in D. ambigua. Points
show measurements obtained for each replicate. Sigmoidal regression is

presented in solid line.
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Body growth closely matched a sigmoid curve of body length versus instar (Fig. 1A). The
nonlinear regression was significant (R = 0.97; P < 0.0001). Table 3A summarizes
regression analysis, from which size class division was made considering Ly, value and age
at maturity in our clone of D. ambigua. Adult size class was considered to be comprised by
individuals larger that L= 1.5 mm, size attained at day 4, when they started laying their
eggs into the brood chamber. Neonate and juvenile size classes were defined as comprised
by individuals with body size smaller and larger than(L, — Lj,;,)/2 = 1.2 mm,
respectively. Therefore the size classes in our experiments were neonates (<1.2 mm),

juveniles (1.2-1.5 mm) and adults (>1.5 mm).
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APPENDIX 82

1. Size-specific individual tolerance to methamidophos
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Fig.S2A. Acute toxicity 24h-LCsp (black circles) and 48h- LCsp (white circles) values (ug

LY+ C.I. 95% for D. ambigua of different sizes exposed to methamidophos.

2. Experimental concentration of methamidophos

Individuals were exposed since birth to reproductive maturity completing a period of 7
days of exposure to sublethal concentrations of 40, 60, 80, 100 pg Ll For each
concentration three groups of 4 individuals were disposed in vessels of 50 mL with 40 mL
of medium COMBO and the pesticide. A control group was included to compare results of
exposure. Individuals were kept and fed according to the conditions described for acute
toxicity test. The aqueous medium was renewed daily to maintain food and pesticide levels.
Each replicate was reviewed every day to determine mortality, age at first reproduction and
clutch size. Comparisons between exposure concentrations were made by one-way
ANOVA. In addition, a post hoc Tukey’s HSD test was used to make specific comparisons.
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Table S2A. Summary of one-way ANOVA results for testing the chronic effects of

exposure to different methamidophos concentrations on life history traits of Daphnia

ambigua.

Trait Source d.f F P

Survival Concentration 4 >103.98 <0.0001
residual 15

Reproduction Concentration 4 10398 <0.001
residual 15

Age at first reproduction  Concentration 3 7 0.006
residual 12
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Fig.S2B. Effects of methamidophos exposure at different concentrations on (a) survival,
(b) clutch size and (c) age at first reproduction of D. ambigua. Each symbol represents

mean values. Different letters above symbols indicate significant differences among

treatments (one-way ANOVA followed by Tukey-HSD test, P < 0.001).

34




Chronic toxicity, which aimed to determine methamidophos concentration to be used in
main experiments showed significant differences on survival, cluich size and age at first
reproduction between sublethal concentration assessed (p<0.001; Table S2A). A heavy
reduction in survival was observed at 80 and 100 pg L-1 (Tukey-HSD; Fig. S2A). Clutch
size was diminished 25 and 50% at 60 and 80 ug L, respectively. Furthermore, no
reproduction was observed at 100 pg L-1 (Tukey-HSD; Fig. S2A). Finally, age at first
reproduction was delayed in individuals exposed to 60 and 80 pg L-1 (Tukey-HSD; Fig.
S2A). Given these results, a sublethal concentration of 80 pug L-1 was chosen to be used in

main experiment.
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APPENDIX S3

Selective predation on newborns
Without pesticide exposure With pesticide exposure
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Fig. S3A. Time series of density for size classes newborns (black points), juveniles (red

points) and adults (green points) for populations under selective predation on newborns.
Left panel shows populations subjected to phases 1-2 and right panel shows populations
subjected to phases 1-2-3. Each plot represents one replicate for treatments described.

Arrows shows start of predation (phase 2) and chronic pesticide exposure (phase 3).
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Fig. S3B. Time series of density for size classes newborns (black points), juveniles (red
points) and adults (green points) for populations under non-selective predation. Left panel
shows populations subjected to phases 1-2 and right panel shows populations subjected to

phases 1-2-3. Each plot represents one replicate for treatments described. Arrows shows

Non-selective predation
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start of predation (phase 2) and chronic pesticide exposure (phase 3).

37




Selective predation on adults
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Fig. S3C. Time series of density for size classes newborns (black points), juveniles (red
points) and adults (green points) for populations under selective predation on adults. Left
panel shows populations subjected to phases 1-2 and right panel shows populations
subjected to phases 1-2-3. Each plot represents one replicate for treatments described.

Arrows shows start of predation (phase 2) and chronic pesticide exposure (phase 3).
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Table S3A. Summary of GLM results for testing differences of size class distribution on

Daphnia ambigua populations exposed and unexposed to methamidophos under different

predation treatment.

Predation treatment Source d.f. F p

Predation on newborns  Pesticide (P) 1 1276.21 <0.001
Size class (Sc) 2 441.74 <0.001
PxSc 2 246.29 <0.001
Error 359

Non selective Pesticide (P) 1 3009.36 <0.001
Size class (Sc) 2 1354.29 <0.001
PxSc 2 250.08 <0.001
Error 359

Predation on adults Pesticide (P) 1 13167.56 <0.001
Size class (Sc) 2 2621.27 <0.001
PxSc 2 3220.79 <0.001
Error 359
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Table S3B. Observed mean stable abundance for each size class at phase 1, phase 2

(predation) and phase 3 (predation and pesticide exposure). Parenthesis represents

abbreviations for predation treatments, pesticide exposure and their combinations.

Treatment Newborns Juveniles Adults
Phase 1 230 110 103
Phase 2 Predation on newborns (N) 96 109 127
Predation on all classes (NJA) 124 97 75
Predation on adults (A) 216 67 101
Phase 3 N-Control (NC) 91 117 149
N-Pesticide (NP) 65 84 93
NJA-Control (NJAC) 113 83 110
NJA-Pesticide (NJAP) 67 72 93
A-~Control (AC) 181 87 68
A-Pesticide (AP) 37 36 36

Table S3C. Observed Chi-square results ()%ws) for paired comparisons in D. ambigua

population size structures between (a) phase 1 and predation ireatments, between predation

ireatments and (b) control and exposure under each predation treatments. See abbreviations

and data in Table 1C. Significant differences are shown in bold.

Pairs y P

(a) Phase 2 Phase1-N 42,56  <0,0001
Phase ] -NJA 8,03 0,02
Phase 1 - A 6,73 0,03
N-NJA 15,64  <0,0001
N-A 55,66 <0,0001
NJA-A 23,22 <0,0001

(b) Phase 3 NC-NP 1,057 0,59
NJAC-NJAP 6,583 0,04
AC-AP 19,035 < 0,0001
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APPENDIX S4

Selective predation on newborns

Without pesticide exposure With pesticide exposure

Lag (d)

Fig. S4A. Partial rate correlation functions for time series in unexposed populations (left
panel) and exposed populations (Right panel) of D. ambigua subjected to selective

predation on newborns. Each plot represents one replicate within treatments.
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Non-selective predation
Without pesticide exposure With pesticide exposure
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Fig. S4B. Partial rate correlation functions for time series in unexposed populations (left
panel) and exposed populations (Right panel) of D. ambigua subjected to non-selective

predation. Each plot represents one replicate within treatments.
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Selective predation on adults
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Fig. S4C. Partial rate correlation functions for time series in unexposed populations (left
panel) and exposed populations (Right panel) of D. ambigua subjected to selective

predation on adults. Each plot represents one replicate within treatments.
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2r Selective predationon newborns

Log N, ,
Fig.S4D. Estimated reproductive function (R-function) of D. ambigua in phase 3 subjected

selective predation on newborns (upper panel), non-selective predation (middle panel) and
selective predation on adults (lower panel). Unexposed (white symbols and solid fitted
lines) and exposed (black symbols and dashed fitted lines) populations for each predation
treatment are shown. The X-axis represents the logarithm of abundance (N) at time #-1and

the Y-axis the realized per capita growth rate at time 7.
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