10
11
12
13
14

15

16

Effects of ambient oxygen and size-selective mortality on growth and maturation
in guppies
Beatriz, Diaz Pauli’: Department of Biology, University of Bergen and Hjort Centre for
Marine Ecosystem Dynamics, Bergen, Norway
Jeppe, Kolding: Department of Biology, University of Bergen and Hjort Centre for Marine
Ecosystem Dynamics, Bergen, Norway

IUCN Commission of Ecosystem Management, Fisheries Expert Group
(IUCN-CEM-FEG), Gland, Switzerland
Geetha, Jeyakanth: Department of Biology, University of Bergen
Mikko, Heino": Department of Biology, University of Bergen and Hjort Centre for Marine
Ecosystem Dynamics, Bergen, Norway

Institute of Marine Research, Bergen, Norway

Evolution and Ecology Program, International Institute for Applied

Systems Analysis, Laxenburg, Austria

"'Warning!!

While effort has been invested in trying to
ensure that this document is similar to the
published one, it is by no means certain that
this has actually been achieved. It is therefore
strongly recommend to use the published
version rather than this preprint.

* Corresponding author, Email: beatriz.diaz-pauli@uib.no, tlIf.: 004755588137, fax:
004755584450

" Corresponding author, Email: mikko.heino@uib.no, tIf.: 004755584544, fax: 004755584450


mhe050
Warning


17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Lay summary

Human activities, e.g., nutrient enrichment (resulting in low oxygen) and selective
fishing (i.e., higher mortality on large fish) affect growth and maturation (key
characteristics determining fish life history). We investigated combined effects of
oxygen and size-dependent mortality on growth and maturation to provide informed
management decision for these events.

Word count: 6149

Summary

Growth, onset of maturity and investment in reproduction are key traits for
understanding variation in life-history strategies. Many environmental factors affect
variation in these traits, but for fish hypoxia and size-dependent mortality have
become increasingly important due to human activities, such as increased nutrient
enrichment (eutrophication), climate warming, and selective fishing. Here we
experimentally study the effect of oxygen availability on maturation and growth in
guppies Poecilia reticulata from two different selected lines, one subjected to positive
and the other negative size-dependent fishing. This is the first study to jointly assess
the effects of reduced ambient oxygen and size-dependent mortality in fish. We show
that reduced ambient oxygen led to stunting, early maturation and high reproductive
investment. Similarly, lineages that had been exposed to high mortality on larger-
sized individuals displayed earlier maturation at smaller size, greater investment in
reproduction and faster growth. These life-history changes were particularly evident
for males. The widely reported trends towards earlier maturation in wild fish
populations are often interpreted as resulting from size-selective fishing. Our results

highlight that reduced ambient oxygen, which has received little experimental
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investigation to date, can lead to similar phenotypic changes. Thus, changes in
ambient oxygen levels can be a confounding factor that occurs in parallel with fishing,
complicating the causal interpretation of changes in life-history traits. We believe that
better disentangling the effects of these two extrinsic factors, which increasingly
affect many freshwater and marine ecosystems, is important for making more

informed management decisions.

Key words Fishing selection, hypoxia, eutrophication, life history, Poecilia

reticulata, water management

Introduction

Maturation determines the beginning of the reproductive part of an individual’s life
cycle and is costly in terms of survival and energy. The age and size at which an
individual matures are therefore key life-history traits. Growth determines the
relationship between age and size, the latter being also a key determinant of survival
and fecundity. Thus, studying the effects of different extrinsic factors on growth and
maturity is important for understanding the variation in life-history strategies (Roff,

1992; Stearns, 1992; 2000).

Many different environmental factors, such as food availability, temperature, oxygen
and presence of predators, affect the acquisition and allocation of resources to growth,
maturation and reproduction (Berner and Blanckenhorn, 2007; Enberg et al., 2012).
Two factors affecting life-history traits are of particular interest in fishes: oxygen and
size-dependent mortality. Oxygen is one of the most critical physical constraints for

aquatic animals (Ross, 2000; Pauly, 2010): water is a dense, viscous medium that
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contains little oxygen compared to air, only small quantities of oxygen can be
dissolved, and respiratory areas do not grow as fast as body weight (Pauly, 1981,
2010). Oxygen demand is proportional to rate of metabolism and increases with, e.g.,
body size and stress. Low-oxygen conditions occur naturally in many closed water
bodies and in the oxygen minimum zones of the World Ocean, but oxygen depletion
is also getting increasingly prevalent in freshwater and marine ecosystems due to
increasing eutrophication and temperature (Diaz and Rosenberg, 2008; Doney et al.,
2012; Jenny et al., 2016). Importantly, temperature plays a dual role: increasing
temperature reduces the solubility of oxygen, while in ectotherms, it also increases the

metabolic demand for oxygen (P6rtner and Knust, 2007; Holt and Jargensen, 2015).

Similar to the oxygen depletion, size-dependent mortality occurs naturally but can be
influenced by human activities. Size-dependent natural mortality is driven by the
presence of predators that commonly prey more heavily on smaller size-classes, i.e., is
negatively size-selective (Sogard, 1997; Lorenzen, 1996; Gislason et al., 2010). In
contrast, fishing most often targets large-sized fish (i.e., is positively size-selective).
Fishing pressure has increased since the middle of the past century, mainly targeting
large individuals and higher trophic levels (Pauly et al., 2002; Kolding et al., 2016).
Importantly, reduced oxygen levels and increased size-selective fishing co-occur in
many aquatic ecosystems, for instance in lake Victoria (Kolding et al., 2008b),
Swedish west coast (Kattegat and Skagerrak; Cardinale and Svedang, 2004), and the

northern Benguela system (Utne-Palm et al., 2010).

Reduced oxygen and overexploitation cause reduced abundance and recruitment in

demersal fish (Diaz and Rosenberg, 2008). Low oxygen saturation in water is a
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proximate factor driving reduced asymptotic maximum size, as the limited oxygen
available is allocated to maintenance rather than somatic growth (Pauly, 2010; 1981,
van Dam and Pauly, 1995; Chabot and Claireaux, 2008). Little is known on the effect
of hypoxia on reproduction, but extreme levels of hypoxia can impair it (Wu et al.,
2003; Landry et al., 2007; Chabot and Claireaux, 2008). However, it is predicted that
at moderate levels of hypoxia, stunting is caused by earlier maturation and increased
reproductive investment at early ages (Kolding, 1993; Kolding et al., 2008a).
However, similar changes in maturation and post-maturation growth are expected

from evolutionary change caused by fisheries-induced selection (Heino et al., 2015).

Despite the fact that low oxygen level and fishing may co-occur and drive similar
changes in life-history traits, little effort has been made in studying their joint effect
(Kolding et al., 2008b). Studying the combined effect of several factors is crucial to
better understand and inform management and conservation plans of natural resources
and fish populations in particular (Jackson et al., 2016). For instance, Kolding et al.
(2008b) concluded that low oxygen, rather than overfishing, was the most important
threat for Nile perch, Lates niloticus, in lake Victoria. Similarly, the reduction in
individual size and maturation observed in Nile perch (Mkumbo and Marshall, 2015)
and Dagaa, Rastrineobola argentea, (Sharpe et al., 2012) in Lake Victoria could be
driven by hypoxia. Crucially, mitigating actions depend on the driver. If reduced
oxygen is the culprit, then changing the environment is needed (Rabalais et al., 2007),
and in the best case, the management response is rapid (Beutel and Horne, 1999). On
the other hand, if dwarfing reflects evolutionary adaptation to fishing, then the fishing
pattern needs to be changed, and even in the best case, response is likely slow (Law,

2000; Heino et al., 2015).
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Here we test how oxygen level affects maturation schedules and growth in fish
populations exposed to different size-selective mortality regimes. We expect that both
low oxygen and exposure to positive size-selective fishing result in earlier maturation
and reduced growth. This is the first study to jointly assess the effects of reduced
ambient oxygen and size-dependent mortality in fish. Thus, little is known about their
relative importance in driving changes in key life-history traits. For this purpose we
utilized populations of guppies, Poecilia reticulata in laboratory conditions. This
model species was also used to demonstrate Bertalanffy’s theory of growth
Bertalanffy (1938), study the effect of fishing on population dynamics (Silliman and
Gutsell, 1958), and assess the effect of predatory size-selection mortality in life-
history traits (Reznick and Ghalambor, 2005). Moreover, similar laboratory
experiments have been shown useful to inform conservation and management plans
(see e.g., Stockwell and Weeks, 1999; Conover and Munch, 2002; Reznick and

Ghalambor, 2005; Diaz Pauli and Heino, 2014).

Materials and methods

We used guppies from a life-history experiment designed to study evolutionary
consequences of size-selective fishing (Diaz Pauli et al., 2014). The test fish were first
generation (F1) offspring from six replicate laboratory populations that had
experienced size-selective mortality for 3.1 years (approximately 4 generations).
These populations represent two treatments, with three replicates each: 1) positive
size-selected line, where large individuals (above 16 mm standard length SL) were
removed from the population every 6™ week and 2) negative-size selected line where

individuals smaller than 16 mm were removed at equal intervals.
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Twenty females per population were housed together in 10-L tanks and feed ad lib
with newly hatched Artemia salina in the morning and fish flakes (tetraMin, Tetra) in
the afternoon. Tanks were checked twice a day for new-borns, which were collected
and immediately transferred to 2-L individual isolation aquaria where they were
randomly assigned one of two oxygen treatments: 1) high oxygen with 95 *+ 5%
oxygen saturation, corresponding to about 7.9 + 0.4 mg L™, and 2) low oxygen with
64% + 6% oxygen saturation (5.3 + 0.5 mg L™). All tanks were covered with a
tightly-fitting piece of Styrofoam covering the whole water surface. The cover
prevented surface breathing and minimized the gas exchange with the atmosphere. In
the high-oxygen treatment, high oxygen saturation was maintained with an air stone.
This resulted in a 2x2 full factorial experiment with oxygen level and inherited
background (past size-selective mortality) as the treatments. Ten males and ten
females from each of the six populations were assigned to each oxygen treatment,

resulting in a total of N = 240 fish (1:1 sex ratio).

Test fish were maintained in individual isolation at constant temperature 25 + 0.5°C
and under a 12:12 light regime. During the first two weeks each fish was fed daily 38
+ 6 pl of 3% solution of living filtered Artemia salina, at 2-weeks of age this was
increased to 76 pl per day, and at 4-weeks of age it was increased to 114 ul, which
was maintained until the fish reached maturation and the experiment was terminated.
Fish were anaesthetized in a 0.3 g L™ solution of metacaine, measured for standard
length (SL) and weight, and assessed for maturation weekly. Non-invasive assessment
of maturation is reliable only in males; this is achieved by following the development

of the gonopodium (modified anal fin used in insemination). Initiation of maturation
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Is indicated by the increase from nine to ten segments in the third ray of the anal fin,
while complete maturation is marked by the growth of the fleshy hood over the tip of
the gonopodium and the number of segments in the third ray being over 27 (Turner,
1941; Reznick, 1990). Gonopodium development correlates with the development of
the gonadotrophic zone in the adenohypophysis and the maturation of the testis
(Kallman and Schreibman, 1973; Schreibman and Kallman, 1977; Greven, 2011). The
initiation of maturation stage correlates with initial enlargement of the testis,
proliferation of spermagonia and possibly spermatocytes (van den Hurk, 1974; Koya
et al., 2003), while at the completion stage there are several layers of spermagonial
cysts, sperm cells and developed testicular ducts with enzyme activity and
spermatozeugmata (sperm bundles) are present (Schreibman et al., 1982; Koya et al.,
2003). We consider initiation of maturation to be a better representation of male
maturation ‘decision’ in guppies; it is the time when they commit to maturation,
reflecting more accurately the factors that affect maturation (Tobin et al., 2010;
Harney et al., 2012; Diaz Pauli and Heino, 2013). Therefore, in the present study we
assess the effect of oxygen and size-selection on initiation of maturation, from now on
referred as maturation. Female maturation cannot be assessed non-invasively, thus
from them we only obtained growth data, from which we later estimated maturation
(see below). Females were kept in the experiment until two weeks after a male from
the same brood reached the last stage of maturation.

STATISTICAL ANALYSIS

Growth

All analyses were performed in R (version 3.2.4; R Core Team 2016). To assess
treatment effects on individual growth we used the biphasic growth model of Boukal

et al. (2014), which is derived from the model by Quince et al. (2008), within the
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“nlme” R package (version 3.1-125; Pinheiro et al., 2016). The model mechanistically
describes somatic growth pre- and post-maturation, based on the principles of
allometry and energy allocation. Surplus energy acquisition rate, which is equal to
maximum potential somatic growth, is related to somatic weight W by the coefficient

¢ and the allometric exponent R:

% =cWh@
at

Assuming that juveniles allocate surplus energy only to growth (reproductive

investment r, = 0), the juvenile growth curve for weight at age a is as follows:

W="JW “+c1-Ba ,

The post-maturation (adult) growth curve takes into account reproductive investment

r for mature individuals, i.e., for a > amat:

W, =" 5R*=(W " +Hb" amt)+Rl_Ibl (1- RH"'*-‘)
(3)

where H = ¢(1-8)b™® R = 1/[1+(1-R) r] and W, is weight at birth.

Growth curves were estimated for males and females separately. Weight at birth was
affected neither by sex (F213 1= 1.68, p = 0.19) nor by size-selection treatment (F43, 1
=0.07, p = 0.79) according to a linear mixed effect model with population as random
factor. These linear mixed models were performed with Ime4 R package (version 1.1-
11; Bates et al., 2015). P-values and degrees of freedom are obtained with the R
package “ImerTest” (version 2.0-29; Kuznetsova et al., 2015). Therefore, weight at

birth Wy = 0.007 g was used for both males and females. In males, age at maturation
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amat 1S Included in the model as a known individual-specific variable (age at which
initiation of maturation occurs), but in females it is estimated as a model parameter.
Reproductive investment r and the coefficient in allometric growth rate-weight
relationship ¢ were estimated for both males and females, while the allometric
exponent in growth rate-weight relationship 13 is estimated for males but kept constant
for females as B = 0.8 because simultaneous estimation of [} and an, Was not possible.
Initial exploration of our data showed that 3 = 0.8 was the most appropriate value for

our data and similar values have been suggested by Boukal et al. (2014).

The parameters were estimated with a non-linear mixed effect model in the R package
“nlme” (Pinheiro et al., 2016) with fish ID as random factor for r and ¢ for both males
and females. Including fish ID as random factor for (3 and anm, for males and females,
respectively, did not improve the models (males: AAIC = 6.1, likelihood ratio statistic
= 0.09, p = 0.99; females: AAIC = 6.0, likelihood ratio statistic = 0.0002, p = 1).
Oxygen, size-selection line and their interaction were tested as fixed effects on r, c
and 3 for males and r, ¢ and am,; for females. The model that yielded the lowest AIC
(Akaike Information Criterion) is considered the best approximating model, i.e. the
model that best describes the data. We also discuss models that differ from the best
ranked-model with AIC values smaller than 2 (A;j = AIC ; -AlCpest), as these are
considered essentially as good as the best model (Burnham and Anderson, 1998). We
also calculated the probabilities of a model being the best model, referred as Akaike
weights (w;). Notice that the approach chosen here does not involve significance

testing of the model parameters.

Maturation

10
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Maturation in males is described by the probabilistic maturation reaction norm
(PMRN; Heino et al., 2002), estimated with generalized linear mixed models with
binomial error distribution using the Ime4 package in R (version 1.1-11; Bates et al.,
2015). Fish ID nested within population was included as random factor, while age,
weight, oxygen, size-selection line, and all their first order interactions were included
as fixed effects. As for the growth models, we used AIC to select the final model. The
logistic curve for the probability of maturation is given by equation:
logit(p) ~Co + C1a + CoWw + C30 + C4S + ... Cp, (4)

where logit(p) = loge[p/(1-p)] is the link function, ¢ is the intercept and c; to c, are
the regression parameters of the model for the different explanatory variables (age a,
weight w, oxygen o, size-selection line s, interactions, etc.). To facilitate the
interpretation of the model coefficients, weight and age were standardized to zero
mean and unity standard deviation (SD). In males, mean age was X + SD = 87.6 + 27
days and mean weight was X + SD = 0.055 + 0.012 g. The PMRN midpoints (i.e. the
estimated age-specific weight at which the probability of maturing is 50%; also
referred as Wys0) were used to illustrate the estimated reaction norms and are roots of

equation (4) for weight w.

For females, maturation cannot be assessed non-invasively and age at maturation am
was estimated from the biphasic growth model. This implies a definition of
maturation that is purely energetic and corresponds to the (assumed) abrupt start of
allocating significant proportion of energy to reproduction; it is not possible to link

this definition to male maturation based on different criteria.

Results

11
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MALES

Growth in males showed high inter-individual variability (Fig. 1a). Nevertheless,
growth models suggested significant effects of both oxygen treatment and parental
size-selection line (Fig. 1b, Table 1). No single model was superior, but all highest-
ranking models were broadly similar and suggested significant effects of oxygen
and/or size selection on all parameters (Table 1). The model that explained the data
best (M1) included oxygen and size-selection effects on reproductive investment r and
on the coefficient ¢ in growth rate-weight relationship, while there was an effect of
size-selection line only on the allometric exponent B of growth rate-weight
relationship (Table 1). This model was superior to the model that did not include any
treatment effect (MO; AAIC = 25.99, likelihood ratio test statistic = 35.99, P < 0.001).
Males under low ambient oxygen from each selection line reached lower predicted
weights at age 210 days than their counterparts with high ambient oxygen (Fig. 1b;
Table 1), but their size-specific maximum potential growth rate was higher (growth
rate theoretically attained in the absence of reproduction, Fig. 2a). Similarly, males
that descended from the positive size-selection lines reached higher predicted weights
at age 210 days (Fig. 1b) and presented higher size-specific maximum potential
growth rate than those descending from the negative size-selection lines (Fig. 2a).
Results are similar for the other models with high probability for explaining our data
(M2-M4); also these models showed effect of our treatments on the growth
parameters, particularly with an effect of size-selection line on allometric growth and
oxygen in reproductive investment (Table 1). Only one model (M3) included an
interaction effect between oxygen and size-selection, suggesting that the effect of
oxygen on reproductive investment r was reversed for the negatively compared to

positively size-selected lines (Table 1).

12
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Under high oxygen conditions, males from the lines exposed to negative size-selective
mortality matured at 0.065 + 0.010 g (mean + SD) and 111 + 25 days old, while those
from positive size-selective mortality matured at 0.060 + 0.008 g and 97 + 23 days
(Fig. 3). Under low oxygen availability, males matured at 0.048 + 0.008 g and 75 + 19
days old, and 0.044 + 0.007 g and 66 + 12 days old for negative and positive size-
selection, respectively. Thus, both low oxygen and positive size-selective mortality
resulted in earlier maturation at smaller size, but the effect of oxygen was larger than

that of size-selective mortality.

Mean age and size at maturation are also influenced by growth. Maturation tendency
can be expressed independently from growth by calculating age- and size-dependent
maturation probabilities, i.e., probabilistic maturation reaction norms (PMRNS).
Nearly horizontal PMRNs (Fig. 3) show that maturation is primarily determined by
size, with only a weak, positive effect of age. The size (weight) at 50% maturation
probability at a given age was significantly smaller under low oxygen conditions and
for positive size-selection lines (Fig. 3). The oxygen availability had the strongest
effect, with the odds of maturation under low oxygen about 61 times higher than
under high oxygen conditions (estimate = SE = 4.11 + 0.9 in log(odds), z = 4.68, df =
1, P < 0.001). This is in line with the results obtained from analyzing growth curves
showing that males under low oxygen also invested more in reproduction (higher r)
than those reared in high oxygen. Descending from the positive size-selection line had
a weaker positive effect, increasing the odds of maturation compared to negative size-
selection by a factor of 3.1 (estimate + SE = 1.12 + 0.5 in log(odds), z = 2.33, df = 1,

P =0.02).
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The effect of oxygen availability on maturation was strong also in comparison to the
effect of growth. An increase in weight by 1 SD (0.012 g) corresponds to an increase
in odds of maturing by a factor of 11.0 (estimate £ SE = 2.41 + 0.5 in log(odds), z =
5.12, df = 1, P < 0.001). Age influenced maturation only through its interaction with
weight; the effect was weak but significant (odds ratio = 0.59 for 1 SD increase in
weight and age, estimate £ SE =-0.53 + 0.1 in log(odds), z = -3.75, df = 1, P < 0.001),

which resulted in a decreasing PMRN for older ages (Fig. 3).

FEMALES

As with males, inter-individual variability in female growth was high but contained
significant effects related to oxygen availability and parental size-selection line (Fig.
4a). The best ranked-model (F1) showed an effect of oxygen level, selection line and
their interaction on age at maturation, and effect of oxygen and size selection on
reproductive investment and on the growth coefficient (Table 2). Females reared
under low oxygen conditions showed lower predicted weight at age 190 days relative
to females reared under high oxygen conditions (Fig. 4b). Similarly to the males, this
was probably a result of a higher investment in reproduction and earlier age at
maturation (Table 2), rather than size-specific maximum potential growth rate that
was higher under low oxygen (Fig. 2b). While females from the positive size-
selection line reached bigger predicted weight at 190 days (Fig. 4b), their size-specific
maximum potential growth rate was lower than that of females in negative size-
selection lines (Fig. 2b, Table 2). Females from positive size-selection lines presented
lower reproductive investment and older age at maturation (Table 2) relative to

females from negative size-selection lines. The model showing these treatment effects
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(F1) was superior to the null model considering no treatment effects (FO; AAIC =
48.11, likelihood ratio test statistic = 62.10, P < 0.001). Similar results are obtained
with the second-ranked model (F2; Table 2). Both best-ranked models suggest an
interaction effect between oxygen and size-selection, either for age at maturation (F1)

or reproductive investment (F2; Table 2).

Age at maturation for females could not be directly observed, but the estimates from
the growth model show a pattern similar to the one obtained for males (Table 2).
Mean age at maturation is lower under low-oxygen conditions compared to high-
oxygen conditions. However, females from lines with negative size-selective
mortality have lower age at maturation than those from lines with positive size-
selective mortality. The highest mean age at maturation is from females under high-
oxygen conditions for females from lines with positive size-selective mortality (65
days). These estimates are lower than the observations for males (treatment-specific
mean 66-111 days), but the estimates are not directly comparable as they are based on

different ways of defining and estimating maturation.

Discussion

Oxygen saturation in ambient water and prior ancestral exposure to size-selective
mortality affected maturation, growth and reproductive investment in similar ways.
Reduced ambient oxygen led to stunting, early maturation and high reproductive
investment. Fish exposed to high mortality on larger-sized individuals displayed
earlier maturation at smaller size, greater investment in reproduction and faster

growth. These results were clearer for male guppies compared to females.
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OXYGEN

Exposure to low oxygen saturation resulted in lower size at age and higher investment
in reproduction relative to exposure to normoxic conditions, as expected if reduced
oxygen supply triggers the shift from somatic growth to maturation (Pauly, 1984;
Kolding, 1993; Kolding et al., 2008a). Both males and females also matured at earlier
age and smaller size when reared under low oxygen relative to high oxygen
conditions. The low oxygen treatment was not severe enough to hamper fish
maturation as observed in some other studies (e.g., Wu et al., 2003; Landry et al.,

2007; Chabot and Claireaux, 2008).

Low oxygen resulted in faster juvenile size-specific maximum growth rate. lles
(1973) predicted such an increase in juvenile growth rate of wild tilapia due to low
oxygen availability, although his prediction might be a result of lack of
standardization of the growth rates. In any case, it should be noticed that a reduction
in growth rate associated with low oxygen levels is only detectable after maturation
(van Dam and Pauly, 1995; Pauly, 1981). Other studies of adult growth in guppies did
see a decrease in growth rate due to oxygen limitation (Weber and Kramer, 1983).
The lack of decrease in growth rate in our experiment was not due to surface
respiration, as our experimental set-up prevented it. Aquatic surface respiration (ASR)
Is initiated in guppies at around 30% oxygen saturation (Kramer and Mehegan, 1981),
and hence even if it had been allowed in our study it might not have been important.
Thus, our modest reduction in oxygen availability led to slightly faster juvenile
growth rate and triggered earlier maturation and increased reproductive allocation,
which resulted in stunting in both males and females—despite higher maximum

potential growth rates.
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SIZE-SELECTIVE MORTALITY

Positive size-selective mortality implies a higher mortality risk for large individuals
relative to small individuals. In the present study the size limit for culling was set at
16 mm SL, slightly under normal guppy maturation length (Magurran, 2005). Positive
size-dependent mortality favours fast life-history strategies involving early
maturation, high investment in reproduction and, in many cases, faster growth rate
prior to maturation (Charlesworth, 1994; Law, 2000; Enberg et al., 2012; Réale et al.,

2010).

Our results agree with these expectations, particularly in the case of male guppies.
Males descending from lines exposed to positive size-selective mortality had higher
probability of maturing at a given age and size, which led to maturation at smaller size
and younger age compared to males from the lines subjected to negative size-
selection. Males also had higher investment in reproduction. Our estimates are
comparable with earlier studies on guppies and other poeciliids for reproductive
investment (Baatrup and Junge, 2001; Schlupp et al., 2006) and size and age at
maturation (Magurran, 2005; Reznick and Bryga, 1987); it should be noticed that
most studies considered completion of maturation, rather than initiation of maturation
(but see Diaz Pauli and Heino, 2013). Similar directional changes in maturation and
reproductive investment have been observed in several exploited fish populations
(Heino et al., 2015) and in other selection experiments (van Wijk et al., 2013; Uusi-

Heikkil& et al., 2015).
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Males presented faster maximum potential and realized growth rates in lines exposed
to positive size-dependent mortality. Studies on the effect of (positive) size-selective
fishing mortality have often concluded that growth rates decreased rather than
increased, but in most cases such reduction was a secondary effect from increased
allocation in reproduction (reviewed in Enberg et al., 2012; Heino et al., 2015) and
applies to post-maturation growth. This contrasts with the simplistic expectation that
killing large fish should always favour smaller fish and thus slower growth. While this
expectation is largely warranted for adult fish, expectations for juvenile growth are
less straightforward (Enberg et al., 2012). Dunlop et al. (2009) concluded that one key
factor that determines whether positively size-selective fishing favours increased or
decreased juvenile growth rate is the size limit at which the harvesting takes place.
When the minimum size is set under the size at maturation, as it occurred in our
experiment, juvenile growth is expected to accelerate to reach maturation earlier in
life (Dunlop et al., 2009). Positive size-selection also led to faster juvenile growth rate

in zebrafish (Danio rerio; Uusi-Heikkila et al., 2015).

Males from the lines exposed to positive size-selective mortality had larger predicted
size at age 210 days (the maximum age in the experiment). This occurred because of
their high maximum potential growth rate, and despite their earlier maturation and
higher investment in reproduction. This result is contrary to theoretical expectations
(Heino et al., 2015) and other experimental studies (Walsh et al., 2006; van Wijk et
al., 2013; Uusi-Heikkild et al., 2015). A possible explanation is that because we
sacrificed our fish soon after maturation, we have little information on how their
realized growth and reproductive allocation would have developed through their

adulthood, which was estimated in former studies (Walsh et al., 2006; van Wijk et al.,
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2013; Uusi-Heikkila et al., 2015; Heino et al., 2015). Ultimate size at adulthood is
affected by the maximum potential somatic growth rate as well as the continued
investment in reproduction in this iteroparous species and might have resulted in
smaller-sized individuals later in life in positive size-selected lines. Our estimates of
realized growth rate are similar to those of Auer et al. (2010). The values of B
estimated from our model are on the lower range of the great variation in the values of
the allometric exponent B (Killen et al.,, 2010; Boukal et al., 2014), which is
associated with determinate/indeterminate growth. Male poeciliids are typically
considered to have determinate growth, although they do not completely cease growth
after maturation (Snelson, 1982). Nevertheless, because fish were sacrificed well
before reaching their maximum sizes, our estimates of 8 might be downward biased.
In practice, the estimations of 3 and reproductive investment r are confounded, and

the truncated adult life span may have aggravated this problem.

Whether the differences between size-selected lines represent evolutionary (i.e.,
genetic) change is ambiguous, as our experimental set-up only controlled for
environmental differences among the fish subjected to the oxygen treatments, but not
those of their parents. It is generally accepted that lines should be maintained for at
least two generations in common garden conditions to be able to clearly discern
genetic changes using phenotypic data (Reznick and Ghalambor, 2005). The
differences could therefore represent parental effects, genetic differences, or—perhaps
most likely—a combination of both. Nevertheless, the phenotypic changes were in

agreement with the predictions from life-history theory.
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Estimates for reproductive investment, growth rate and age at maturation in females
are comparable with values obtained in other studies (Magurran, 2005; Auer et al.,
2010; Rocha et al., 2011). Still, since maturation in females could not be visually
determined, the study of life-history changes in them was not as thorough as with
males. Exposure to positive size-selective mortality led to estimated maturation at
older, rather than younger ages, and to a lower investment in reproduction. This is
opposite to what was observed in males in this study and earlier selection experiments
(Walsh et al., 2006; Uusi-Heikkila et al., 2015). However, these results refer to age at
maturation inferred with the growth model and which might be inaccurate, rather than
to directly observed maturation, as with males. In addition, females in the positive
size-selected line presented lower maximum potential size-specific growth rates, but
higher realized growth, contrary to what observed in males. The estimation of
maximum growth rate was only based on one parameter (c, coefficient in growth rate-
weight relationship), while the allometric exponent 1§ was kept constant. For males, it
was the allometric exponent 3 that showed the strongest effect of size-selection line
and the parameter that affected growth rate the most. If the growth model for females
is performed to estimate R by keeping ¢ constant at 0.01 g**day™, the results remain
very similar (results not shown). Nevertheless, the differences between positive and
negatively size-selected lines were smaller for females than for males, despite being

significant in all cases.

INTERPLAY OF EFFECTS ON LIFE HISTORY TRAITS AND IMPLICATIONS
Manipulating oxygen level resulted in bigger changes in reproductive investment and
maturation compared to manipulating size-selective mortality in parental generations.

Positive culling led to an estimated increase in reproductive investment of 33%
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relative to negative culling (under high oxygen conditions), while low oxygen led to
an increase of more than 100% relative to high oxygen. Similar results were obtained
for age and size at maturation; the odds of maturing were 60 times higher under low
oxygen compared to high oxygen, but only 3 times higher for positive lines compared

to negative lines.

However, direct comparison of the importance or strength of these two different
drivers is difficult for two reasons. First, the two treatments are conceptually very
different: the oxygen treatment was affecting the ambient environment of the very
same fish that we observed during the experiment, whereas the size-selective
mortality treatment represented conditions that the parental generations of the test fish
had experienced over the course of three years (approximately 4 generations). The
actual treatments levels are in both cases somewhat arbitrary (i.e., the specific oxygen
saturation level, and the duration and intensity of past size selection). Second, the
mechanisms through which the treatments affect life histories are different. Oxygen is
a strong proximate driver of phenotypic change in maturation and growth, triggering
direct plastic responses (Kolding et al., 2008a; Pauly, 1984), while the effect of size-
selective mortality on life histories occurs through both genetic change (evolution)
and phenotypic plasticity, including inter-generational plasticity (parental effects).
Although hypoxia could also lead to evolutionary changes in life history (Riesch et
al., 2010), this was not considered in our experiment that followed only a single

generation of fish.

Our results do not suggest strong interactions between ambient oxygen and prior size

selection under controlled laboratory conditions, that is, that the effects of oxygen

21



512

513

514

515

516

ol7

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

level would depend on adaptations to contrasting size selectivity regimes. For males,
only one of the four top-ranking growth models included an interaction between size
selection and oxygen (affecting a single parameter), whereas for females, both top-
ranking models contained a single interaction each. These provide some evidence for
the oxygen depletion-induced increase in reproductive investment being stronger in
the lines that had been subjected to negative size-selective mortality. Most effects,

however, were simply additive.

We believe it is essential to consider both proximate and ultimate factors to gain a
better understanding of life-history variation and how populations evolve under the
influence of these factors. Hypoxia and size-dependent mortality—including that
induced by fishing—not only co-occur, but can also drive similar life-history changes.
Thus, investigating the interplay of fishing- and hypoxia-induced changes is necessary
to perform ecosystem-based predictions on the sustainability of the fishery (Kolding
et al., 2008b). To our knowledge this is the first study looking at the combined effect
of oxygen and size-dependent mortality on life-history traits. Despite being an
experimental study, our results illustrate the risks of trying to infer the process from
patterns. This is a well-known problem, much discussed in the context of using
observational field data to study life-history changes in exploited fish populations
(e.g., Kraak, 2007; Dieckmann and Heino, 2007; Browman et al., 2008; Kuparinen
and Meril&, 2008; Jargensen et al., 2008). The potential role of low oxygen levels in
driving phenotypic change, however, has until now been overlooked (e.g., Sharpe et
al., 2012). We encourage performing further studies linking these factors to changes

in life-history, behavioural and physiological traits, and considering the confounding
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effect of oxygen along with other environmental factors when studying the effects of

size-selective fishing in exploited populations.

Funding

This work was supported by the Research Council of Norway (project 214189/F20)
and the University of Bergen fund for Open Access.

Acknowledgements

We want to thank Diep Mach Ellertsen for help with the maintenance of the fish,
Heikki Savolainen for technical help in the lab, and Daniel Pauly for comments on the
manuscript. This experiment was carried out with the approval of the Norwegian

Animal Research Authority (Forsgksdyrutvalget, 1d. 5562).

23



References

Auer SK, Arendt JD, Chandramouli R, Reznick DN (2010) Juvenile compensatory
growth has negative consequences for reproduction in Trinidadian guppies
(Poecilia reticulata). Ecol Lett 13: 998-1007.

Baatrup E, Junge M (2001) Antiandrogenic pesticides disrupt sexual characteristics in
the adult male guppy Poecilia reticulata. Environ Health Perspect 109: 1063-
1070.

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models
using Ime4. Journal of Statistical Software 67: 1-48.

Berner D, Blanckenhorn WU (2007) An ontogenetic perspective on the relationship
between age and size at maturity. Funct Ecol 21: 505-512.

Bertalanffy von L (1938) A quantitative theory of organic growth (inquiries on
growth laws. I1). Human biology 10: 182-213.

Beutel MW, Horne AJ (1999) A review of the effects of hypolimnetic oxygenation on
lake and reservoir water quality. Lake and Reservoir Management 15: 285-297.

Boukal DS, Dieckmann U, Enberg K, Heino M, Jgrgensen C (2014) Life-history
implications of the allometric scaling of growth. J Theor Biol 359: 199-207.

Browman HI, Law R, Marshall T (2008) The role of fisheries-induced evolution.
Science 320: 47-50; author reply 47-50.

Burnham KP, Anderson DR (1998) Model Selection and Inference: a Practical
Information-Theoretical Approach. Springer-Verlag, New York.

Cardinale M, Svedéang H (2004) Modelling recruitment and abundance of Atlantic
cod, Gadus morhua, in the eastern Skagerrak—Kattegat (North Sea): evidence of
severe depletion due to a prolonged period of high fishing pressure. Fish Res 69:
263-282.

Chabot D, Claireaux G (2008) Environmental hypoxia as a metabolic constraint on
fish: The case of Atlantic cod, Gadus morhua. Mar Pollut Bull 57: 287-294.

Charlesworth B (1994) Evolution in Age-Structured Populations, Second Edition.
Cambridge University Press.

Conover DO, Munch SB (2002) Sustaining fisheries yields over evolutionary time
scales. Science 297: 94-96.

Diaz Pauli B, Heino M (2013) The importance of social dimension and maturation
stage for the probabilistic maturation reaction norm in Poecilia reticulata. J Evol
Biol 26: 2184-2196.

Diaz Pauli B, Heino M (2014) What can selection experiments teach us about



fisheries-induced evolution? Biol J Linnean Soc 111: 485-503.

Diaz Pauli B, Savolainen H, Utne-Palm AC, Ellertsen DM, Reznick DN, Heino M
(2014) Phenotypic and genetic changes in life history traits in experimental
populations of guppies (Poecilia reticulata) that experienced size-selective
fishing. Presented at the ICES CM 2014/E21.

Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences for marine
ecosystems. Science 321: 926-929.

Dieckmann U, Heino M (2007) Probabilistic maturation reaction norms: their history,
strenghts and limitations. Mar Ecol Prog Ser 335: 253-269.

Doney SC, Ruckelshaus M, Emmett Duffy J, Barry JP, Chan F, English CA, Galindo
HM, Grebmeier JM, Hollowed AB, Knowlton N, et al. (2012) Climate Change
Impacts on Marine Ecosystems. Ann Rev Mar Sci 4: 11-37.

Dunlop ES, Heino M, Dieckmann U (2009) Eco-genetic modeling of contemporary
life-history evolution. Ecol Appl 19: 1815-1834.

Enberg K, Jargensen C, Dunlop ES, Varpe &, Boukal DS, Baulier L, Eliassen S,
Heino M (2012) Fishing-induced evolution of growth: concepts, mechanisms and
the empirical evidence. Mar Ecol 33: 1-25.

Gislason H, Daan N, Rice JC, Pope JG (2010) Size, growth, temperature and the
natural mortality of marine fish. Fish and Fisheries 11: 149-158.

Greven H (2011) Gonads, genitals, and reproductive biology. In: Evans JP, Pilastro A,
Schlupp |, eds. Ecology and Evolution of Poeciliid Fish. The University of
Chicago Press.

Harney E, Van Dooren TJM, Paterson S, Plaistow SJ (2012) How to measure
maturation: A comparison of probabilistic methods used to test for genotypic
variation and plasticity in the decision to mature. Evolution 67: 525-538.

Heino M, Diaz Pauli B, Dieckmann U (2015) Fisheries-induced evolution. Annu Rev
Ecol Evol Syst 46: 461-480.

Heino M, Dieckmann U, Godg OR (2002) Measuring probabilistic reaction norms for
age and size at maturation. Evolution 56: 669-678.

Holt RE, Jgrgensen C (2015) Climate change in fish: effects of respiratory constraints
on optimal life history and behaviour. Biol Lett 11: 20141032-20141032.

lles TD (1973) Dwarfing or stunting in the genus Tilapia (Cichlidae): a possibly
unique recruitment mechanism. Rapp p-v réun - Cons int explor mer 164: 247-
254,

Jackson MC, Woodford DJ, Weyl OLF (2016) Linking key environmental stressors

with the delivery of provisioning ecosystem services in the freshwaters of
southern Africa. Geo: Geography and Environment 3: e00026.

25



Jenny J-P, Francus P, Normandeau A, Lapointe F, Perga M-E, Ojala A,
Schimmelmann A, Zolitschka B (2016) Global spread of hypoxia in freshwater
ecosystems during the last three centuries is caused by rising local human
pressure. Glob Chang Biol 22: 1481-1489.

Jargensen C, Enberg K, Dunlop ES, Arlinghaus R, Boukal DS, Brander K, Ernande
B, Gardmark A, Johnston F, Matsumura S, et al. (2008) The role of fisheries-
induced evolution - Response. Science 320: 48-50.

Kallman KD, Schreibman MP (1973) A sex-linked gene controlling gonadotrop
differentiation and its significance in determining the age of sexual maturation
and size of the platyfish, Xiphophorus maculatus. Gen Comp Endrocrinol 21:
287-304.

Killen SS, Atkinson D, Glazier DS (2010) The intraspecific scaling of metabolic rate
with body mass in fishes depends on lifestyle and temperature. Ecol Lett 13: 184—
193.

Kolding J (1993) Population dynamics and life-history styles of Nile tilapia,
Oreochromis niloticus, in Ferguson's Gulf, Lake Turkana, Kenya. Environ Biol
Fish 37: 25-46.

Kolding J, Bundy A, van Zwieten PAM, Plank MJ (2016) Fisheries, the inverted food
pyramid. ICES J Mar Sci 73: 1697-1713.

Kolding J, Haug L, Stefansson S (2008a) Effect of ambient oxygen on growth and
reproduction in Nile tilapia (Oreochromis niloticus). Can J Fish Aquat Sci 65:
1413-1424.

Kolding J, van Zwieten P, Mkumbo O, Silsbe G, Hecky R (2008b) Are the Lake
Victoria fisheries threatened by exploitation or eutrophication? Towards an
ecosystem-based approach to management. In: Bianchi G, Skjoldal HR, eds. The
Ecosystem Approach to Fisheries, First Edition. CABI, pp 309-355.

Koya Y, Fujita A, Niki F, Ishihara E, Miyama H (2003) Sex differentiation and
pubertal development of gonads in the viviparous mosquitofish, Gambusia affinis.
Zoological Science 20: 1231-1242.

Kraak SBM (2007) Does the probabilistic maturation reaction norm approach
disentangle phenotypic plasticity from genetic change? Mar Ecol Prog Ser 335:
295-300.

Kramer DL, Mehegan JP (1981) Aquatic surface respiration, an adaptive response to
hypoxia in the guppy, Poecilia reticulata (Pisces, Poeciliidae). Environ Biol Fish
6: 299-313.

Kuparinen A, Merild J (2008) The role of fisheries-induced evolution. Science 320:
47-50; author reply 47-50.

Kuznetsova A, Brockhoff PB, Christensen RHB (2015) ImerTest: Tests in linear
mixed effects models. R package version 2.0-29.

26



Landry CA, Steele SL, Manning S, Cheek AO (2007) Long term hypoxia suppresses
reproductive capacity in the estuarine fish, Fundulus grandis. Comp Biochem
Physiol A Mol Integr Physiol 148: 317-323.

Law R (2000) Fishing, selection, and phenotypic evolution. ICES J Mar Sci 57: 659—
668.

Lorenzen K (1996) The relationship between body weight and natural mortality in
juvenile and adult fish: a comparison of natural ecosystems and aquaculture. J
Fish Biol 49: 627-642.

Magurran AE (2005) Evolutionary ecology. The Trinidadian guppy. Oxford
University Press.

Mkumbo O, Marshall BE (2015) The Nile perch fishery of Lake Victoria: current
status and management challenges. Fish Manag Ecol 22: 56-63.

Pauly D (1981) The relationships between gill surface area and growth performance
in fish: a generalization of von Bertalanffy's theory of growth.
Meeresforschung/Rep Mar Res 28: 251-282.

Pauly D (1984) A mechanism for the juvenile-to-adult transition in fishes. J Conseil
Int Explor Mer 41: 280-284.

Pauly D (2010) Gasping fish and panting squids: oxygen, temperature and the growth
of water-breathing animals. International Ecology Institute, Olendorf/Luhe,
Germany.

Pauly D, Christensen V, Guénette S, Pitcher TJ, Sumaila UR, Walters CJ, Watson R,
Zeller D (2002) Towards sustainability in world fisheries. Nature 418: 689—-695.

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team (2016) _nlme: Linear and
Nonlinear Mixed Effects Models. R package version 3.1-125.

Pértner HO, Knust R (2007) Climate change affects marine fishes through the oxygen
limitation of thermal tolerance. Science 315: 95-97.

Quince C, Abrams PA, Shuter BJ, Lester NP (2008) Biphasic growth in fish I:
theoretical foundations. J Theor Biol 254: 197-206.

Rabalais NN, Turner RE, Gupta B, Boesch DF (2007) Hypoxia in the northern Gulf of
Mexico: Does the science support the plan to reduce, mitigate, and control
hypoxia? Estuaries and Coasts 30: 753-772.

Reznick DN (1990) Plasticity in age and size at maturity in male guppies (Poecilia
reticulata): an experimental evaluation of alternative models of development. J
Evol Biol 3: 185-203.

Reznick DN, Bryga H (1987) Life-history evolution in guppies (Poecilia reticulata):

1. Phenotypic and genetic changes in an introduction experiment. Evolution 41:
1370-1385.

27



Reznick DN, Ghalambor CK (2005) Can commercial fishing cause evolution?
Answers from guppies (Poecilia reticulata). Can J Fish Aquat Sci 62: 791-801.

Réale D, Garant D, Humphries MM, Bergeron P, Careau V, Montiglio PO (2010)
Personality and the emergence of the pace-of-life syndrome concept at the
population level. Phil Trans R Soc B 365: 4051-4063.

Riesch R, Plath M, Schlupp I (2010) Toxic hydrogen sulfide and dark caves: life-
history adaptations in a livebearing fish (Poecilia mexicana, Poeciliidae). Ecology
91: 1494-1505.

Rocha TL, Yamada AT, Costa RME (2011) Analyses of the development and
glycoproteins present in the ovarian follicles of Poecilia vivipara
(Cyprinodontiformes, Poeciliidae). Pesquisa Veterinaria Brasileira 31: 87-93.

Roff DA (1992) The Evolution of Life Histories, First Edition. Chapman & Hall, New
York, pp 1-273.

Ross GL (2000) Environmental physiology and energetics. In: Beveridge MCM,
McAndrew BJ, eds. Tilapias: Biology and Exploitation. Springer Netherlands, pp
89-128.

Schlupp I, Poschadel J, Tobler M, Plath M (2006) Male size polymorphism and testis
weight in two species of mollies (Poecilia latipinna, P. mexicana, Poeciliidae,
Teleostei). Zeitschrift fir Fischkunde 8: 9-16.

Schreibman MP, Berkowitz EJ, van den Hurk R (1982) Histology and histochemistry
of the testis and ovary of the platyfish, Xiphophorus maculatus, from birth to
sexual maturity. Cell and Tissue Research 224: 81-87.

Schreibman MP, Kallman KD (1977) The genetic control of the pituitary-gonadal axis
in the platyfish, Xiphophorus maculatus. J Exp Zool 200: 277-293.

Sharpe DMT, Wandera SB, Chapman LJ (2012) Life history change in response to
fishing and an introduced predator in the East African cyprinid Rastrineobola
argentea. Evol App 5: 677-693.

Silliman RP, Gutsell JS (1958) Experimental exploitation of fish populations. Fishery
Bulletin 58: 215-241.

Snelson FF Jr (1982) Indeterminate growth in males of the sailfin molly, Poecilia
latipinna. Copeia 1982: 296-304.

Sogard SM (1997) Size-selective mortality in the juvenile stage of teleost fishes: a
review. Bulletin of Marine Science 60: 1129-1157.

Stearns SC (1992) The Evolution of Life Histories. Oxford University Press.

Stearns SC (2000) Life history evolution: successes, limitations, and prospects.
Naturwissenschaften 87: 476-486.

Stockwell CA, Weeks SC (1999) Translocations and rapid evolutionary responses in

28



recently established populations of western mosquitofish (Gambusia affinis).
Animal Conservation 2: 103-110.

Tobin D, Wright PJ, O'Sullivan M (2010) Timing of the maturation transition in
haddock Melanogrammus aeglefinus. J Fish Biol 77: 1252-1267.

Turner CL (1941) Morphogenesis of the gonopodium in Gambusia affinis affinis. J
Morph 69: 161-185.

Utne-Palm AC, Salvanes AGV, Currie B, Kaartvedt S, Nilsson GE, Braithwaite VA,
Stecyk JAW, Hundt M, van der Bank M, Flynn B, et al. (2010) Trophic structure
and community stability in an overfished ecosystem. Science 329: 333-336.

Uusi-Heikkild S, Whiteley AR, Kuparinen A, Matsumura S, Venturelli PA, Wolter C,
Slate J, Primmer CR, Meinelt T, Killen SS, et al. (2015) The evolutionary legacy
of size-selective harvesting extends from genes to populations. Evol App 8: 597—
620.

van Dam AA, Pauly D (1995) Simulation of the effects of oxygen on food
consumption and growth of Nile tilapia, Oreochromis niloticus (L.). Aquacult Res
26: 427-440.

van den Hurk R (1974) Steroidogenesis in the testis and gonadotropic activity in the
pituitary during postnatal development of the black molly (Mollienisia latipinna).
Proc K Ned Akad Wet C 77: 193-200.

van Wijk SJ, Taylor MlI, Creer S, Dreyer C, Rodrigues FM, Ramnarine IW, van
Oosterhout C, Carvalho GR (2013) Experimental harvesting of fish populations
drives genetically based shifts in body size and maturation. Front Ecol Environ
11:181-187.

Walsh MR, Munch SB, Chiba S, Conover DO (2006) Maladaptive changes in
multiple traits caused by fishing: impediments to population recovery. Ecol Lett
9: 142-148.

Weber J-M, Kramer DL (1983) Effects of hypoxia and surface access on growth,
mortality, and behavior of juvenile guppies, Poecilia reticulata. Can J Fish Aquat
Sci 40: 1583-1588.

Wu RSS, Zhou BS, Randall DJ, Woo NYS, Lam PKS (2003) Aquatic hypoxia Is an
endocrine disruptor and impairs fish reproduction. Environ Sci Technol 37: 1137—
1141.

29



Tables

Table 1. Male biphasic growth model estimates for reproductive investment, r, growth
coefficient, ¢, and allometric exponent, (3. Support for a particular model is given by
the change in the Akaike Information Criterion (AIC) relative to the model with the
lowest AIC (Aj), and by the Akaike weights (w;). All models follow equations (2)—(3)
but differ in which of the parameters (if any) are affected by the treatment(s) as well
as presence of treatment interactions (denoted with “*” in the model formulae).
Results are shown for the four best-ranked non-linear mixed effect models (M1-4; the
model with the lowest AIC and all models for which Aj<2) as well as for the null
model (MO) without any effects of experimental treatments (formula “~1” means that

parameter is unaffected by the treatments).
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Model Effects Support Parameter estimates
A Wi Treatment r c R
(g day™)
M1 r ~ size-selec.+ O, 0 0.28  High O; & neg.s-s.  0.0006 0.0009 0.16
¢ ~ size-selec.+ O, High O, & pos. s-s.  0.0009 0.0013 0.25
R ~ size-selec. Low O, & neg.s-s.  0.0025 0.0010 0.16
Low O, & pos. s-s. 0.0028 0.0014 0.25
M2 r~0; 0.07 0.27 High O, & neg. s-s.  0.0007 0.0009 0.17
C ~ size-selec. High O, & pos. s-s.  0.0007 0.0013 0.25
R ~ size-selec.+ O, Low O, & neg.s-s.  0.0023 0.0009 0.14
Low O & pos. s-s. 0.0023 0.0013 0.22
M3 r ~ size-selec.* O, 0.11 0.26 High O, & neg. s-s.  0.0002 0.0009 0.16
Cc ~ size-selec.+ O, High O, & pos.s-s.  0.0014 0.0013 0.24
R ~ size-selec. Low O, & neg.s-s.  0.0029 0.0010 0.16
Low O, & pos. s-s. 0.0020 0.0014 0.24
M4 r~0, 0.81 0.19 High O, & neg. s-s.  0.0007 0.0009 0.16
Cc ~ size-selec.+ O, High O, & pos. s-s.  0.0007 0.0013 0.24
R ~ size-selec. Low O, & neg.s-s.  0.0026 0.0010 0.16
Low O, & pos. s-s. 0.0026 0.0014 0.24
MO r-1 25.99 0.00 n.a. 0.0013 0.001 0.18
c~1




Table 2. Female biphasic growth model estimates for reproductive investment, r,

growth coefficient, ¢, and age at maturation, am,. Results are shown for the two best-

ranked non-linear mixed effect models (F1-2, i.e. the model with the lowest AIC and

the only other model for which Ai<2) as well as for the null model (FO) without any

effects of experimental treatments. See Table 1 for further explanations.

Model Effects Support Parameter estimates
A Wi Treatment r c Amat
(9" day™) (day)
F1 r ~ size-selec.+ O, 0 0.48 High O, & neg.s-s.  0.011 0.013 53.7
¢ ~ size-selec.+ O, High O, & pos. s-s.  0.009 0.012 65.2
amat ~ Size-selec.* O, Low O, & neg. s-s. 0.014 0.014 53.6
Low O, & pos. s-S. 0.012 0.013 62.8
F2 r ~ size-selec.*O, 0.95 0.30 High O, & neg.s-s.  0.010 0.012 54.4
c~0, High O, & pos. s-s.  0.009 0.012 63.7
amat ~ Size-selec.+ O, Low O, & neg. s-s. 0.012 0.013 53.5
Low O, & pos. s-S. 0.014 0.013 62.9
FO r~1 48.11 0.00 na 0.011 0.013 60.6
c~1
Amat ~1
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Figures

Figure 1. Growth trajectories for males from a) raw data and b) biphasic growth
model estimates. In a) symbol type represents the size-selection treatment and colour
the oxygen treatment. Filled symbols depict the observations when initiation of
maturation was scored. In b) colour represents oxygen treatments, respectively and
line type refers to size-selection line. Growth curves are based on the best-ranked

model (M1) and growth parameter values are given in Table 1.

Figure 2: Maximum potential size-specific growth rates for a) males and b) females in
high (black lines) and low (grey lines) oxygen treatments and that belonged to the
positive size-selection lines (dashed lines) or the negative size-selection lines (dotted
lines). Growth rates are based in a) males on the allometric exponent B and coefficient
c in growth rate-weight relationship estimated with the best-ranked model (M1, Table
1), while in b) females on the allometric coefficient ¢ in growth rate-weight
relationship estimated with the best-ranked model (F1) and the exponent 3 had the
value of 0.8 for all treatments (Table 2). Realized growth rates are lower when energy
is allocated to reproduction; the predicted growth curves in Figs 1b and 4b account for

this, for males and females respectively.

Figure 3: Weight and age-based probabilistic maturation reaction norms for males
represented by the midpoints (weight with 50% maturation probability, Wp50) at high
(black line) and low (grey line) oxygen conditions and for positive (dashed line) and
negative (dotted line) size-selected lines. Black and grey triangles (negative size-

selection line) and inverted triangles (positive size-selection line) represent the
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observed weights (g) and ages (days) at maturation for high and low oxygen,

respectively.

Figure 4: Growth trajectories for females from a) raw data and b) biphasic growth
model estimates. In a) inverted triangles represent the positive size-selected line and
triangles the negative size-selected line, while black refers to high oxygen and grey to
low oxygen. In b) black and grey lines represent high and low oxygen treatments,
respectively; and dashed lines refer to males that belonged to the positive size-
selection line while dotted lines, the negative size-selection line. Growth curves are
based on the best-ranked model (F1) and growth parameter values are given in Table

2.
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