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Abstract
Animals are predicted to adjust their behaviour in relation to their bodily energetic 
state. Adjustment can be driven by either positive feedbacks (e.g. increased risk-
taking with higher energetic status; “state-dependent safety”) or negative feedbacks 
(e.g. reduced risk-taking with higher status; “asset protection”). This study investi-
gated effects of food restriction and subsequent refeeding on boldness-like behav-
iour in three-spined sticklebacks (Gasterosteus aculeatus) and nine-spined sticklebacks 
(Pungitius pungitius). The same experimental design was run in 2 consecutive years, 
using a start-box emergence test to score behaviour, aiming for an exact replication in 
the second year. Results indicate that the results from the original and the replicated 
experiment did not match. Both years there was support for treatment effects, but 
the effects were qualitatively and quantitatively different. In 2012, the fish on a con-
tinuous high ration had longer emergence times than restricted-refed fish (suggesting 
asset protection as the feedback mechanism), while in 2013, this pattern is reversed 
(suggesting state-dependent safety as the feedback mechanism). In 2013, the general 
emergence time was also generally shorter than in 2012. These effects suggest that 
the methodology used may not be particularly robust. Subject fish were wild-caught, 
and differences in the populations across years, or in the individuals' prior experience, 
may have influenced the results. Alternatively, the start-box emergence test could be 
sensitive to minor (unperceived) alterations in procedures. Regardless, the present 
study suggests that the robustness of the start-box emergence test, which is a com-
monly used test (e.g. to score “boldness” in animal personality experiments) needs 
further investigation. In addition to the behavioural experiment, fish going through 
the refeeding protocol were shown to have higher body water content than fish on a 
continuously high food ration in both species. Food restriction also decreased relative 
liver mass in the short term, but it was restored during refeeding.
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1  |  INTRODUC TION

Increased boldness and activity can allow individuals to gain more 
resources but can also come with an increase in mortality risk, and 
trade-offs between resource acquisition and risk-taking are ex-
pected (Gotthard, 2000; Milinski, 1986; Werner & Anholt, 1993). 
These trade-offs are likely to depend on the bodily state (i.e. energy 
reserves, body size, hormone levels, etc.) of a given individual an-
imal (Sih et al., 2015). Three different feedback loops are typically 
discussed in relation to behavioural state-dependence: (i) starvation 
avoidance, (ii) asset protection and (iii) state-dependent safety (e.g. 
Luttbeg & Sih, 2010; Sih et al., 2015). Starvation avoidance refers 
to behavioural modifications to increase foraging activity when an 
individual's energetic reserves are either low or rapidly decreasing. 
For instance, an individual with depleted energetic reserves needs to 
restore its reserves and should therefore also increase its foraging 
activity and boldness (e.g. Killen et al., 2011). Hence, when there is 
a risk of predation or conflict with competitors, this negative feed-
back loop leads to increased risk-taking (i.e. search activity and bold-
ness) with increased risk of starvation mortality (Biro & Booth, 2009; 
Gotceitas & Godin, 1991; Werner & Anholt, 1993). Asset protection 
can be viewed as the opposite aspect of the same negative feedback 
loop: when body condition is high and future fitness prospects are 
good, risk-taking in general should be avoided, to save the previously 
obtained “assets” (i.e. a positive residual reproductive value). Here, 
an individual with higher energetic reserves is risk-aversive because 
it can afford to be so, in contrast to a similar sized individual with 
lower energy reserves. State-dependent safety is a positive be-
havioural feedback loop, where animals in good energetic condition 
or with large body size can afford to be, for example, more active, 
as their state protects them from many of the risks associated with 
foraging. A high energetic state could, for instance, increase escape 
performance (Stankowich, 2009; but see Kullberg et al., 1996).

In this study, the focus will be on state in terms of realized growth 
performance in relation to the maximal predicted growth performance 
under continuous ad libitum feeding. Animals which have experienced 
an extended period of food limitation have repeatedly been observed 
to elicit a compensatory growth response (i.e. a faster-than-normal 
growth rate) when food becomes available again (Ali et al., 2003; 
Arndt, 1997; Dmitriew, 2011). In fishes, this growth compensation 
can be induced by increased food conversion efficiency but is often 
mainly a result of hyperphagia (Ali et al., 2003). When associated to 
hyperphagia, growth compensation should reasonably be associated 
to increased foraging activity and, when foraging is associated with 
mortality risk, decreased risk-aversion. Hypothetically, catching up 
in size is beneficial for increasing immediate survivability and repro-
ductive capacity in the short term, while also it comes with a delayed 
cost, explaining why normal growth rates are submaximal (Johnsson 
& Bohlin, 2006; Metcalfe & Monaghan, 2001).

To investigate whether refeeding after a period of food restriction 
alters general risk-aversiveness in sticklebacks (Gasterosteidae), a lab-
oratory experiment was set up allowing for controlled food rations 
and continuous growth measurements. Three food treatments were 

applied: (i) continuously high rations (HH), (ii) high ration followed by 
low ration (HL), and (iii) low ration followed by high ration (LH). Fish 
in the LH-group were predicted to show compensatory growth rates 
during refeeding (i.e. higher growth rates than HH) and, if starvation 
avoidance/asset protection is the main feedback affecting behaviour, 
they should also express a more risk-taking behaviour in a standard-
ized start-box emergence test (i.e. shorter emergence latency from 
shelter into a novel area than HH), as they are predicted to be more 
eager to start foraging in an unfamiliar and potentially risky situation. 
Alternatively, if state-dependent safety is the main feedback acting in 
this situation, then HH should have a shorter emergence latency than 
LH. The HL-group was mainly included to get insight into recently 
food-restricted individuals. Under starvation avoidance, HL would 
also be expected to have shorter emergence latency, but these fish 
may also have a reduced routine metabolism and activity due to their 
reduced food intake, leading to long emergence latency.

The experiment was run twice in 2 consecutive years. The first 
experiment (2012) was developed as a part of an undergraduate 
course, where students were investigating the question of whether 
manipulation of growth rates had effects on behaviour. Results were 
supporting the hypothesis that restricted and refed fish showed 
more bold-like behaviours (see Section 3 for 2012 experiment 
below). Given these interesting effects, the experiment was run 
again in the same course the following year with the aim of an exact 
replication.

2  |  MATERIAL S AND METHODS

2.1  |  Subject animals

Two species of sticklebacks were included in the experiment: 
three-spined stickleback Gasterosteus  aculeatus L. and nine-spined 
stickleback Pungitius pungitius (L.). Both species are used as model 
organisms in ecology and evolution (Huntingford & Ruiz-Gomez, 
2009; Merilä, 2013). All subject fish were collected from the same 
location in a coastal stream (Stora ån; 57°38.381′N, 11°55.209′E), 
using minnow-traps constructed from 1.5-L transparent plastic soda 
bottles (Figure S1, see electronic supplement). A few more G. aculea-
tus were caught than needed for the experiment in both years, but 
exclusion was randomly determined; all captured P. pungitius were 
used. Capture dates were February 6 in 2012, and February 7–8 in 
2013. As determined by visual inspection, and based on previous ex-
perience (Landeira-Dabarca et al., 2019; Näslund et al., 2016a), the 
individuals from this population do not show any signs of being para-
sitized by either Glugea or Schistocephalus, two common stickleback 
parasites which could influence behaviour (Milinski, 1985); other 
parasites were not been screened for. The fish were acclimated to 
laboratory temperatures by passive warming of the stream water up 
to room temperature (12°C). Thereafter, they were group-housed 
in a large tank and fed to satiation with bloodworms each day until 
the experiment started. Throughout the experiment, average water 
temperature was kept at 12°C (range: 11–13°C) and the light regime 
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was programmed to follow the natural cycle. Mean size (standard 
length and wet mass) for each treatment at the start of the experi-
ment is presented in Table S2.

2.2  |  Experimental design and procedures

Experimental treatments were initiated 8 days (2012) and 5–6 days 
(2013) after capture (denoted as ‘day 1’ of the experiment; Figure S2). 
For each species, three different treatment groups were constructed 
by random assignment of the collected individuals. From each treat-
ment group, subgroups consisting of 3 individuals were distributed 
into separate 25-L rearing tanks (30 tanks in 2012; 32 tanks in 2013; 
see details and sample size in Table 1), using a stratified random as-
signment so that treatments and species were evenly distributed in 
the experimental room. The first treatment group (“HH”) received 
high food ration throughout the experimental period; the second 
group (“HL”) started on high ration but transitioned to low ration on 
day 19; the third group (“LH”) started on low ration but transitioned to 
high ration on day 19 (Figure S2). Food delivered to the fish consisted 
of thawed bloodworms; high ration was 15% of body mass until day 
19 (i.e. the day on which rations were switched for SF and FS groups) 
and 25% of body mass after day 19; low ration was 2% of body mass 
throughout the study. High rations were based on Ali and Wootton 
(2000), which estimated normal average ad libitum consumption of 
three-spined sticklebacks to be 11.7% of body mass per day and hy-
perphagic phase consumption to be maximally 22.3% of body mass 
per day. Low rations were based on Ali et al., (1998), which estimated 

maintenance ration to be around 2% of body mass per day. Rations 
were calculated for each tank separately and were updated after 
each round of body size measurements (see Section 2.4 below). In 
2012, one “HL” (G. aculeatus) tank suffered two mortalities prior to 
the time-point for the switch in ration; hence, one individual (fish ID: 
“7b/12bM”) was moved to this tank, from a random tank that had also 
stated on high food ration, at the time of the ration switch.

Behavioural trials were run on day 29 of the experiment (Figure 
S2), using a start-box emergence test (see dimensions of the arena 
in Figure 1). Using a total of 10 parallel arenas, individual fish were 
trialled individually. Trial order of the tanks matched the tank num-
bering, which in turn represented the tanks' position in the room. 
This trial order was primarily chosen to avoid unnecessary distur-
bance in the room when netting fish (i.e. not having to walk past 
tanks containing untrialled fish). The stratified random assignment 
of treatment groups and species into the tanks led to a mixture of 
treatments and species being trialled simultaneously. After being 
gently netted from their home tank and transferred in a cup of water 
to the test arena, the fish were put in a closed start-box at the end on 
the arena, which was covered by a lid to create a dark environment. 
After 5 min acclimation to the start-box, a guillotine door was lifted 
allowing the fish access to the rest of the arena through a gate. Each 
trial was recorded for 30 min; all fish emerged from the start-box 
within this time (maximal emergence time: 1179 s). Time until the fish 
emerged (whole body passing through the gate) into the novel area 
outside of the start-box was recorded, using a web-camera mounted 
above the arena (Creative VF0520; Creative Labs). Ten arenas could 
be operated and recorded simultaneously. No persons were visible 

Species Treatment Tanks
Initial sample 
size Final sample size

2012 N = 30 N = 89 N = 81

G. aculeatus HH n = 5 n = 15 n = 15

G. aculeatus HL n = 5 n = 15 n = 13

G. aculeatus LH n = 5 n = 15 n = 14

P. pungitius HH n = 5 n = 15 n = 15

P. pungitius HL n = 5 n = 14* n = 12

P. pungitius LH n = 5 n = 15 n = 12

2013 N = 32 N = 96 N = 90

G. aculeatus HH n = 5 n = 15 n = 13 (nF = 6; nM = 7)

G. aculeatus HL n = 5 n = 15 n = 14 (nF = 7; nM = 7)

G. aculeatus LH n = 6 n = 18 n = 17 (nF = 8; nM = 9)

P. pungitius HH n = 5 n = 15 n = 15 (nF = 10; nM = 5)

P. pungitius HL n = 5 n = 15 n = 15 (nF = 8; nM = 7)

P. pungitius LH n = 6 n = 18 n = 16 (nF = 9; nM = 7)

Note: Final sample size for 2013 is supplemented with sample size for females (nF) and males 
(nM) (unknown in 2012). For P. pungitius in the HL treatment, one rearing tank contained only 2 
individuals from the start of the experiment (*).
Abbreviations: HH, high food ration first and second treatment period, high ration third period; HL, 
high ration first and second period, low ration third period; LH, low ration first and second period, 
high ration third period (refeeding groups).

TA B L E  1  Summary of number of tanks 
and individuals used in the experiments
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to the fish during the trials. The start-box emergence test is com-
monly applied in animal behaviour experiments and is commonly 
referred to as measuring “boldness-like” or “risk-taking” traits (e.g. 
Hansen et al., 2020; Näslund et al., 2015). For instance, it is one of 
the more common tests applied to score boldness in experiments on 
consistent individual differences and behavioural syndromes in fish 
(e.g. Brown et al., 2005; Burns, 2008; MacGregor et al., 2021; Toms 
et al., 2010).

2.3  |  Student participation

Five students were involved in the experiments each year (see 
Acknowledgment). While students were conducting the experi-
ments, the author (JN) was closely involved at all stages of both 
experiments and always present during behavioural scoring, ascer-
taining that protocols were followed strictly.

2.4  |  Data collection

Body mass was measured on day 1, 10 (2012) or 11 (2013), 18 and 
28 (see Figure S2) by weighing the animals on a digital scale (preci-
sion, 0.01 g; Kern EW 3000–2 M; Kern & Sohn GmbH), after blot-
ting away excess water using a moist dishcloth (“blotted wet mass”). 
Standard length (from the tip of the snout to the end of caudal pe-
duncle) was measured digitally (ImageJ; Schneider et al., 2012) from 
digital photographs taken in association with weighing (using a copy-
stand mounted Canon EOS 40D with EF-S 17–85 IS USM [at 85 mm 
focal length], Canon Inc.; reference scale: millimetre paper under-
neath the photographed individual).

Specific growth rate (G) was calculated for mass using the formula

where m0 and m1 are, respectively, the wet mass at the first (t0) and last 
(t1) day of a given period of the experiment.

In the 2013 experiment, all experimental fish were euthanized 
4 days after the behavioural test (maintaining the experimental food 
rations). The fish were dissected, and the blotted wet mass of the in-
tact body, eviscerated body (“carcass”), and liver was weighed for each 
individual (precision: 0.1 mg; AB54-S; Mettler Toledo). The eviscerated 
body and liver were dried at 70°C for 48 h, whereafter their dry mass 

was weighed. Water content of the eviscerated body (%) was obtained 
by dividing dry mass with blotted wet mass. Fish from the 2012 ex-
periment were prepared for molecular bioassays but were lost due to 
freezer failure.

For G. aculeatus, the lateral bony armour plates were found to 
be reduced in some individuals. Some individuals only had a few an-
terior plates (low-plated morph) while some had only partial reduc-
tion (a gap in plates between the anterior-most and the caudal-most 
plates; partial-plated morph). Similar plate polymorphism is found in 
many G. aculeatus populations (e.g. Ziuganov, 1983). Plate morphs 
were scored from photographs of the experimental individuals, 
after the experiments were conducted (2012: nfull = 34, npartial = 6, 
nlow = 5; 2013: nfull = 44, npartial = 3, nlow = 1).

All data are openly available in a figshare repository (doi: 
10.6084/m9.figshare.13601045)

2.5  |  Analyses

All analyses were run using Bayesian linear mixed models in brms 
(Bürkner, 2017), a package for R (R Core Team, 2020) providing an 
interface for Stan (Carpenter et al., 2017).

Specific growth rate (G) was analysed in a model using treatment 
(“TR”; 3 levels), species (“SP”; 2 levels) and experimental period (“PD”; 
3 levels) as fixed factors, including all their interactions, and tank 
(“TANK”; see Table 1) and fish identity (“ID”; see Table 1) as a random 
factors; standard body length (“BL”) was initially included as a co-
variate but excluded if not improving the model fit, assessed based 
on information criteria from leave-one-out cross-validation (LOOIC; 
Vehtari et al., 2017). Body mass (loge-transformed) and body length 
were analysed using models with the same structure, except for PD 
being replaced by day of measurement (“DAY”; fixed factor, 4 levels). 
These models were run separately for each of the 2 years. Only indi-
viduals surviving until the start of the behavioural test were included 
in the above specified models, to reduce influence from individuals 
affected by other factors than the treatment.

Emergence latency (loge-transformed) was analysed in a model 
using year (“YR”; 2 levels), TR and SP as fixed factors, including all their 
interactions, with TANK as a random factor. Differences among factor 
combinations were assessed based on distributions of posterior con-
trasts. As with growth analyses, body length (BL) was initially included 
as a covariate but excluded if not improving the model fit, assessed 
based on LOOIC.

G = 100 ⋅

(

ln
(

m1

)

− ln
(

m0

))

⋅

(

t1 − t0

)

− 1
.

F I G U R E  1  Dimensions of the test 
arenas. (a) Top view of the arena layout. 
The start-box of the arena was covered 
to constitute a darker shelter area, and 
to eliminate disturbance from outside 
the arena. (b) View of the guillotine 
door mechanism. w.l. = water level (5 
cm) [Colour figure can be viewed at 
wileyonlinelibrary.com]

Guillotine door

(Covered)

2
3

.5
 c

m
50 cm

13 cm 13 cm 3.5 cm

5 cm

Guillotine door

(a) (b)

Start-box End-section

w.l.

www.wileyonlinelibrary.com


    |  625NÄSLUND

Water content was analysed in a model with TR and SP as fixed 
factors, including their interaction. Liver dry mass (loge-transformed) 
was analysed with TR and SP as fixed factors, their interaction and 
including carcass dry mass (loge-transformed) as a covariate to ac-
count for allometry. Results from both models were assessed based 
on distributions of posterior contrasts.

All models assumed Gaussian error distribution (identity link 
functions) and were run with 4 chains, 5000 iterations per chain, a 
burn-in of 2500, and weak normalizing priors (μ = 0, σ = 10) for the 
population-level effects; all other modelling parameters were left as 
default.

2.6  |  Ethical statement

All applicable international, national and institutional guidelines for the 
care and use of animals were followed. The experimental procedures 
were approved by the Ethical Committee on Animal Experiments in 
Gothenburg, Sweden (ethical licence number 8–2011).

3  |  RESULTS

3.1  |  Food treatment effects on growth

Treatments resulted in the expected effects for both species in both 
years, with LH-groups growing slower than HH- and HL-groups 
during food restriction (period 1 and 2) and LH-groups accelerated 
their growth rates above that of the HH-groups during their refeed-
ing period (period 3), while HL decreased their growth rate during 
period 3 (their restriction period) (Figure 2; see supplementary ma-
terial Table S1 for estimates and 95% credibility interval). Models 
including body length as a covariate (ML_incl) did not have a better 
fit than models without this variable (ML_excl) (LOOIC [smaller is bet-
ter]: ML_incl_2012  =  472.1, ML_excl_2012  =  470.8; ML_incl_2013  =  652.2, 

ML_excl_2013 = 649.4). Growth models were supported by analyses of 
mass and length (Table S2).

3.2  |  Mortality

Mortality was relatively low both years. In 2012, 4 out of 89 indi-
viduals died prior to the end of the feeding treatment (G. aculeatus: 
NHH = 0, NHL = 2, NLH = 1; P. pungitius: NHH = 0, NHL = 1, NLH = 0); three 
more P. pungitius individuals died between the end of the food treat-
ment and the behavioural trials (NHH = 0, NHL = 1, NLH = 2). In 2013, 
6 out of 96 individuals died prior to behavioural testing (G. aculeatus: 
NHH = 2, NHL = 1, NLH = 1; P. pungitius: NHH = 0, NHL = 0, NLH = 2). See 
Table 1 for initial and final sample size.

3.3  |  Emergence latency

In the first experiment (2012), the HH-groups for both species had 
longer emergence latency than LH (Figure 3A; Table 2). The effect 
for G.  aculeatus was clear with 97.8% of the posterior distribu-
tion (p.d.) having values above 0 for the contrast HH vs. LH. The 
effect for P. pungitius was less clear (80.1% p.d. > 0) (Figure 3B; 
Table 2). The HL-groups were intermediate for both species, but 
more similar to HH-groups (Figure 3A-B; Table 2). In the second 
experiment (2013), the effects were qualitatively reversed with 
respect to treatment effects. The HH-groups for both species had 
shorter emergence latency than LH-groups (Figure 3A; Table 2). 
Effects were clear for both species when assessing the HH vs. LH 
contrasts (G. aculeatus: 98.6% p.d. < 0; P. pungitius: 99.9% p.d. < 0). 
LH-groups were again intermediate compared to the other groups 
(Figure 3A-B; Table 2). Gasterosteus aculeatus had generally longer 
estimated emergence latency than P.  pungitius in 2012, but not 
clearly so in 2013 (Figure 3A,C; Table 2). Assessing the differences 
between years within species, the 2012 latencies were generally 

F I G U R E  2  Mean specific growth rate (G) of sticklebacks (three-spined: Gasterosteus aculeatus; nine-spined: Pungitius pungitius) in the (a) 
2012- and (b) 2013 experiments. Error bars show the 95% credibility interval. HH, high food ration first and second treatment period, high 
ration third period; HL, high ration first and second period, low ration third period; LH, low ration first and second period, high ration third 
period (refeeding groups) [Colour figure can be viewed at wileyonlinelibrary.com]
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longer for HH- and HL-groups in both species, while the LL-groups 
showed similar geometric mean estimates (Figure 3D; Table 2). A 
model including body length as a covariate (ML_incl) did not have 
a better fit than models without this variable (ML_excl) (LOOIC: 
ML_incl = 512.0, ML_excl = 509.1) and parameter estimates indicated 
no effect (estimate [95% CI limits; loge-scale]: β  =  −.00 [−0.04; 
0.03]).

3.4  |  Exploring emergence latency in relation to 
potential confounding factors

After the 2013 experiment, the subject fish were dissected after 
trials which allowed for exploring effects of sex on behaviour. 
Running the model on 2013 data only, removing year and adding 
sex as a factor, revealed no effect of sex with credibility limits 

F I G U R E  3  Emergence latency (geometric means with 95% credibility intervals) in start-box emergence tests for sticklebacks (Gasterosteus 
aculeatus, green; Pungitius pungitius, brown). HH: high food ration first and second treatment period, high ration third period; HL: high 
ration first and second period, low ration third period; LH: low ration first and second period, high ration third period (refeeding groups). 
(a) Estimated geometric means (horizontal line) and 95% credibility intervals (error bars) of emergence latency for each species and year. (b) 
Posterior contrast distributions (PCD), from the perspective of treatment contrasts within species and year. (c) PCD, from the perspective 
of species contrasts within treatments and year. (d) PCD, from the perspective of year contrasts within species and treatments. Percentage 
values in (b-d) indicate how much of the posterior distribution is located on each side of 0; vertical lines in the distribution denote the 
distribution median [Colour figure can be viewed at wileyonlinelibrary.com]
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Treatment:

Gasterosteus aculeatus Pungitius pungitius

HH HL LH HH HL LH

2012

Mean 206.9 164.4 94.1 97.6 89.6 68.6

95% CI: Lower 118.9 95.5 53.8 56.4 49.5 37.8

95% CI: Upper 359.0 285.5 163.4 166.1 161.0 123.8

2013

Mean 34.5 53.0 80.3 30.7 41.6 74.8

95% CI: Lower 19.5 30.3 48.7 18.0 24.3 44.4

95% CI: Upper 61.5 93.0 132.3 52.3 70.9 126.0

Abbreviations: HH, high food ration first and second treatment period, high ration third period; HL, 
high ration first and second period, low ration third period; LH, low ration first and second period, 
high ration third period (refeeding groups).

TA B L E  2  Estimated emergence 
latencies in seconds (geometric means 
and 95% credibility interval limits; back-
transformed from the log-scale)

F I G U R E  4  Effects of treatments on body water content and liver mass, from the 2013 experiment. (a) Arithmetic mean estimates of 
dry: wet carcass mass ratio (proxy for water content; lower values = higher water content), with 95% credibility intervals (CI). (b) Posterior 
contrast distributions (PCD) and median estimates for treatment effects on body water content, for each species. (c) PCD and median 
estimates for species effects on body water content, within each treatment. (d) Geometric mean estimates of liver dry mass (given a dry 
carcass mass of 1.20 g), with 95% CI. (e) PCD and median estimates for treatment effects on liver dry mass, for each species. (f) PCD and 
median estimates for species effects on liver dry mass, within each treatment. For panels (b), (c), (e) and (f), medians of the PCD are shown as 
vertical black lines; %-values in the margins denote how large part of the posterior distributions of the contrasts lie on each side of 0 (i.e. the 
certainty of the effects, given that data are representative) [Colour figure can be viewed at wileyonlinelibrary.com]
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substantially overlapping zero (estimate [95% CI limits], loge-scale: 
G. aculeatus [male] β = .28 [−0.33; 0.89]; P. pungitius [male] β = −.37 
[−1.24; 0.48]).

With respect lateral bony armour plates in Gasterosteus aculeatus, 
no strong indication of differences across years was found, although 
the frequencies were not identical (χ2-test: χ2 = 4.86, p = .09). To see 
if plate morph explained behaviour in this species, the model was run 
on G. aculeatus data only, removing species as a factor and adding 
plate morph (three levels: full-, partial- and low-plated morph). Both 
partial- and low-plated morphs showed similar behavioural charac-
teristics as the full-plated morph (intercept) (estimate [95% CI limits], 
loge-scale: low β =  .11 [−0.92; 1.13]; partial β = −.24 [−1.05; 0.56]). 
The same qualitative result was obtained when running models with 
two levels of the plate morph factor (combining low and partial into 
one level) and when running the model with plate morph as the sole 
independent fixed factor.

In another explorative model run ad hoc, data from the two ex-
periments were combined without including year as a factor. This 
led to no effects being clear (all 95% CI of estimates overlapped 
zero). However, this model (MYR_excl) was outperformed by the 
model including YR (MYR_incl) as judged by LOOIC (MYR_incl = 509.1; 
MYR_excl = 534.0).

3.5  |  Body water content and relative liver mass 
in 2013

The ratio between dry and wet carcass mass was higher for the HH-
groups as compared to the LH-groups for both species (G. aculeatus: 
99.9% p.d. > 0; P. pungitius: 97.0% p.d. > 0; Figure 4A-B; Table S3). HL-
groups were intermediate, but for G. aculeatus, the ratio was still clearly 
lower than in the HH-group (98.7% p.d. > 0). Gasterosteus aculeatus 
had generally lower water content than P. pungitius (Figure 4C).

Relative liver mass was similar between HH- and LH-groups, but 
lower in the recently food-restricted HL-groups (<1% overlap with 0 
for all p.d. relating to contrasts involving HL) (Figure 4D-E; Table S3). 
Gasterosteus aculeatus had generally higher relative liver mass than 
P. pungitius (Figure 4F).

4  |  DISCUSSION

Experimental replication is important in science, to increase or de-
crease the confidence in previously found effects (Ioannidis, 2005; 
Kelly, 2006, 2019; Nakagawa & Parker, 2015; Nosek & Errington, 
2020). This is particularly true for studies in animal behaviour, where 
sample sizes are often relatively low (Jennions & Møller, 2003), 
which can increase the risk of spurious effects in the statistical 
analyses (Anderson et al., 2001). While many results are indeed ro-
bust, it is not uncommon that results fail to replicate in subsequent 
experiments (e.g. Clark et al., 2020; Jones et al., 2019; Roche et al., 
2020; Wang et al., 2018). Publication bias and erroneous analyses, 
favouring positive results in the a priori hypothesized direction, 

may further contribute to promote spurious effects in the literature 
(Baltzley & Nabity, 2018; Jennions & Møller, 2002). This report pro-
vides a case of a non-reproducible result in food ration manipulated 
sticklebacks, tested for risk-taking behaviour in a commonly used 
standardized test.

4.1  |  Failure to replicate results across years

The first experiment showed results supporting a behavioural feed-
back involving asset protection and starvation avoidance, in line with 
the general pattern found in a meta-analysis on state-dependent 
risk-taking behaviour (Moran et al., 2021). Previous studies on stick-
lebacks have also detected positive associations between hunger 
and risk-taking (Croy & Hughes, 1991; Fraser & Huntingford, 1986). 
Continuously well-fed fish were showing longer latency to emerge 
from the sheltered start-box, while fish undergoing refeeding (and pos-
sibly compensatory growth) were showing shorter emergence latency. 
Recently, food-restricted fish were showing intermediate emergence 
latency, statistically not clearly distinguishable from either of the other 
groups. A general difference between the two species was also found, 
with P. pungitius being faster to emerge, suggesting that this smaller-
bodied species was more motivated to leave the refuge. This result 
contrasts with results from Webster et al., (2009), in which P. pungitius 
were more prone to spend time in cover than G. aculeatus.

The second experiment in 2013 was run to replicate the first 
experiment, aiming for an exact replication (Kelly, 2006). This ex-
periment resulted in the opposite pattern, as compared to the 2012 
experiment, with continuously well-fed fish having the shortest 
emergence latencies, which would support a state-dependent safety 
feedback.

It is perhaps possible that different state-dependent feedback 
loops acted within the fish in the different years. If so, this study 
could be an indication of instability in the mechanisms affecting 
state-dependent behaviour. From the current experiment, it is not 
possible to determine which factor would be the one affecting the 
outcome of behavioural state-dependency. The species-dependent 
difference in emergence latency found in 2012 was not supported 
in 2013, further indicating that the results from this experimental 
design were unstable.

4.2  |  Hypothetical causes for different effects 
between experiments

While it is possible that minor differences in procedures might have 
occurred unknowingly, none were identified during or after the 
experimental procedures. The protocols applied (i.e. the growth 
treatment or the behavioural test) could be unreliable in their ef-
fects on the fish, with minor differences having large impacts on 
their behaviour (see e.g. Hansen et al., 2020). However, if the ex-
periment would be replicated in a different laboratory, then even 
more subtle differences in experimental design would be expected 
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by necessity (different populations, holding tanks, food source, 
experimental facilities, etc.). Hence, the presented experiments 
should reasonably be as close to an exact replication as practi-
cally achievable. Average size of the subject fish differed between 
years, with fish being on average smaller in 2013. However, there 
were no detectable effects of body size on behavioural expression, 
which is in line with similar emergence test experiments on G. acu-
leatus by MacGregor et al., (2021). King et al., (2013) found sex ef-
fects on risk-taking in G. aculeatus, with males spending more time 
out of cover. Sex was only recorded in 2013, but no effect of sex 
was seen in this year. Different plate morphs in G. aculeatus have 
previously been found to exhibit different risk-taking behaviours 
(Grand, 2000), but no indications of such effects were detected 
in the present experiments. Since the fish were housed in small 
groups during feeding treatments, food rations for individual fish 
may vary across days.

Other possible causes for the different results are intergenera-
tional differences in selection pressure on behavioural expression, 
and environmental differences during winter affecting the tested 
cohorts differently. Given the usage of wild-captured fish in this 
experimental design, these potential problems would be uncon-
trollable for the experimenter. Given the similar patterns across 
treatment groups between the species within each year, it seems 
likely that there could have been a common environmental factor 
affecting the fish. The differences in body size across years sug-
gest that the cohorts differed in some respects (e.g. growth or 
age-structure, or selection pressure) across years, despite being 
captured at the same site. The winter–temperatures preceding 
the experiments differed between the years, with the average air–
temperature being higher during winter 2011–2012 (Dec ‘11: 4.3°C; 
Jan ‘12: 1.2°C) as compared to 2012–2013 (Dec ‘12: −2.2°C; Jan ‘13: 
−1.2°C) (Gothenburg weather station; SMHI, 2020). However, the 
differences were not extreme, with an average difference of 2.4°C 
in the month preceding the capture in February. Food availability, 
habitat stability, predation pressure or social conditions could pos-
sibly have affected average behaviour in the populations (Brydges 
et al., 2008; Jolles et al., 2016), but no information on these factors 
was obtained. Hatching time is related to exploration boldness in 
G.  aculeatus, with individuals hatched early in the breeding sea-
son being bolder than conspecifics hatched later (Ruiz-Gomez & 
Huntingford, 2012). Hence, if selection acted differently on early- 
and late-hatched individuals across the years, it could have affected 
the results. However, that would require the different cohorts to 
also have different behavioural responses to bodily state, unless the 
random assignment to experimental groups was biased by chance. 
The chance factor in capture and assignment is, of course, a possible 
explanation to the results in general. The remedy for this would be 
larger sample sizes, which is a reasonable recommendation based 
on the present results.

Trapping individuals may create a biased sample due to cer-
tain behavioural types being more prone to enter traps (or escap-
ing when trapped), which has been demonstrated in G.  aculeatus 
in 2-hour trapping trials (Kressler et al., 2021). However, while the 

captured fish may constitute a biased sample in general, the traps 
and capture site were the same across years. Hence, any bias would 
also likely be similar across years if the overall population has the 
same distribution of behavioural types.

Pooling of the data from the 2  years led to effects from each 
year cancelling each other out, which then indicates that there is 
no state-dependency in the scored behaviour in this experimental 
setup, which would be in line with experiments on young brown 
trout Salmo trutta L. (Näslund et al., 2016b).

4.3  |  Body water content and relative liver mass

Water content of the carcass (i.e. the body without body-cavity or-
gans) was slightly but consistently lower in the restricted-refed (LH) 
fish, as compared to the continuously fed (HH) fish. Tissue hydration 
in starving fish is well known from several fish species and amphib-
ians and hypothesized to be a way to limiting body mass loss dur-
ing periods of low food abundance (Ali et al., 2003; McCue, 2010). 
The effects were strongest in the restricted-refed groups (LH), 
which were the groups experiencing the longest restriction period 
(tissue hydration can be a slow process; Mendez & Wieser, 1993). 
Notably, the refeeding period was not long enough to regain a nor-
mal water content; instead, it appears that the fish were aiming to 
compensate the lost growth opportunity by adding lower-quality 
(i.e. higher water content) tissue and thereby gaining body size more 
rapidly. Some studies indicate that tissue hydration could be a re-
sponse specifically linked to compensatory growth responses, as 
increased water content is sometimes seen in the refeeding phase, 
but not in the restriction phase, of restriction-refeeding experiments 
(Johansen et al., 2001; Türkmen et al., 2012). This pattern is not gen-
eral across species (Liu et al., 2011; Mendez & Wieser, 1993) but 
cannot be excluded for sticklebacks.

Relative liver mass decreased with recent food restriction (i.e. 
in HL-groups) but was similar between refed (LH) and continuously 
fed (HH) fish. This indicates that the energy in the liver is mobilized 
during food shortage, but quickly compensated when high food con-
sumption levels are recovered. This finding is consistent with pre-
vious studies on fish in general (e.g. Ali et al., 2003; van Dijk et al., 
2005; Liu et al., 2011; Metcalfe et al., 2002).

5  |  CONCLUSIONS

This study reveals that repeated experiments using the start-box 
emergence test can result in contrasting effects when testing in-
dividuals in different energetic states, without clear indications 
of potential confounding factors. Unobserved cohort differences 
in the wild-caught subjects are hypothesized to contribute to the 
unstable results, as laboratory conditions were close to identical 
across the two experiments. Alternatively, the emergence test 
may be sensitive to minor, unperceived, alterations in the trial 
procedures. This latter possibility should be further investigated, 
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given that the test is commonly applied to score boldness in fish 
behaviour experiments.

It should be noted that both experiments reported here could 
have been presented as support for a state-dependent feedback, if 
reported on their own. This highlights the importance of replicating 
experimental findings.
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