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ABSTRACT 12 

Animals are often exposed to changes in their environment that may be 13 

perceived as stressful, leading to an acute stress response, but to which they 14 

can eventually habituate. However, if habituation is prevented, e.g. due to 15 

the stressors being diverse and unpredictable in the timing and sequence of 16 

their appearance, a state of chronic stress may ensue. Organisms exposed to 17 

chronic stressors may show altered patterns of glucocorticoid hormone 18 

synthesis as well as change in behaviour (e.g. activity and feeding), but the 19 

exact phenotypic effects of chronically stressful environments remain poorly 20 

understood. In this study, we exposed adult three-spined sticklebacks 21 

(Gasterosteus aculeatus) to an unpredictable chronic stress protocol (UCSP) 22 

over a period of 67 days and measured their response in terms of water-borne 23 

cortisol levels and behavioural patterns. We quantified activity and feeding 24 

behaviour in two contexts: 1) when the stressors were applied and 2) during 25 

the resting period between stressors. We did not observe a significant cortisol 26 

elevation following a period of chronic exposure nor any effect on cortisol 27 

levels in response to an acute stressor. The exposure of fish to chronic 28 

stressors led to a decline in latency to feed during the resting periods, 29 

indicative of an anticipation of future stressors. We observed an increase in 30 

activity levels of the stress-exposed fish, but only during the presentation of 31 

the stressors. Organismal response to protracted exposure to stressors is 32 

energetically expensive, thus our results may indicate a trade-off between 33 

energy-demanding activities in fish subjected to a chronically unpredictable 34 

environment. 35 
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INTRODUCTION 39 

Stress is generally referred to as a situation in which adverse aspects of the 40 

environment (stressors) lead to the disturbance of an organism’s internal 41 

balance, causing an animal to adjust its behaviour and/or physiology in order 42 

to restore homeostasis (McEwen and Wingfield, 2003, Romero, 2004). The 43 

environment is rarely invariable and various abiotic and biotic factors (e.g. 44 

temperature, light levels, predator pressure, etc.) may change on a short- 45 

and/or long-term scale, in either a predictable (e.g. seasonal changes) or 46 

unpredictable manner. If an animal is unable to easily cope with these 47 

changes, this may lead to perceived deterioration of environmental conditions 48 

and a state of stress. Climate change and human-induced environmental 49 

change (e.g. light, noise and chemical pollution, habitat modification) may 50 

potentially be additional sources of stress for wild animals. Environmental and 51 

anthropogenic sources of stress in the wild have been previously reviewed in 52 

detail (Baker et al., 2013, Dantzer et al., 2014). Animals living in captivity 53 

can experience stressors related to capture, handling and restraint (Portz et 54 

al., 2006, Morgan and Tromborg, 2007). All of these factors, acting 55 

individually or synergistically, have a potential to disrupt an organism’s 56 

internal balance and induce a stress response (Bijlsma and Loeschcke, 2005, 57 

Holmstrup et al., 2010, Baker et al., 2013). 58 

In higher vertebrates the fundamental system underlying the response to 59 

environmental stressors is the activation of the hypothalamic-pituitary-60 
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adrenal (HPA) or (depending on the taxon) the hypothalamic-pituitary-61 

interrenal (HPI) axis. This ultimately results in the secretion of hormones 62 

(catecholamines and glucocorticoids (GCs)) as a generalised stress response 63 

(Sapolsky et al., 2000, Johnstone et al., 2012), with the action of the latter 64 

being mediated by GC receptors in target tissues (Alderman et al., 2012, Senft 65 

et al., 2016, Sapolsky et al., 2000). Activation of the HPA/HPI axis, and the 66 

ensuing hormonal cascade, is a primary response of organisms to stressful 67 

stimuli. The secondary stress response involves further biochemical and 68 

physiological adjustments such as increased breakdown of glycogen in the 69 

liver, enhanced transport of glucose to muscles, cardiovascular and immune 70 

activation (Sapolsky et al., 2000, Johnstone et al., 2012). Thus, short-term 71 

exposure to an acute stressor (e.g. predator encounter, capture, short-term 72 

restraint) is thought to be adaptive as it initiates a cascade of physiological 73 

responses for coping with noxious stimuli and facilitates recovery (Sapolsky et 74 

al., 2000, Romero, 2004, Herman et al., 2016).  75 

If the stressor is transient, feedback loops associated with the stress axis 76 

downregulate the production of hormones once the stressor has ceased, and 77 

homeostasis is restored (Romero, 2004). However, if an animal is subjected to 78 

unfavourable environmental conditions over the long term, and unable to 79 

cope with them, various cellular-level changes may have far-ranging 80 

consequences for the entire organism, resulting in a tertiary stress response 81 

and changes to morphology, physiology and behaviour (Romero, 2004, 82 

Johnstone et al., 2012, Sopinka et al., 2016). In contrast to the acute stress 83 

response, which has a positive effect and facilitates coping with stressors, 84 

chronic activation of the stress axis is generally considered maladaptive 85 
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(Sapolsky et al., 2000, McEwen and Wingfield, 2003, Dantzer et al., 2014). 86 

The stress response and the associated biochemical and physiological 87 

adjustments are energetically expensive and thus tend to divert energy 88 

resources away from other functions (Picard et al., 2018). In addition, chronic 89 

stress may alter various aspects of an animal’s behaviour (Bliley and Woodley, 90 

2012, Lawrence et al., 2018) and cognitive function (Sandi, 2013, Boogert et 91 

al., 2018, Van Der Kooij et al., 2018), for example through alteration of 92 

certain brain structures following prolonged exposure (Gualtieri et al., 2019).  93 

Despite the extensive evidence of the effects of stressors on various aspects 94 

of an animal’s phenotype, the effects of chronic exposure to stressors remain 95 

poorly understood. There is, for example, a bias in methodology used for 96 

studying the effects of environmental stressors on animal phenotype and 97 

performance. The research to date has relied heavily on measuring the effects 98 

of acute stressors; one of the reasons behind this is the relative ease with 99 

which acute stress responses can be induced and quantified, for example 100 

through exposure to a predator, capture or glucocorticoid injection (Breuner 101 

et al., 2008). There are relatively few attempts to quantify the effects of low-102 

intensity, persistent, unpredictable stressors (Madaro et al., 2015, Tsalafouta 103 

et al., 2015), which could provide a more realistic insight into the effects that 104 

environmental change (and the potential for increased exposure to 105 

environmental stressors) may have on wild populations. In addition, the 106 

concentration of glucocorticoid hormones in plasma or tissue (or in holding 107 

water in case of some studies on fish) is commonly used as a measure of stress 108 

as it is thought to reflect the level of HPA/HPI axis activation following 109 

exposure to a stressful stimulus (Dantzer et al., 2014, Sopinka et al., 2016). 110 
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Whilst this is likely to be true for transient and acute stressors, it is not clear 111 

whether this method is adequate for assessing the response to stressful 112 

environmental conditions experienced on a longer-term scale (Dantzer et al., 113 

2014, MacDougall-Shackleton et al., 2019, Romero and Beattie, 2021). 114 

However, even in the absence of a primary stress response (a situation which 115 

may be confused with habituation to the stressors), changes may still be 116 

observed at a whole organism level (Dantzer et al., 2014, Sopinka et al., 117 

2016, Van De Pol et al., 2017). Nonetheless, few previous studies have 118 

employed multiple, non-GC based measures of stress. 119 

In an attempt to shed some light on these issues, we investigated the effect 120 

of protracted exposure to low intensity, unpredictable environmental 121 

stressors on adult three-spined sticklebacks (Gasterosteus aculeatus), using a 122 

randomised stress protocol (unpredictable chronic stress protocol, UCSP) 123 

which included lighting modification, removal of shelter and physical 124 

disturbance through chasing, netting and increased water turbulence. Firstly, 125 

we examined the primary (hormonal) response of females to chronic stressors 126 

by measuring changes in baseline cortisol levels, and the potential modulation 127 

of the HPI axis by looking at cortisol levels following exposure to a subsequent 128 

acute stressor. Secondly, we explored whole-animal level changes (the 129 

tertiary stress response) after a period of exposure to repeated stressors by 130 

assessing differences in behaviour between exposed and unexposed fish. Due 131 

to the high variation in hormonal response of vertebrates to repeated 132 

exposure to stressors (Dickens and Romero, 2013) it was not possible to make 133 

reliable predictions as to the effect of such exposure on baseline cortisol 134 

levels and the response to a subsequent acute stressor. However, we 135 
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anticipated that fish exposed to unpredictable repeated stressors would have 136 

altered behavioural patterns (such as increased activity levels due to 137 

heightened anxiety) even in the absence of an observable hormonal stress 138 

response.  139 

METHODS  140 

Study system 141 

Wild three-spined sticklebacks were captured by netting in the River Endrick 142 

near Killearn, Scotland, in January 2017. After capture, fish were placed in 18 143 

L plastic buckets filled with river water at ambient temperature that was 144 

aerated using an air stone connected to a battery-operated air pump. In total 145 

200 fish were transported to aquarium facilities, with the time between 146 

capture and arrival at the facilities not exceeding 2 hours. After arrival, fish 147 

were acclimated to the new conditions by gradual replacement of river water 148 

with aquarium water in the transport bucket, over a period of approximately 149 

1 hour. No mortality occurred during transport and acclimation. The fish were 150 

not measured at this time in order to reduce the stress associated with 151 

handling and the risk of mortality. The fish were housed in a single fibreglass 152 

holding tank (diameter: 90 cm, total volume: 325 L). The tank contained rocks 153 

and plastic pipes for shelter, and was constantly aerated and supplied with 154 

filtered, de-chlorinated and UV-sterilised water at 12°C. Fish were fed once 155 

daily ad libitum with frozen bloodworm. 14 days prior to the start of the 156 

experiment, 144 fish were randomly divided equally between the UCSP-157 

exposed (stress-exposed) and Control (non-stress-exposed) group; the sex of 158 

these fish was unknown as three-spined sticklebacks do not express clear 159 

sexual dimorphism outside of the breeding season (Wootton, 1976). The exact 160 



8 
 

age of the fish used for this experiment is also unknown, since they were 161 

captured in the wild. However, the source population has been previously 162 

shown to be largely annual (Lee et al., 2012), thus it is assumed that all fish 163 

were adults of similar age (less than one year old). Three randomly-selected 164 

fish that clearly differed in size (to allow for individual identification) were 165 

placed in each of the 24 UCSP-exposed and 24 Control clear 10 L plastic tanks 166 

(17x19x32 cm). These tanks were connected to a recirculation system and 167 

water parameters (pH, chlorine, ammonia and nitrate levels) were monitored 168 

fortnightly, with none of the parameters deviating from the norm during the 169 

experimental period (6.8-7.0 for pH, <0.5 mg/L for chlorine, 0 mg/L for 170 

ammonia, <5 mg/L for nitrate). Each tank was fitted with an air stone for 171 

aeration and a plastic plant for sheltering. The plants were removable in 172 

UCSP-exposed tanks and fixed to the bottom in Control tanks, but were 173 

otherwise identical. UCSP-exposed tanks were placed on a rack that was 174 

physically separated from the rack containing Control tanks. In addition, they 175 

were shielded with opaque black plastic to prevent the stressors from 176 

affecting the Control fish. However, all tanks were in the same room and so 177 

experienced the same ambient temperature (12°C), background noise and 178 

photoperiod (14L:10D, created by artificial lights). To prevent aggression and 179 

reduce social stress, any fish that developed male secondary sexual 180 

characteristics (blue coloration of eyes and/or red coloration of throat 181 

(Wootton, 1976)) during the experimental period were removed from the 182 

tanks so that the tanks only contained either female or non-reproductive male 183 

fish. Fish were fed twice daily, ad libitum, with frozen bloodworm and live 184 

Artemia nauplii.  185 
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Unpredictable chronic stress protocol 186 

Following 14 days of acclimation to the tank and feeding regime, fish from the 187 

UCSP-exposed group were subjected to an unpredictable chronic stress 188 

protocol (UCSP) that combined environmental and husbandry stressors, 189 

modified from Tsalafouta et al. (2015) and Madaro et al. (2015). The 190 

experiment was conducted during the breeding season since this is a period 191 

crucial for the lifetime fitness of fish (Schreck et al., 2001). During this time 192 

in vitro fertilisation was used to obtain up to three clutches per female from 193 

both treatments (Figure 1a). The eggs were collected in the same way in 194 

UCSP-exposed and Control fish to minimise any potential differences between 195 

the treatments. The procedure is described in detail in Appendix 1. 196 

To maintain unpredictability and minimise the potential for habituation, the 197 

online Research Randomiser tool (Urbaniak, 2015) was used to construct the 198 

UCSP schedule prior to the start of the experiment. The UCSP consisted of the 199 

following stressors, three of which were used each day for 67 days: a) turning 200 

lights on for 30 minutes during the dark period (night), b) turning lights off for 201 

30 minutes during the light period (day), c) increase in light intensity from 202 

480 lux to 1320 lux for 30 minutes during the light period, d) turning lights off 203 

during the light period and flashing lights in the darkness for 10 minutes, e) 204 

increase in tank aeration (using an air stone) to create physical disturbance 205 

via increased water turbulence for 2 x 10 seconds, with a brief period of rest 206 

in between, f) removal of shelter (artificial plant) for 15 minutes, g) chasing 207 

with a net for 2 x 30 seconds, with 30 seconds of rest in between, h) netting 208 

and air exposure while held in the net for 2 x 10 seconds, with 30 seconds of 209 

rest in between. With the exception of a) that was applied at night only, all 210 
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other stressors were applied either in the morning (8:30 – 11:00), at noon 211 

(11:00 – 14:00) or in the afternoon (14:00 – 17:30). The order and timing of 212 

stressor presentation was randomised, with the proviso that only one stressor 213 

was applied at any one time point (Figure 1b). The UCSP ended on day 67 of 214 

the experiment, i.e. when all females had ceased to reproduce. 215 

Sampling baseline cortisol level before and during the UCSP 216 

The method of water sample collection and extraction of water-borne cortisol 217 

used in this study for measuring the primary stress response was based on 218 

Sebire et al. (2007, 2009), with minor refinements resulting from pilot assays. 219 

Prior to the start of the UCSP, a water sample was collected from each fish 220 

(Controls and those to be subjected to the UCSP) to determine pre-treatment 221 

baseline cortisol levels. To obtain the samples non-invasively, 100 mL of 222 

filtered and UV-sterilised water from the same aquarium system in which the 223 

fish were held was transferred to 600 mL borosilicate beakers. Fish were 224 

netted and placed individually in the beakers for 30 minutes; since peak 225 

cortisol release into water has been previously shown to occur between 60 226 

and 90 minutes after exposure of sticklebacks to stressful stimulus (Sebire et 227 

al., 2007), 30 minutes are sufficient to record baseline cortisol level. In order 228 

to minimise stress on the fish, care was taken to minimise the handling time 229 

and the beakers were suspended in the original tanks (so that test fish could 230 

see their normal ‘home’ environment, including their tank companions). After 231 

30 minutes, each fish was gently blotted on a moist tissue paper to obtain its 232 

pre-experimental wet mass; this method allowed for removal of the majority 233 

of surface water without damaging the mucous layer. Pre-experimental length 234 

of the fish was obtained using Vernier callipers prior to being released back 235 
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into the home tank. The water sample was transferred to two 50 mL 236 

centrifuge tubes, immediately frozen and stored at -20 °C until further 237 

analysis. A sample of water from the aquarium system (background sample) 238 

was collected at the same time to account for potential background cortisol 239 

levels.  240 

A second water sample was collected at the time when the second clutch was 241 

produced (to standardise for female reproductive state) to measure baseline 242 

cortisol levels during the period of exposure to the UCSP (treatment baseline). 243 

The timing of collection differed between the females, with a minimum of 11 244 

days between the start of the UCSP and the collection of treatment baseline 245 

water sample. The collection method was the same as for the pre-treatment 246 

baseline sample. The samples were collected in the morning (no later than 247 

10:00), before the presentation of the first daily stressor and more than 12 248 

hours after the presentation of the previous stressor, by which time any 249 

potential transient increase in cortisol would have ceased. Treatment baseline 250 

water samples were collected at the end of the UCSP (i.e. on day 67) in the 251 

same way from all remaining fish that did not produce at least two clutches. 252 

The sex of non-reproductive fish was determined through dissection and the 253 

samples from male fish were discarded leaving samples from females that did 254 

not reproduce (N=15), or produced only one clutch during the breeding season 255 

(N=7).  256 

Sampling cortisol to assess the acute stress response 257 

A third water sample was collected from a subset of the breeding females, 258 

(N=27) to measure water-borne cortisol in order to assess the effect of the 259 



12 
 

UCSP on response to an acute stressor. After the completion of the UCSP, i.e. 260 

on day 68 of the experiment, each female that produced three clutches 261 

during the breeding season was subjected to an acute stressor: netting and air 262 

exposure for 2 x 2 minutes, which is known to elicit an acute stress response 263 

in fish (Ramsay et al., 2009 and a pilot study on sticklebacks). This was 264 

followed by collection of a water-borne cortisol sample for 90 minutes, using 265 

the method described above for baseline cortisol sampling. All fish were re-266 

weighed and re-measured at this stage to obtain their mass and length at the 267 

end of the 68-day experimental period.  Pre- and post-experimental body 268 

measurements were used to establish respective condition factor (CF) using 269 

the formula CF = mass/lengtha, where the exponent a was the slope of the 270 

linear regression between log body mass and log body length (a = 3.16). 271 

Cortisol extraction and quantification 272 

Each pre-treatment baseline, treatment baseline, and acute response water 273 

sample, along with their respective background samples, was processed 274 

through an individual solid-phase extraction cartridge (Sep-Pak C18 Plus Light, 275 

Waters Corporation, Milford, MA) using a 20-port vacuum manifold (VacMaster 276 

20, Biotage, Uppsala, Sweden). In addition, a water sample with known 277 

cortisol concentration (1.25 µL per mL) was prepared and processed using the 278 

same method to assess extraction efficiency. Prior to the extraction, each 279 

cartridge was primed with 1 mL of 100% methanol and 1 mL of distilled water. 280 

Water samples at room temperature were processed through the cartridges at 281 

approximately 2 mL per minute, as recommended by the manufacturer for 282 

maximum retention of free cortisol fraction from the sample. Following 283 
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extraction, cartridges were washed with 1 mL of distilled water and 1 mL of 284 

weak solvent (20% methanol) to remove impurities. Immediately after 285 

washing, cortisol was extracted from the cartridges with 1 mL of 100% 286 

methanol into 12x75 mm borosilicate tubes.  287 

Extracted samples were placed on a heat block at 45°C, evaporated until dry 288 

under nitrogen gas in a sample concentrator (Sample Concentrator with DB-3 289 

Dri-Block, Techne, Stone, Staffordshire) and reconstituted in 250 µL of assay 290 

buffer. A colorimetric competitive ELISA assay (ADI-900-071, Enzo Life 291 

Sciences, Exeter, Devon) was used to quantify cortisol concentration in 292 

undiluted, reconstituted samples, which were run in duplicate on a 96-well 293 

plate along a set of cortisol standards ranging from 156 to 10,000 pg/mL. 294 

Optical density (OD) of each sample was determined using a 295 

spectrophotometer (Multiskan Spectrum, Thermo Fisher Scientific, Waltham, 296 

MA). Samples that had cortisol concentrations too high to be within the 297 

standard curve range were diluted with assay buffer 1:4 and re-assayed. The 298 

duplicates were used to calculate the intra-assay coefficient of variation (CV). 299 

A reference sample, containing pooled cortisol extracts collected from six 300 

random stock fish, was run on each plate to determine inter-assay CV. Mean 301 

values of intra-assay CV and inter-assay CV across six plates were 8.22% and 302 

15.14% respectively. Mean extraction efficiency of the spiked sample across 303 

the six plates was 118%. Efficiency of >100% is expected due to a degree of 304 

cross-reactivity of the cortisol ELISA with other steroid hormones, as indicated 305 

by the kit manufacturer.  306 

The MyAssays online data analysis tool (MyAssays Ltd.) was used to calculate 307 

cortisol concentrations from optical densities, using the Four Parameter 308 
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Logistic Curve as per the kit manufacturer’s instructions.  Samples that fell 309 

outside of the standard curve range (N=3, all pre-treatment baseline) were 310 

excluded from further analysis. Statistical analyses of cortisol levels were 311 

restricted to females for which all three cortisol sampling results (pre-312 

treatment baseline, treatment baseline and acute response) were obtained; 313 

after taking account of the three excluded samples this yielded a final sample 314 

size of 14 Control and 10 UCSP-exposed females. The cortisol concentration of 315 

the relevant background sample was subtracted from each sample; the 316 

average concentration of cortisol detected in the background water samples 317 

from the aquarium system was 0.189 ng/mL.  318 

Behavioural observations 319 

Observations were performed throughout the period of the UCSP to assess the 320 

impact of chronic exposure to stressors on stickleback behaviour, with fish 321 

observed in their home tanks. Each series of observations, for each tank, was 322 

repeated at least three times throughout the experimental period, with an 323 

average of 13 days between the series. Two types of behavioural observations 324 

were performed in fish from the UCSP-exposed group: at least three series of 325 

“stress-on” observations (during increased light intensity and shelter removal 326 

stressors, and immediately after flashing lights, increased aeration, chasing 327 

and air exposure stressors), and at least three series of “stress-off” 328 

observations (at least 2 hours after the previous stressor). The aim of the 329 

“stress-off” observations was to assess if potential behavioural effects of 330 

stress persisted even when the intermittent and chronic stressor was not 331 

currently applied. The following were recorded for each series of 332 
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observations: tank, Julian date of observation, time elapsed from last 333 

feeding, water temperature at the time of observation.  334 

Scoring movement 335 

Movement was scored in a series of 10 successive observations, with approx. 1 336 

minute between the observations. A scan-sampling approach was used, with a 337 

single trained researcher performing the observations. A score of “1” was 338 

assigned if the fish was changing position at the time of observation, either by 339 

propelling itself forwards or backwards or by moving up and down in the 340 

water column; the fish needed to move at least 2 cm to be classified as 341 

moving. If the fish was immobile, it was assigned a score of “0”. A final 342 

movement score for each fish (ranging from 0 to 10), was calculated by adding 343 

the score from all 10 observations of a fish in a series. A mean movement 344 

score per tank (0-10) was then calculated for each series of observations by 345 

averaging the mean scores of all the fish in the tank (1-3 fish).  346 

Scoring sheltering behaviour 347 

Sheltering behaviour was scored at the same time as movement, using the 348 

same scan sampling approach, so that each observation provided information 349 

on whether the fish was moving and whether it was in the proximity of a 350 

shelter. A score of “1” was assigned if at the time of observation the fish was 351 

no more than one body length away from the shelter, i.e. the artificial plant 352 

or the outflow pipe; otherwise, a score of “0” was assigned. A final sheltering 353 

score (0-10) and a mean sheltering score per tank (0-10) were calculated from 354 

these scores, as in the movement scores. 355 

 356 
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Scoring latency to feed 357 

Immediately after each series of observations of movement and sheltering 358 

behaviour, novel food (frozen Daphnia) was added to the tank, the time (in 359 

seconds) taken for each fish in the tank (a maximum of three fish) to attack 360 

and swallow the food was recorded and the mean value of latency to feed was 361 

calculated for each tank. If a fish did not attack and swallow food within 362 

three minutes, the latency to feed of that fish was recorded as 180 seconds 363 

(Oswald et al., 2013).  364 

Statistical analysis 365 

Cortisol level 366 

Linear Mixed Models (LMM) were used to analyse the difference in cortisol 367 

level prior to the beginning of the UCSP (pre-treatment baseline) and after a 368 

period of exposure to the UCSP (treatment baseline), and between the 369 

treatment baseline and acute response cortisol levels. In the latter model, the 370 

response variable (cortisol level) was log-transformed to achieve the 371 

normality of the residuals. The fixed factors included in the two initial models 372 

were treatment group (categorical variable), sampling point (pre-treatment 373 

versus treatment baselines, or treatment baseline versus acute response 374 

sample respectively; categorical variable), mass (covariate), and interaction 375 

terms treatment group*sampling point and treatment group*mass. The random 376 

factors were Tank ID and Fish ID. 377 

Behavioural scores 378 

Mean behavioural scores (movement, sheltering and latency to feed) were 379 

calculated by averaging the scores of all fish present in the tank (1-3 fish per 380 
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tank), since their behaviour was not independent of one another. These 381 

averaged scores were then z-score standardised using the “sapply” function in 382 

R Base Package (R Core Development Team 2017) to account for differences in 383 

standard deviation. Initially, Principle Components Analysis (PC) was 384 

performed on all three behavioural scores, but due to a poor correlation 385 

between movement and latency to feed (Pearson product-moment correlation 386 

of 0.029), the latter score was analysed separately. Sheltering score and 387 

movement score were summarised with PCA, and the resulting single principal 388 

component (PC1) was used as an index of activity in further analyses. A LMM 389 

was used to analyse the difference in activity (PC1) between Control females, 390 

stress-on observations of UCSP-exposed females and stress-off observations of 391 

UCSP-exposed females. The following fixed factors were included in the initial 392 

model: treatment group (categorical variable), Julian date of observations 393 

(covariate), water temperature at the time of observation (covariate) and 394 

time from last feeding (covariate), as well as interaction terms treatment 395 

group*Julian date, treatment group*temperature and treatment group*time 396 

from last feeding. The random factor was Tank ID. Latency to feed was 397 

analysed using LMM with the same fixed and random factors as in the activity 398 

model.  399 

All statistical analyses were performed in R statistical software (version 3.4.3, 400 

R Development Core Team). All LMMs were fitted using the “lme4” package in 401 

R (Bates et al., 2015). The degrees of freedom were estimated by 402 

Satterthwaite approximation. P values were obtained from t-statistics using 403 

the “lmerTest” package in R, with alpha level of 0.05 (Kuznetsova et al., 404 

2017). In all models Tank ID was included as a random factor to control for 405 
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the potential lack of independence between the fish in a tank, different 406 

number of fish due to removal of males, as well as for the potential minimal 407 

variation in tank lighting, temperature etc. due to a different location within 408 

the aquarium. Fish ID was included as a second random factor in analyses that 409 

used multiple measurements from the same female. For all models, non-410 

significant terms were removed by backwards selection. 411 

Ethical note 412 

This study complied with the UK Animals (Scientific Procedures) Act 1986 413 

(Project license no. P89482164) and was approved by the relevant Animal 414 

Welfare and Ethical Review Board. We used a range of mild optical and 415 

physical stressors and limited the exposure to three brief periods each day to 416 

allow fish to express their natural behaviour during the resting periods. We 417 

minimised handling of fish and their exposure to environmental stressors 418 

outside of the UCSP and used non-invasive methods of water sampling and 419 

body measurements. The environmental and water parameters were 420 

monitored regularly and the fish were checked daily for mortality and signs of 421 

disease. We did not observe any physical damage, increased incidence of 422 

disease or increased mortality in UCSP-exposed fish, and their body condition 423 

did not differ from that of the Control fish. At the end of the experiment, all 424 

remaining experimental and stock fish were humanely killed by overdose of 425 

anaesthetic (50mg/L benzocaine solution) and cervical dislocation.  426 

RESULTS 427 

Water-borne cortisol levels 428 

Cortisol levels significantly increased in both Control and UCSP-exposed adult 429 

female sticklebacks between the beginning of the experimental period (pre-430 
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experimental baseline) and the period following at least 11 days of exposure 431 

to the UCSP (treatment baseline; LMM, F1,30=5.733, P=0.023, Table 1, Fig. 2). 432 

However, this increase was small compared to the substantial and significant 433 

increase in cortisol levels following exposure to an acute stressor on day 68 of 434 

the experiment (comparison of treatment baseline and acute response 435 

measurements; LMM, F1,23=34.511, P<0.001, Table 1). Neither baseline nor 436 

acute response cortisol levels were affected by the treatment (F1,18=1.149, 437 

P=0.298 and F1,18=1.153, P=0.297, respectively), the body mass of the female 438 

(F1,31=0.018, P=0.893 and F1,33=0.608, P=0.441), nor the interaction between 439 

these two factors (F1,36=0.001, P=0.993 and F1,19=0.021, P=0.885; see Table 1).  440 

Activity levels and latency to feed 441 

Tank-average scores for sheltering and for movement were significantly 442 

correlated (Pearson’s product-moment correlation coefficient =-0.535, 443 

df=244, P<0.001), justifying their inclusion in a PCA to produce a single 444 

composite variable indicating overall activity. The resulting PC1 had an 445 

Eigenvalue of 1.24 (and thus satisfied the Kaiser-Guttmann criterion of 446 

Eigenvalue > 1) and explained 77% of the total variance in the data (loading 447 

for movement = 0.707, for sheltering = -0.707). Higher PC1 scores indicate 448 

higher overall activity levels, with fish being more likely to be in motion and 449 

away from the shelter when observed. Bartlett’s test of sphericity (P<0.001) 450 

and the Kaiser-Meyer-Olkin (KMO) test of sampling adequacy (0.5) indicated 451 

that a minimum standard was met to proceed with the results of the PCA.  452 

The activity level differed significantly between treatment groups (LMM, 453 

F2,79=6.571, P=0.002). Fish from the UCSP-exposed group showed a higher 454 

activity than Control fish while the stressors were applied (during stress-on 455 
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observations; Figure 3, Table 2), but this effect did not persist between the 456 

stressors (during stress-off observations). Julian date of observations 457 

significantly affected the activity levels (F1,209=17.967, P<0.001), with less 458 

activity later in the experimental period (i.e. later in the breeding season; 459 

Figure 3, Table 2). Time elapsed from the last feeding had a positive 460 

influence on activity (F1,226=6.177, P=0.014, Table 2).  461 

The latency to feed did not differ significantly between the treatment groups 462 

(LMM, F2,225=2.745, P=0.066) and did not change over time (F1,223=0.864, 463 

P=0.353). Whilst overall the interaction between the Julian date and 464 

treatment was also non-significant (F2,223=2.345, P=0.098), this effect differed 465 

between the different types of observation. The Julian date of observation 466 

influenced the latency score during stress-off observations, with less time 467 

required to attack and swallow food later in the experimental period (Figure 468 

4, Table 2), but the latency to feed in Control fish and the stress-on 469 

observations of UCSP-exposed fish did not change significantly over time. 470 

In addition, body condition (indicated by the condition factor) of fish exposed 471 

to the UCSP did not differ from that of Control fish at the end of the 472 

experimental period (LM, F1, 55=2.702, P=0.106).473 



DISCUSSION 474 

The results of this study provide no evidence that protracted and 475 

unpredictable exposure to a range of environmental and husbandry stressors 476 

altered baseline cortisol levels in adult female three-spined sticklebacks. 477 

Whilst all fish showed an increase in baseline cortisol levels during the course 478 

of the breeding season, this increase was the same independent of whether 479 

they were exposed to unpredictable conditions or not. We therefore propose 480 

that the observed cortisol elevation in both treatment groups may be a side 481 

effect of sexual maturation and reproduction, which tend to be correlated 482 

with elevated glucocorticoid levels (Jamalzadeh et al., 2013, Baker et al., 483 

2013, Lattin et al., 2016, Casagrande et al., 2018). Alternatively, an increase 484 

in baseline cortisol may be related to the removal of fish from their native 485 

habitat into the aquarium facility. However, there is evidence that 486 

physiological markers of stress (including cortisol) in vertebrates return to 487 

their basal levels after a short period of acclimation to captivity (Marçalo et 488 

al., 2008, O'Connor et al., 2011, Fischer et al., 2018). Given that the 489 

sticklebacks used in this study were acclimated to captivity for two months, 490 

and to their treatment tanks for 14 days, prior to the start of the experiment, 491 

this should reduce the potential of captivity having a greater effect than the 492 

UCSP on baseline cortisol.  493 

Overall, hormonal response to stressors in general and chronic stressors in 494 

particular can be highly context-dependent and there is currently a lack of 495 

consensus as to the direction and magnitude of this response (Dickens and 496 

Romero, 2013). For example, our results contrast with those of Tsalafouta et 497 

al. (2015) and Madaro et al. (2015), who found a significant baseline cortisol 498 
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elevation following protracted exposure to stressors in seabass (D. labrax) and 499 

Atlantic salmon (S. salar), respectively. In addition, stress indices and 500 

endocrine response to stressors may differ between wild and captive animals, 501 

as demonstrated in various vertebrate taxa (Fallahsharoudi et al., 2015, 502 

Ericsson and Jensen, 2016, Congleton et al., 2000, Woodward and Strange, 503 

1987, Coburn et al., 2010). Animals in the wild are often subjected, and thus 504 

accustomed, to unpredictable and fluctuating environmental conditions, 505 

which could explain the lack of hormonal response of wild-caught sticklebacks 506 

to the UCSP.  507 

Challenging sticklebacks to an acute stressor led to a significant elevation of 508 

water-borne cortisol levels, independent of whether fish came from the UCSP-509 

exposed or Control group. This result differs from previous studies on fish 510 

(Jeffrey et al., 2014, Madaro et al., 2015) and other vertebrates (Rich and 511 

Romero, 2005, Crespi and Warne, 2013), in which animals exposed to chronic 512 

stress had a diminished response to a subsequent acute stressor. Such a 513 

reaction would be expected for example if prolonged stimulation led to 514 

exhaustion of the HPI axis, i.e. depletion of stress mediators (Romero, 2004). 515 

One possible explanation may be partial acclimation of the sticklebacks to 516 

UCSP exposure, which relieved the pressure on the HPI axis, or indeed a lack 517 

of chronic effect of the treatment at a physiological level. It is also likely that 518 

the response to subsequent acute stressors is highly dependent on the 519 

duration, nature and intensity of the preceding period of chronic exposure to 520 

stressors and therefore a direct comparison of studies using different chronic 521 

stress protocols may not be feasible. In addition, if individual components of 522 

the stress protocol are perceived as stressors, but the treatment as a whole is 523 
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not perceived as chronically stressful, brief cortisol response to the stressors 524 

would be more sustainable than long-term cortisol elevation. It was however 525 

beyond the scope of this study to measure these relationships.  526 

Despite the lack of an observable stress response in terms of cortisol, stressor-527 

exposed sticklebacks showed both immediate and longer-term alterations to 528 

their behavioural patterns. Fish exposed to a period of unpredictable 529 

environmental conditions showed increased activity during the presentation of 530 

stressors, which is consistent with the behavioural response expected from 531 

animals under direct (e.g. during stressor exposure) or short-term stress and 532 

may be analogous to their response to acute stress exposure (Krause et al., 533 

2017, Lee et al., 2019). This would indicate that even though no effect of the 534 

UCSP treatment on cortisol level was observed, sticklebacks still perceived 535 

and reacted to stressors used in the UCSP, at least on a behavioural level. 536 

When experiencing long-term stressful conditions, a permanent increase in 537 

activity would not be sustainable, thus it may be more adaptive to conserve 538 

energy by lowering activity levels in the absence of direct stressors. Our 539 

results are thus consistent with the behavioural response of rainbow trout 540 

(Oncorhynchus mykiss) to short-and long-term exogenous cortisol treatment, 541 

where an increase in locomotor activity was observed following the short-542 

term but not the long-term exposure (Øverli et al., 2002). Whilst these results 543 

may not be directly comparable, as we did not observe an increase in cortisol 544 

level (at least within the analysed time frame), and thus cannot conclude 545 

with certainty that the fish perceived the treatment as chronically stressful, 546 

both studies indicate that a change to an animal’s circumstances (either by 547 

hormonal treatment or by reducing the perceived quality of the environment 548 
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through introduction of husbandry stressors) may have an effect on its 549 

behaviour. In addition, in our study activity levels in both UCSP-exposed and 550 

Control fish declined over time, which may indicate a strategy to cope with 551 

the energetic demands of reproduction (Schreck, 2010, Hayward and Gillooly, 552 

2011). Alternatively, the temporal pattern of decline in activity levels may be 553 

indicative of the onset of senescence, which is associated with reduced 554 

activity and physical ability (Carter et al., 2002, Zhdanova et al., 2008, 555 

Gilbert et al., 2014). As with the baseline cortisol, given the period of 556 

acclimation to captivity prior to the start of the experiment, we do not 557 

anticipate that the observed behavioural patterns were influenced by removal 558 

of sticklebacks from their native habitat. 559 

In addition to an immediate effect on activity levels, we also observed a 560 

longer-term (i.e. over the period of 67 days) shift in the feeding behaviour of 561 

sticklebacks exposed to a period of unpredictable environmental conditions, 562 

which became faster at acquiring food later in the experimental period. We 563 

propose that this shift may be associated with the lack of behavioural 564 

acclimation to stressful conditions and potential high energetic cost of 565 

mounting a stress response shortly after the presentation of stressors, which 566 

over time together could result in fish feeding more efficiently in the resting 567 

periods in anticipation of the future stressors. Alteration of feeding patterns 568 

in response to simulated stress has been previously reported in cortisol-569 

implanted rainbow trout (O. mykiss) (Gregory and Wood, 1999) and in 570 

Japanese quail (Coturnix japonica) exposed to unpredictable stress (Favreau-571 

Peigne et al., 2014), with both species showing reduced food intake. Whilst 572 

our results are not directly comparable with the above examples due to the 573 
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differences in experimental design, we nonetheless provide further evidence 574 

that chronic exposure to stressors may have a lasting behavioural effect even 575 

in the absence of an observable long-term hormonal effect (i.e. change of 576 

baseline cortisol level).  577 

The relationship between physiological stress and behavioural responses is a 578 

complex issue, and the possibility of habituation to stressors at a hormonal 579 

but not at a behavioural level (Cyr and Romero, 2009) results in some animals 580 

having correlated endocrine and behavioural stress responses (Atwell et al., 581 

2012), whilst in others these two aspects are independent of each other 582 

(Apfelbeck et al., 2011). In addition, whilst widely used as indicators of a 583 

stressed state in various taxa (Sadoul and Geffroy, 2019), glucocorticoid 584 

hormones show a complex pattern of biosynthesis, metabolic clearance and 585 

uptake, and this pattern can change on a diurnal and more long-term scale 586 

(Mommsen et al., 1999, Dickmeis, 2009). As a result the pattern of 587 

glucocorticoid synthesis may not be the most reliable indicator of chronic 588 

stress or lack thereof (Dickens and Romero, 2013, Macdougall-Shackleton et 589 

al., 2019). The results of our study further highlight the importance of 590 

considering multiple non-hormonal indices of stress, including alteration of 591 

behavioural phenotype, when assessing the effects of stressful conditions 592 

(Romero and Beattie, 2021).  593 

Conclusions 594 

In summary, in this study we measured primary (hormonal, namely cortisol) 595 

and tertiary (whole-organism level, namely behavioural) responses of 596 

sticklebacks to a period of unpredictable chronic exposure to stressors. Our 597 

results suggest that baseline cortisol levels increased during the breeding 598 
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season in all female sticklebacks, regardless of the treatment group, and that 599 

all fish mounted a significant hormonal response to an acute stressor. 600 

However, we did not detect a significant effect of UCSP exposure on baseline 601 

and peak cortisol levels. This may be due to physiological habituation to the 602 

stress protocol or higher resilience of wild sticklebacks to unpredictable 603 

environmental conditions in terms of their physiological stress response. 604 

Despite the lack of hormonal effect, we did observe an influence of UCSP 605 

exposure on feeding behaviour, as well as an increase in activity levels of the 606 

UCSP-exposed fish during the presentation of stressors. This may indicate 607 

trade-offs between energy-demanding activities when faced with protracted 608 

unfavourable conditions, the response to which may be energetically 609 

expensive itself. Overall, our study provides evidence that exposure to 610 

unpredictable and chronically stressful environments may have both short- 611 

and long-term behavioural effects, even in the absence of a physiological 612 

effect. 613 
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 874 

Appendix 1: In vitro breeding 875 

This experiment was a part of a long-term study on intergenerational effects 876 

of chronic exposure to stressors. The process of in vitro fertilisation, which 877 

occurred during the exposure of female sticklebacks to the UCSP, was not 878 

deemed relevant in the main body of the article but it is presented in this 879 

Appendix. 880 

The in vitro procedure followed the protocol of Barber & Arnott (2000). 881 

Females that expressed the signs of readiness to spawn (expanded abdomen 882 

and dilated anal papilla (Wootton, 1976)) during the experimental period 883 

were used for in vitro breeding on the same day. Any such fish was removed 884 

from the original treatment tank, lightly anaesthetised in 25 mg/L benzocaine 885 

solution, and its eggs were stripped into a 35 mm Petri dish by applying gentle 886 

pressure above the abdominal swelling. Each clutch was divided in 887 

approximately half, with one half frozen for further analyses. The remaining 888 

eggs were mixed with 1 mL of tank water and fertilised with sperm from a 889 

randomly selected sexually mature (as indicated by the expression of nuptial 890 

colouration, i.e. red throat and blue eyes (Wootton, 1976)) male. To obtain 891 

the sperm, the male was euthanised in 50 mg/L benzocaine solution, a single 892 

testis was dissected out and homogenised with tissue grinder, and the 893 

resulting solution mixed in with the eggs by agitation for 30 seconds. After 30 894 
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minutes of incubation at ambient temperature, fertilised eggs were 895 

transferred to mesh baskets suspended in tanks, where they remained until 896 

hatching. After egg stripping, females were released into their treatment 897 

tanks where the original treatment (Control or UCSP) was continued. They 898 

were monitored daily for the signs of readiness to spawn and the in vitro 899 

procedures continued until a female produced her third clutch and/or until 900 

the last day of the UCSP treatment (day 67). Collection of the water-borne 901 

cortisol sample for the assessment of baseline cortisol level during the UCSP 902 

took place at the time when the female produced her second clutch or on 903 

completion of the UCSP treatment, as described in the Methods section. 904 

 905 

  906 
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 907 

In the model analysing the difference between treatment baseline and acute 908 

response cortisol the response variable was log-transformed. The reference 909 

Treatment was the Control group. Female ID and tank ID were included in the 910 

models as random factors. Control group N=14 females, UCSP-exposed group 911 

N=10. Significant variables are shown in bold. 912 

  913 

Table 1 Summary of Linear Mixed Models (LMM) used to analyse the 

differences in cortisol levels between different sampling points.  

Model terms 

Difference between pre-treatment and 

treatment baseline cortisol 

Difference between treatment baseline 

and acute response cortisol (log-

transformed) 

Est. ± SE  t-value P-value Est. ± SE  t-value P-value 

Treatment group -0.402 ± 0.375 -1.072 0.298 
-0.273 ± 

0.254 
-1.074 0.297 

Sampling point 0.798 ± 0.333 2.394 0.023 
1.328 ± 

0.226 
5.875 <0.001 

Mass  0.058 ± 0.430 0.136 0.893 
0.271 ± 

0.347 
0.780 0.441 

Treatment group*Sampling 

point 
-0.089 ± 0.694 -0.128 0.899 

0.181 ± 

0.464 
0.390 0.699 

Treatment group*Mass -0.009 ± 1.004 -0.009 0.993 
0.112 ± 

0.769 
0.146 0.885 
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Table 2 Summary of Linear Mixed Models (LMM) used to analyse the variation 914 

in stickleback activity levels (PC1) and latency to feed (log-transformed).  915 

 916 

Control: N=107 observations on 23 tanks, UCSP-exposed: N=93 observations 917 

during stress-off periods and N=46 during stress-on periods on 24 tanks. The 918 

activity level (PC1) was obtained from a PCA of sheltering score and 919 

movement score; the details of this analysis are provided in the text. The 920 

reference observation was Control. Significant variables are shown in bold. 921 

Model terms 
Effect on activity level (PC1) Effect on log latency to feed 

Est. ± SE  t-value P-value Est. ± SE  t-value P-value 

Observation: UCSP 

stress-off  
0.253 ± 0.210 1.205 0.234 

148.291 ± 

65.559 
2.262 0.025 

Observation: UCSP 

stress-on 
0.826, ± 0.244 3.381 0.001 -10.052 ± 121.354 -0.083 0.934 

Julian date -0.029 ± 0.004 -4.717 <0.001 0.532 ± 0.305 1.744 0.083 

Temperature 0.336 ± 0.200 1.678 0.095 5.841 ± 10.947 0.534 0.594 

Time from last feeding 0.021 ± 0.008 2.602 0.010 -0.779, ± 0.438 -1.777 0.077 

Observation: UCSP. 

stress-off*Julian date 
-0.007 ± 0.009 -0.847 0.398 -0.955 ± 0.468 -2.042 0.042 

Observation: UCSP 

stress-on*Julian date 
-0.019 ± 0.017 -1.140 0.255 0.276 ± 0.930 0.296 0.767 

Observation: UCSP 

stress-off*Temperature 
0.178 ± 0.474 0.376 0.707 -16.435 ± 26.904 -0.611 0.542 

Observation: UCSP 

stress-on*Temperature 
-0.786 ± 0.466 -1.687 0.093 28.581 ± 25.773 1.109 0.269 

Observation: UCSP 

stress-off*time from last 

feeding 

-0.005 ± 0.017 -0.301 0.764 1.423 ± 0.914 1.556 0.121 

Observation: UCSP 

stress-on*time from last 

feeding 

-0.002 ± 0.030 -0.075 0.940 -0.400 ± 1.660 -0.241 0.810 
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Figure 1 (a) Experimental timeline of the unpredictable chronic stress 922 

protocol (UCSP), behavioural observations and breeding; PRE = water sample 923 

taken prior to the start of the UCSP, POST = water sample taken during the 924 

UCSP. Exposure to stressors was limited to the UCSP-exposed group, but both 925 

UCSP-exposed and Control fish were challenged with an acute stressor at the 926 

end of experiment. (b) An example of a stressor schedule for the UCSP-927 

exposed group in the first two days of the experiment. The UCSP continued in 928 

a similar manner until day 67. For details of in vitro breeding, see Appendix 1. 929 

Figure 2 Differences in cortisol concentration (in ng/mL) of female three-930 

spined sticklebacks (Gasterosteus aculeatus) at three sampling points: pre-931 

treatment baseline (Pre-trt; prior to the experiment), treatment baseline 932 

(Trt; during the exposure to the unpredictable chronic stress protocol (UCSP), 933 

approx. in the middle of the breeding season), and response following the 934 

exposure to an acute stressor (after the UCSP ended, i.e. on day 68 of the 935 

experiment), in UCSP-exposed (N=10) and Control (N=14) fish. Data plotted as 936 

individuals + mean.; * P<0.05, *** P<0.001; n.s. indicates non-significant 937 

result. Details of the statistical analyses are provided in the text.   938 

Figure 3 The effect of the UCSP treatment on female stickleback 939 

(Gasterosteus aculeatus) activity levels (PC1) across time (Julian date) for 940 

three types of observations: (a) Control group observations (N=107 941 

observations on 23 tanks), (b) UCSP-exposed group observations between 942 

stressors (UCSP stress-off, N=46 observations on 24 tanks) and (c) UCSP-943 

exposed group observations during stressor presentation (UCSP stress-on, N=93 944 

observations on 24 tanks). For clarity, each point on the plot represents a 945 
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mean value of activity on a given day for each of the observation types. See 946 

text and Table 2 for statistical analyses. 947 

Figure 4 The effect of stress treatment on female stickleback (Gasterosteus 948 

aculeatus) latency to feed across time (Julian date) for three types of 949 

observations: a) Control group observations (N=107 observations on 23 tanks), 950 

b) UCSP-exposed group observations between stressors (UCSP stress-off, N=46 951 

observations on 24 tanks) and c) UCSP-exposed group observations during 952 

stressor presentation (UCSP stress-on, N=93 observations on 24 tanks). For 953 

clarity, each point on the plot represents a mean value of activity on a given 954 

day for each of the observation types. See text and Table 2 for statistical 955 

analyses. 956 

  957 
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Figure 1 958 

 959 

Figure 2 960 

 961 

 962 

 963 
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Figure 3 964 

965 

Figure 4 966 

 967 
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