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Despite the importance of juvenile growth to lifetime fitness, high variability exists within many fish species where some individuals grow markedly faster than others. Here, we explored whether social context mediated growth performance in n = 35 Galaxias maculatus by manipulating the social environment after identifying different growth phenotypes. We found that initially fast-growing fish slowed their growth rate when pooled with similarly fast-growing individuals, whereas none of the initially slow-growing fish markedly improved their growth when pooled with other slow-growers. We examined for any metabolic underpinnings to the findings by measuring standard, routine, and maximum metabolic rates (SMR, RMR, and MMR) at two time points separated by ~4 months. SMR and RMR positively correlated with growth rates when the fish were pooled into growth phenotypes, but not when they were returned to their original (mixed) social groups. We highlight research directions to further elucidate how social context and metabolism interact to govern growth phenotype.
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1 Introduction

Growth rate is a critical life history trait across all animals. In fishes, rapid growth can fast-track juveniles through size ranges that are most vulnerable to predation, and it can determine the outcome of conflicts in which larger individuals of some species cannibalize slower-growing conspecifics (1–3). Thus, a fish is more likely to succeed and grow to maturity if it grows quickly, and yet individuals of the same species can grow at dramatically different rates even when habitat conditions and food availability are equal (3).

In some species like salmonids, inter-individual differences in growth are reported to be mediated by behavior and the social environment, in which aggressive and dominant fish consistently grow faster and bigger than subordinate individuals (4, 5). This has been attributed to dominant individuals being more competitive for limited food resources, while also chronically elevating the stress levels and energy expenditure of subordinate fish (4–8).

A stress-induced elevation in blood cortisol is thought to play some role in the poorer growth performance of subordinate fish (8, 9), potentially causing dysfunction of the digestive system (5, 6, 10). Evidence for this stems from a study by Gilmour et al. (9), which reported that blocking glucocorticoid receptors in rainbow trout (Oncorhynchus mykiss) significantly improved the specific growth rate (SGR; % increase/day) of subordinate fish.

It follows that inter-individual differences in growth rate could be altered by modifying the social environment. It could be expected that pitting dominant individuals against each other would attenuate their growth, while placing subordinate phenotypes together would allow at least some of them to assume dominant, fast-growing phenotypes. While the reciprocal relationship between size and dominance is well-studied, we are unaware of any study that has manipulated the social environment to investigate the plasticity of this relationship within individual fish.

Metabolic rates have also been implicated in mediating inter-individual differences in growth rates of fish. While heightened routine metabolic rate (RMR) has been linked with a socially mediated stress response and reduced growth in subordinate fish (11, 12), links between metabolism and growth have also been revealed in fish housed individually without competition for food (13). There appears to be a metabolic underpinning to growth, but it may be masked by prevailing social contexts.

The present study provides a first step to exploring the growth consequences of manipulated social structures and the potential roles of metabolism in governing these relationships. Using wild-caught Galaxias maculatus as our model, we first screened 30 individuals across five tanks for their growth rate across 3 months and then pooled the five fastest growers in one tank and the five slowest growers in another (Supplementary Figure S1). The growth impacts of the new social environment were assessed for all fish across 3 months before the fast- and slow-growers rejoined their original conspecifics for a final 3 months. Metabolic traits of all fish were taken during the period when fast- and slow-growers were pooled and again at the conclusion of the study.

We hypothesized that (1) initially fast-growing fish would slow in growth once pooled with other apparently competitive fast-growers, (2) at least some of the initially slow-growing fish would assume a dominant competitive role and exhibit enhanced growth rates when pooled with other slow-growers, and (3) initially intermediate-growing fish would have an overall increase in growth rate once the fastest-growing (and apparently most competitive) fish were removed. While the metabolic correlates of growth were a secondary objective of the study, we hypothesized that (4) standard metabolic rate (SMR) and RMR would correlate positively with the growth rate achieved in the 3-month period preceding the metabolic measurements.



2 Materials and methods


2.1 Animal collection and husbandry

All research was conducted in compliance with the guidelines set by the Deakin University Animal Ethics Committee (permits B27-2018 and B31-2022) as well as the Australian Code for the Care and Use of Animals for Scientific Purposes as determined by the Australian Federal Government.

In late May 2022, N = 86 juvenile common galaxias (Galaxias maculatus; length 71 ± 7.9 mm; mean ± SD) were collected using box traps from the Cumberland River, Lorne, Victoria, Australia and placed in an aerated transport tank (water temperature 9.1°C, salinity <0.2 ppt). G. maculatus is a temperate estuarine fish prolific throughout the Southern Hemisphere. As a species, they are gregarious and show pronounced variability in life history traits, including growth and maturation (14–17). They are not known to have high levels of intra-specific conflict or aggression, and preferentially form shoals (18–20).

The fish were brought by car to Deakin University's Queenscliff Marine Science Centre. Remaining in the transport tank, the fish were gradually warmed over the following day to reach the target temperature of 18°C at a salinity of 10 ppt, before they were transferred to the long-term holding system. The system consisted of a rack supporting 15 opaque plastic, rectangular, 25 L tanks. The rack of tanks recirculated independently, draining into a 200 L sump where water passed through a particle filter, a biological filter, and a protein skimmer before being pumped back up to the tanks via an inline UV sterilizer. This thorough filtration and sterilization ensured that the recirculating water was cleaned during each cycle and allowed each tank to be treated as an independent replicate. The sump was supplied with a light inflow of both fresh water and sea water (total flowthrough ~2,000 L/day), balanced to maintain an estuarine salinity of ~10 ppt. The lights in the room were set on a timer to come on at 06:30 and turn off by 18:30, with a one-hour ramp-up or -down period to simulate sunrise and sunset, respectively. The fish were randomly distributed across five of the tanks in the rack system in groups of 17–18 and initially fed every second day for a week with ~0.08 g/individual of a commercial pellet feed (Otohime C2, BMAQUA, Frederickton, Australia).



2.2 Stage 1: initial holding conditions

After 1 week of acclimation to lab conditions, n = 30 fish (mass: 1.427 ± 0.545 g) were randomly selected from each of the five holding tanks and individually lightly anesthetized in a 0.3 ml/L AQUI-S solution in water (AQUI-S, Lower Hutt, New Zealand). First, wet mass to the nearest 0.01 g and total length to the nearest 1 mm were measured, then fish were laterally injected subcutaneously on either the left, right, or both sides with a visible implant elastomer tag in yellow or red (Northwest Marine Technology, Anacortes, USA). Tag position and color were recorded alongside the size metrics for each individual, and the fish were distributed evenly across five new tanks such that no tag color and position combination was repeated in a tank. One randomly chosen un-tagged and un-measured fish was added to each tank as a procedural control to assess post-tagging survival. No post-tagging mortalities were observed, resulting in a total experimental sample size of N = 35 or n = 7 fish per tank. All remaining fish were held separately and used in a separate experiment.

In Stage 1 and the two subsequent stages, the fish in each tank were fed to satiation with the abovementioned feed every second day. An average of 4.6% of tank biomass was delivered in feed every second day to each tank over the course of the study, with the amount of feed increasing to compensate for increases in fish mass at each stage. This ensured that meals continued to provide satiation as the fish grew. With the exception of feeding and cleaning, fish were left undisturbed during this initial growth period.



2.3 Stage 2: group reassignment by growth performance

Stage 2 of the experiment began on September 7th, 2022, once fish had 3 months (98 days) to grow, at which point all 35 fish were lightly anesthetized to measure their wet mass and total length. This was the first size measurement for the five un-tagged fish, so growth rate for those individuals could only be calculated from this point forward. For the remaining 30 fish, specific growth rate (SGR) was calculated as:
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where SGR is in units of % body mass gained per day, mass1 and mass2 are the body masses of an individual at the start and end of the growth period, respectively, and ln is the natural logarithm.

The SGR of each individual was used to rank the population from fastest- to slowest-growing. After recovering in their initial tanks for 48 h, n = 5 fish identified as the fastest growers among the population were removed and placed together in a new tank with identical water conditions and the same feed availability as previously. The n = 5 slowest growing fish, excluding one outlier with visibly poor health, were also removed and placed together in a different new tank with the same conditions. Because the two newly established tanks combined fish from across four of the five initial tanks, some elastomer tag color and position combinations were repeated within the new groupings. To maintain individual-level identification capabilities, all 10 moved fish were photographed and differences in their tag shapes and positions along the body were noted. This left n = 20 intermediate-growing fish and n = 5 untagged controls across the five original tanks, which had new population sizes ranging between n = 4 to n = 7 (Supplementary Figure S1).

On November 22–24, 2022, following 76–78 days in their new social groupings, measurements of individual metabolic performance were taken for all 35 individuals (see Section 2.5 below). This stage also included group behavioral monitoring using GoPro cameras (see Section 2.6 below). The feeding regime was interrupted once per tank to ensure fish were fasted for >24 h prior to metabolic measurements, but otherwise continued on schedule.



2.4 Stage 3: return to initial groups

After 3 months of the fast-, intermediate- and slow-growers being separated, on December 15, 2022, each individual's length and mass were recorded once again and the fast- and slow-growing fish were returned to their original tanks detailed in Stage 1. Once all fish were returned to their initial groupings, we took a second measurement of metabolic performance for each individual and continued to video-monitor the behavior of the five tanks.

The experiment concluded at the end of the metabolic measurements on March 18, 2023, and all fish were euthanized in a lethal AQUI-S solution (0.6 ml/L).



2.5 Respirometry

We used an intermittent-flow respirometry system to measure whole animal oxygen uptake rate (ṀO2) for each individual fish (n = 35) as a proxy for aerobic metabolic rate [see Clark et al. (21) for best practices].

The respirometry system consisted of four aerated holding trays (900 × 500 × 200 mm) filled with 65 L of water recirculating from a shared 105 L sump held at the same temperature and salinity as the holding tanks in the rack system. Each holding tray contained four submerged respirometry chambers of adjustable volume (0.7–1.35 L depending on number of watertight displacers used), consisting of plastic containers with clip-down lids and equipped with a recirculation loop to maintain thorough mixing in the chamber as well as constant water flow over an oxygen sensor (Firesting, PyroScience, Aachen, Germany) positioned within the loop. The sensor recorded oxygen concentration (mg/L) every 2 s to a laptop running Oxygen Logger software (PyroScience, Aachen, Germany). Each group of four respirometers was intermittently supplied with water from their respective holding tray via an Eheim flush pump connected to a timer on a 10 min:10 min on:off cycle (Smart_shifter, National Instruments, Austin, USA). This allowed for continuous measurements of ṀO2 across all 16 respirometers every 20 min between flush cycles. All respirometry chambers were thoroughly tested for leaks, and background respiration was recorded for at least 30 min before and after each trial.

Fish were fasted for at least 24 h before being netted from their holding tank and introduced to a respirometry chamber. For each fish, the tag ID and tank number were recorded before the fish was vigorously chased in a large tub. The chase was designed to elicit maximum metabolic rate (MMR) and consisted of swirling the water in one direction before chasing the fish against the current by hand. All fish were chased for 2 min, then air exposed while they were weighed (~30 s). Each fish was then placed in an empty respirometry chamber and immediately sealed from flushing using a manual valve. Smaller fish (<2 g) were placed in chambers with more displacers (lower chamber volume), while the largest fish (>5 g) were placed in empty chambers. Chambers were left sealed for MMR measurements for ~20 min and never more than 30 min.

Once MMR was measured for all fish in a trial, the manual valves were reopened and the chambers continued on an automated 10 min:10 min flush:seal cycle while fish recovered from the chase. The trays were covered with black plastic sheets to minimize visual disturbance of the recovering fish, and the system ran undisturbed for at least 16 h to obtain a measure of standard metabolic rate (SMR) for each individual. The lights in the room were set on a timer identical to those in the holding tank room, including the simulated sunrise and sunset. All fish were removed from the respirometry chambers the following morning and returned to their holding tanks in the rack system.



2.6 Behavioral monitoring

While fish were disturbed as little as possible during Stage 1, behavioral monitoring commenced in Stage 2, using GoPro Hero 11 cameras (GoPro, Inc., San Mateo, California, USA) to record video of each tank at feeding and non-feeding times to quantify feeding attempts and aggressive behaviors (chasing, biting) that could help explain discrepancies in access to food or differences in growth. A camera was placed in a tank at least 2 h prior to recording, allowing the fish to become calm and accustomed to its presence. The cameras were then remotely powered on via Bluetooth, or very briefly removed from the water to be switched on.

The videos were recorded either just before feeding each tank, or at approximately feeding time on a non-feeding day. Video was recorded for the full length of the camera battery, ~90 min. Recordings also continued into Stage 3 to look for differences in behavior after fish were returned to their initial social groups, used to capture the behavioral baseline in mixed-performance groups. Three cameras were rotated among all seven tanks, resulting in 22 recordings taken between November 16 and December 21, 2022.



2.7 Data analysis and statistics

Statistical analyses were conducted using R version 4.3.2 (22).

Specific growth rates were calculated for each fish over each 3-month stage (June to September 2022, September to December 2022, and December 2022 to March 2023). One individual SGR measurement in the September to December stage was excluded from the analysis as an outlier with the only z-score >|3.29| in the distribution. A z-score is the number of standard deviations away from the mean a value falls, and only one in 1,000 observations exceeds |3.29| in a normal distribution. ANOVA tests were conducted to look for differences in SGR across stages, tank groups, and between fast-, slow- and intermediate-growers (Supplementary Figure S2).

Using the lme4 package in R (23), the relationship between initial mass and SGR across each stage was modeled logarithmically, with fish ID included as a random effect to account for repeated measurements of individuals across the stages:
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Residuals were generated for each SGR value from this model, and these residuals were then used in place of SGR values in all further analyses to account for the natural decline in SGR with increasing mass (see Section 3).

To analyze metabolic data, raw data from Firesting .txt files were first reformatted for LabChart (ADInstruments, Sydney, Australia) using Excel. In LabChart, raw slopes of oxygen (mg/L) per unit time were selected from each channel over a 4-min interval in the middle of each sealed period to ensure linearity, then ṀO2 was calculated from each slope after accounting for respirometer chamber volume and background respiration (calculated dynamically using a linear relationship between the background measurement taken before and after each trial).

For each fish, SMR was calculated as the mean of the lowest 10% of ṀO2 values, and MMR was taken as the highest 3-min ṀO2 recorded in the 20-min interval immediately following the chase protocol. Routine metabolic rate (RMR) was calculated as the mean of all slopes, after excluding the first 2 h of measurements post-chase. SMR, RMR, and MMR values were mass-standardized across the experiment to the overall mean mass of 6.06 g by first producing power regression analyses between body mass and the respective metabolic rate. The mass-standardized values were then calculated for each of SMR, RMR and MMR by taking each individual's residual and adding this to the regression-predicted value for a 6.06 g fish.

A Bonferroni outlier t-test of the distribution of studentized residuals identified one influential outlier among the mass-standardized SMR data collected in Stage 2 (November), which was then excluded from further analyses but, for transparency, included in plots of raw data as a gray point. We then tested for linear correlation with Pearson's coefficient between SGR and each of mass-standardized SMR, RMR, and MMR at both the Stage 2 (November) and Stage 3 (March) timepoints.

To analyze the behavioral videos for the n = 2 isolation tanks, two independent observers counted the number of burst swimming events and the number of feeding events (n = 8 recordings, across four dates with paired recordings for the two tanks). The same procedure was conducted for the remaining n = 5 tanks by one observer. All observations started at the beginning of the recording and covered 1 min out of every 5 min (e.g. 0:00–1:00, 5:00–6:00, etc.). Because the camera field did not capture the entire tank, the number of fish observed in each clip was also noted. Counts were generally consistent between the two observers in the n = 8 instances when the videos were analyzed by two people. Where they differed, a consensus value was reached after re-watching the clip. Where a consensus could not be reached but values were reasonably close, a simple mean was taken. The total number of burst swimming events for a recording was then divided by the number of minutes watched to calculate bursts per minute. A t-test was conducted to assess the difference in bursts per minute between the isolation tanks, although we caution that this assessment is limited to observations of only one tank per growth phenotype category, and does not account for random tank effects.




3 Results and discussion


3.1 How does the social environment influence growth performance?

We found G. maculatus had highly pronounced variability in their growth performance. While individual mass initially ranged from 0.78 to 2.73 g, by the end of the experiment it spanned from 1.70 to 10.08 g. Specific growth rate (SGR) during Stage 1 ranged from 0.50 to 1.73% (excluding the visually unhealthy fish with an SGR of −0.45%). The five slowest growers were characterized by an SGR (0.78 ± 0.19%; mean ± SD) that was less than half that of the five fastest growers (1.59 ± 0.12%; Supplementary Table S1). There was a natural decline in SGR as fish grew (Figure 1A), which is common within most fish species (24) and resulted in significantly higher SGR in Stage 1 relative to Stages 2 and 3 (Supplementary Figure S2). After accounting for this background decline in SGR by calculating residuals from a logarithmic model (see Section 2.7; Figure 1B), we tested our initial hypotheses aimed at determining the growth consequences of altered social environments.


[image: Figure 1]
FIGURE 1
 Specific growth rate (SGR) (A) and model residuals of SGR (B) as a function of body mass for Galaxias maculatus across the three stages of the study (body mass taken at the beginning of each growth interval stage). Note that the logarithmic model in (A) is for visual purposes, while the values in (B) are from the formal model incorporating Fish ID as a random effect (Equation 2). Growth phenotype categorization is indicated by color (fast-, slow- and intermediate-growers), and Stages 1–3 are represented by different shapes. Unfilled shapes indicate untagged control fish.


Following the separation of growth phenotypes, we found all five of the fish that grew fastest initially displayed negative SGR residuals during Stage 2 (Figure 1B). This lends weight to our first hypothesis that initially fast-growing fish would slow in growth when they were made to compete against each other in the same tank. The behavioral footage gave no indication that this slower growth period was characterized by aggressive interactions between individuals, as we observed very few antagonistic encounters and similar levels of feeding among the fast-growers relative to the slow-growing fish (Figure 2; Supplementary Table S2). While consistent with previous descriptions of the species' behavior, this near-complete lack of competitive interactions observed in the video footage was surprising, as we had expected the fastest growers to also be the most antagonistic.


[image: Figure 2]
FIGURE 2
 Burst swimming (chasing, fleeing, or otherwise startling) events observed per min in each video analysis of Galaxias maculatus during Stage 2 (Nov–Dec 2022) and Stage 3 (Dec 2022–Mar 2023) of the study. The tanks containing only fast- or slow-growing fish during Stage 2 are shown at the left of the figure in green and red, respectively (T1 and T2), while the other five tanks contained only intermediate-growers during this stage. T1 and T2 differed significantly in their bursts per minute, indicated by * symbol (t = −3.389, df = 3.0063, p = 0.04). Stage 3 saw fast- and slow-growers rejoin intermediate-growers in their original tanks (represented by tri-color symbols). One tank (T3) did not contain any fast- or slow-growers from the outset, and therefore there were no changes to its social structure over time.


With the current dataset, we are unable to identify whether the success of the initially fast-growers was due to them allocating less energy to aggressive activity or whether they did not need to expend energy in aggression because they were already growing successfully. It is possible their growth rates can be attributed to some combination of the two, where they showed more dominant behaviors early in life, but calmed after reaching a threshold size. This idea finds support in a study by Farr (25), which concluded that dominance and fast growth were most important earlier rather than later in an individual's life history for determining fitness among mature metallic livebearer fish (Girardinus metallicus).

Our second hypothesis predicted that initially slow-growing fish would exhibit substantial growth benefits from being isolated from fast-growing competitors. In contrast, when the five initially slowest-growing fish were placed together in a tank for 3 months for Stage 2, they continued to grow poorer than predicted for their size (all five fish had negative residuals; Figure 1B). Surprisingly, despite our assumption that these slow-growers would be timid and relatively inactive, the video footage revealed that they exhibited the most bursting activity of all growth phenotypes, associated with competitive interactions (Figure 2; Supplementary Table S2). A t-test showed that the slow-growers exhibited significantly more burst behaviors per minute relative to the fast growers (t = −3.389, df = 3.0063, p = 0.043).

These findings for the slow-growers suggest they were following a different life history strategy relative to their faster-growing conspecifics, as no individual took advantage of being pitted against other slow-growers to dramatically improve their growth performance. That is, growth did not appear to be a priority for these slow-growing phenotypes, despite our prediction that they would exhibit “compensatory” growth, a phenomenon whereby fish experience accelerated growth following a period of food restriction [reviewed in Ali et al. (26)]. Our observations are generally consistent with the findings of Segers and Taborsky (27), who reported that compensatory growth was not possible for fish in highly competitive or aggressive social environments. The effect of social groupings on growth is likely species-specific, depending on their habits in the wild and the magnitude of their stress responses. For example, while Huang et al. (28) found that crucian carp (Carassius carassius) grew faster in isolation than in groups, Sun et al. (29) saw the opposite in grass carp (Ctenopharyngodon idella), despite both species showing social tendencies in the wild.

Many of the fish with initially intermediate growth assumed the fastest-growing phenotypes throughout Stage 2 (Figure 1B). This supports our third hypothesis that initially intermediate-growers would improve their growth performance when the fastest-growing individuals were removed, demonstrating a socially-mediated example of compensatory growth. The behavioral footage for the initially intermediate-growers generally showed fewer aggressive encounters relative to the tank of isolated slow-growers, but numerically more than the tank of fast-growers, although the low sample size prevents a statistical assessment of this difference (Figure 2). Due to the nature of the experiment, group size became an unavoidable confounding factor on the growth performance of the intermediate-growing fish. Following the removal of fast- and slow-growers during Stage 2, tank populations ranged from 4 to 7 fish. The growth performance was not statistically different between the intermediate growth tanks here (Supplementary Figure S2), but future experiments should consider also isolating a fixed sample of fish from the middle of the growth performance spectrum to control for group size.

When all fish were returned to their original tanks for Stage 3, there was a general increase in growth rate, although SGR of all tanks was still below the levels seen in Stage 1 (Figure 1; Supplementary Table S1; Supplementary Figure S2). Whereas the residual SGR for initially slow-growers was −0.28 ± 0.13% (mean residual ± SD) in Stage 2, it improved to 0.01 ± 0.09% throughout Stage 3. Initially fast-growers improved from an SGR residual of −0.21 ± 0.08% during Stage 2, to a mean positive residual of 0.04 ± 0.06% throughout Stage 3, and initially intermediate-growers improved their SGR residuals from −0.06 ± 0.17% in Stage 2 to 0.11 ± 0.16% in Stage 3 (Figure 1; Supplementary Table S1). Many initially intermediate-growers continued to outperform the initially fast-growers in Stage 3, as they did in Stage 2, presumably as a result of our social interventions to modify the dominance structure in the tanks.



3.2 Is there a metabolic underpinning to the growth phenotypes?

We found evidence that SMR and RMR (but not MMR) played some role in determining SGR residuals (Figure 3), but these trends were only significant for the first respirometry period (Stage 2; Figures 3B, C). These results support previous work which found positive correlations between SGR and each of SMR (13, 30) and RMR (31–34), although contradicting results exist (35–38).
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FIGURE 3
 Residuals of specific growth rate (SGR) as a function of maximum metabolic rate (MMR) (A, D), routine metabolic rate (RMR) (B, E), and standard metabolic rate (SMR) (C, F) for both November 2022 (A–C; Stage 2) and March 2023 (D–F; Stage 3) respirometry periods. SGR residuals were calculated over the 3-month interval that includes each metabolic measurement, and fast/intermediate/slow categorization was based on initial SGR determinations between June and September 2022 (Supplementary Table S1). Two points in November were identified as outliers and therefore excluded from the data analysis but have been retained as gray points in the plots (note broken axes shown in red in B and C). Unfilled shapes indicate untagged control fish. Dashed line is a linear model, R and p-values are from a Pearson's correlation test.


The relatively low strength of the relationships found here and across other studies in fish suggests that metabolism is only one of several contributors to inter-individual variability in growth performance, with complex interactions from the social environment. Indeed, as our results attest, the growth rates of individuals within social groups are likely to be governed by inherent life history traits (i.e., genetic factors), physiological factors (e.g., metabolism), and the magnitude of competitive behavioral interactions, several of which may change as fish achieve threshold sizes or life stages.

The challenge of quantifying the role of the social environment on individual metabolic traits is that respirometry is typically performed on individuals, or else metabolic measurements can be partitioned between individuals in group respirometry protocols based on various assumptions. Neither of these methods provides a true indication of the impact of social interactions on the metabolic rates of individuals (39). Millidine et al. (40) proposed a way of overcoming this limitation by estimating individual RMR from opercular beat frequency (OBF). This remains an interesting avenue to pursue but would rely on continuous or frequent measurements of OBF as well as building a robust relationship between metabolism and OBF at an individual level.



3.3 Conclusions and future directions

To our knowledge, this study is the first to take repeated measurements of both inter- and intra-individual variability in growth performance under changing social conditions, building on previous research that has identified phenotypic plasticity in inter-individual growth rates in response to sexual competition (41), social isolation (29, 42), environmental condition (43), and feeding regimes (26, 27).

This experiment was conducted to elucidate areas of particular interest for understanding the roles of the social environment and the metabolic phenotype in determining growth performance. With this baseline, we have been left with a range of questions that we believe will help direct the field toward larger-scale experiments aimed at resolving the drivers of differential growth performance within fish populations:

1. What is the diversity of growth phenotypes within fish populations, and is there evidence for genotypes that do not prioritize growth?

2. Are all slow-growers “subordinate” or can this be a successful life history strategy?

3. How does manipulating the social environment mediate growth phenotypes, and what circumstances allow “losers” to become “winners”?

4. Can early-life intra-individual screening of metabolic parameters yield accurate predictions of subsequent growth?

5. How do the relationships between social status and metabolism interact to govern growth as an individual progresses through its life history?

This study unearthed a range of unexpected findings that we believe are exciting and warrant further investigation on a larger scale. We hope our study sparks interest in this topic and leads to a better understanding of the drivers of inter-individual growth performance in wild fish populations, perhaps with lessons for selecting fast-growing phenotypes in aquaculture and fish stocking programs.
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