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The round goby (Neogobius melanostomus) is the fastest spreading invasive fish in the Laurentian Great Lakes, and concurrent invasions are occurring globally. To inform management and mitigation strategies, metabolic rate of adult round goby has been rigorously quantified, but metabolism of the juvenile life stages represents an important knowledge gap. Here, we measured routine and maximum metabolic rates (RMR and MMR) of early juvenile round goby (mass 0.007–0.07 g, mean 0.02 g; total length 6.6–19.4 mm, mean 13.7 mm), ~100× smaller than any round goby measured previously. To understand how metabolism may be affected by a warming climate, we reared round goby at several ecologically relevant temperatures (15°C, 19°C, and 23°C) and a projected surface temperature under climate change scenarios (27°C). We tested early juveniles at two separate and distinct ages (6–7 weeks and 12–14 weeks post-hatch). Growth was highest at 23°C compared to 15°C and 27°C, but this pattern only emerged after 12–14 weeks of development. Routine metabolic rates increased over 2-fold between fish reared at 15°C vs. 27°C (Q10 = 1.98), but we found no clear difference in our estimation of the “scope for activity” (i.e., maximum—routine metabolic rate) across temperatures, suggesting a wide thermal performance curve. We also found that the bioenergetics models previously developed for adults do not effectively translate to juveniles; the current models underestimated observed RMR values by ~20–60% depending on temperature. Overall, data from this study can be used to improve bioenergetic modeling in the round goby by considering these earlier life stages and fill an important gap of knowledge in our understanding of an ecologically invasive species.
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1 Introduction

The spread of invasive species and a changing global climate represent two major environmental threats (1–3, 7). Invasive species cause harm by disrupting ecological niches, competing with and consuming native species, and even driving local species extinctions (4–7). Invasive fresh- and marine-water fishes often grow and reproduce at faster rates when compared to native fish species (8), and consume a more generalist diet (9), contributing to their competitiveness and pervasiveness. The ecological impacts of invasive species may be exacerbated by climate change, as invasive species may be tolerant of larger temperature ranges relative to native fish species (10, 11). For example, in the northwestern United States, warming water temperatures have been proposed to have driven the decline of native bull trout (Salvelinus confluentus) populations, while simultaneously contributing to the range-expansion of invasive brown trout (Salmo trutta) (7).

One invasive species that may particularly benefit from a warming climate is the round goby (Neogobius melanostomus). This is a benthic teleost fish that is native to the Black and Caspian Seas of Eurasia (12). The round goby has inadvertently been introduced across the Northern Hemisphere by humans (e.g., via ballast water of transoceanic ships) (13) and has since rapidly spread throughout all five Laurentian (North American) Great Lakes, the Baltic Sea, and several rivers and lakes across Europe and North America (12, 14). In the North American Great Lakes, the round goby has had the fastest range expansion compared to any other invasive fish species (12). The round goby establishment presents many ecological problems. For example, the round goby outcompetes native fishes for food and shelter, but also consumes the eggs of other fishes, posing ecological and economic concerns for sport and commercially important fish species (12, 15). Round goby prey upon benthic invertebrates, which presents a way for harmful once-sequestered contaminants to travel up trophic levels to species that consume round goby (16). For example, mercury levels in smallmouth bass (Micropterus dolomieu) bioaccumulated following the invasion of the round goby (17), and round goby are also thought to spread botulism to birds (18, 19). Controlling the spread of the round goby into new environments, and managing populations that are already established, is important for the health of aquatic ecosystems and native fish populations.

Water temperatures are expected to rise globally, and in at least some of the Great Lakes (e.g., Lake Ontario and Lake Erie), the average lake-wide summertime surface water temperatures are projected to reach as high as 27°C by the turn of the century (2071–2100), though shallow inshore areas may get even warmer than this (20). Warming water temperatures may provide an advantage to the invasive round goby over native fishes, as they have been shown to exhibit a broad range of thermal tolerances (−1 to 30°C) (21) and experience warmer temperatures in their native range compared to many of the habitats in which they are invasive. For example, the southern Caspian Sea has summer surface water temperatures that are considerably higher between 25 to 29°C (22), compared to the Great Lakes summer surface water temperatures (~15 to 23°C) (23). Nevertheless, our understanding of the thermal physiology of round goby is primarily limited to adult stages. A bioenergetics model has previously been developed for adult round goby (mass ≥ 2 g) (24), with methods identified to quantify the likelihood and capacity for natural dispersion (25–27). However, these modeling studies are limited by a lack of empirical knowledge of early life stages that could be primarily responsible for the invasion success of this species (28). This presents a large gap in our knowledge of an incredibly successful and damaging invasive species.

One of the most important variables used for bioenergetic modeling is metabolic rate, which is indicative of overall energy flux through an animal. Respirometry is a common method used to measure metabolism in fishes and other organisms and typically involves measuring the rate of oxygen consumption (MO2) as a proxy for metabolic rates (29–32). Measures of metabolic rate can inform many aspects of life history, such as growth rates, reproduction rates, capacity for dispersal and range expansion, etc. (33, 34). In fishes, metabolic rate is highly sensitive to temperature, although this sensitivity can depend on the developmental stage of the organism (29, 31, 35). Thus, metabolic data for juvenile round goby would be valuable for improving current bioenergetics models, ultimately expanding our capacity to predict the impact of juvenile round goby on food web dynamics, patterns of growth, fitness, and dispersal (36–38).

This study aimed to measure metabolic performance in juvenile round goby at two separate ages and four ecologically relevant water temperatures. Three of our temperatures (15, 19, and 23°C) are currently observed in the Laurentian Great Lakes during breeding months, and one temperature (27°) is a projected estimate of future water temperature because of climate change (23). We note, however, that round goby likely currently experience this high temperature in parts of their native range (i.e., the Caspian Sea) (22). We measured routine (RMR) and maximum metabolic rates (MMR) of early juvenile round goby to provide an estimate of their “scope for activity”. RMR represents the typical “day-to-day” metabolic rate, consolidating the minimum energy requirements to sustain life (i.e., standard metabolic rate, SMR), but allows for occasional activity (39). In contrast, MMR is the maximum rate of energy expenditure, setting the limit for aerobic activities (35). In fish, the measures of metabolic rate (e.g., SMR, RMR, and MMR) are expected to change with water temperature and life stage (29, 32, 35, 40). The difference between the maximum and standard metabolic rate [MMR–SMR; i.e., the “aerobic scope” (AS)] provides a range for the capacity of oxygen transport (and by proxy, metabolism) above the animal's baseline energy expenditure in which all aerobic activities (e.g., locomotion, reproduction, dispersal, etc.) occur and has been linked to animal fitness and performance (36, 37, 41, 42). Calculating aerobic scope requires accurate measures of the standard metabolic rate (SMR), which can be difficult to accurately measure in many experimental settings (31, 39). As an alternative, we assessed an estimation of the “scope for activity,” calculated as the difference between MMR and RMR (25, 43, 44). While estimating the scope for activity by subtracting RMR from MMR underestimates the oxygen transport for an animal's activities beyond its vital function, it may be more ecologically relevant and comparable to the natural conditions experienced by organisms in the wild compared to the aerobic scope (43), as fish rarely exist under SMR conditions (39). Finally, the temperature sensitivity coefficient, Q10, was calculated to measure how sensitive metabolism is to changes in temperature at different ages (45). Quantifying possible changes to metabolic rate due to climate change and rising water temperatures is important in predicting how round goby populations may respond in ecological settings, informing management and mitigation strategies (46).



2 Materials and methods


2.1 Fish collection, husbandry, and acclimation

Round goby eggs were raised in the laboratory (McMaster University; Hamilton, Ontario, Canada) between July and October 2023, and early life stage juveniles that hatched from these clutches were used in this study. We focused on two cohorts. The first cohort was collected as eggs from the field in July 2023 (LaSalle Marina, Lake Ontario; Hamilton, Ontario, Canada; 43.300463°N, 79.846205°W). We placed thirty artificial nests (constructed from modified square PVC pipes, 20 cm length × 13 cm width × 6 cm height) at several near-shore locations in LaSalle Marina at a depth of 0.7–1.0 m, when water temperatures were between ~19–21°C. The inner walls of the nests were lined with removable acetate sheets, which enabled us to carefully remove eggs from the nest after adult round goby females spawned on the walls or ceiling. Once eggs were detected with a guarding male they were transported back to the laboratory in aerated coolers. Once in the laboratory the eggs were placed in small holding aquaria (20 L; 40.6 cm length × 20.3 cm width × 25.4 cm height) with a strong air supply and allowed to develop at water temperatures of ~19°C (room temperature). The first cohort began hatching August 8th, 2023, after about 13–15 days in the lab and were reared until they were 12–14 weeks old (post-hatch) before use in experiments. The second cohort of eggs was from wild-caught pairs of round goby collected from the same field site (in June 2023) that spawned in the laboratory in artificial nests identical to the ones used in our field collections. The second cohort of eggs was removed from the breeding tanks and placed in holding tanks to develop (room temperature water, ~19°C). This second cohort of egg clutches began to hatch October 18th, 2023, 16–18 days post-fertilization (dpf), and were 6–7 weeks old (post-hatch) at the time of experimentation. Thus, all the young used in the study hatched from eggs that developed completely or partly in the laboratory (described above). The rearing conditions of both cohorts are summarized in Table 1 of the Supplementary material.

Once hatched, the young were reared for one additional week in standard holding tanks (20L; 40.6 cm length × 20.3 cm width × 25.4 cm height) held at room temperature (~19°C) before being moved to the acclimation tanks (the same dimensions as the holding tanks, as described above). All hatching, holding, and acclimation tanks were filled with dechlorinated reservoir water and kept at room temperature. All juveniles were fed twice daily with live brine shrimp nauplii (Titan Animal®, Montreal, Quebec, Canada), and were kept on a constant 16h:8h on-off light schedule throughout their development and during our experiments.

Approximately 1 week after hatching (~21 dpf for cohort 1; ~25 dpf for cohort 2) we began the acclimation phase of our experiment. Juvenile round goby were randomly selected from the development tanks and placed into eight 20 L acclimation tanks (same dimensions as above) each containing ~50 young. Water temperature was then adjusted to one of four temperature treatments (with 2 tanks per temperature): 15°C, 19°C, 23°C, and 27°C, by raising or lowering temperatures from 19°C by 1°C every 12 h. Once the target temperature was reached, fish were maintained at these temperatures for the duration of our experiments. Younger juveniles were exposed to their target temperature treatments for 5–6 weeks at the time of experimentation, and older juveniles were exposed for 11–13 weeks. The 15°C and 19°C tank temperature was maintained using an external water chiller (Active Aqua®, California, USA), while 23°C and 27°C tanks used small submersible 50-Watt water heaters (Aqueon®, Wisconsin, USA) to maintain temperature. Small glass vials (which were identical to the respirometers in size and shape), and halved clay pots were placed in each holding tank to provide enrichment, shelter, and to acclimatize the fish to the equipment used in the experiments (see below). The juveniles were frequently observed taking refuge within the vials and under the clay pots.

Water quality checks for pH, nitrate, nitrite, and ammonia were completed weekly throughout the study using API® Freshwater Master Test Kit. Water temperature was checked twice a day, and we conducted water changes once per week. All subjects used in our study were monitored at a minimum of twice per day throughout their development to ensure they did not exhibit signs of stress or illness. All our experimental protocols were approved by the Animal Research Ethics Board at McMaster University (AUP # 22-04-11) and adhere to the guidelines set by the Canadian Council on Animal Care.



2.2 Measuring metabolic rates using respirometry

All metabolic rate trials were conducted in a separate 20 L experimental tank. The sides of the experimental tank were covered with opaque blue vinyl to reduce stress and ensure that the fish could not see the experimenter during trials. Before each trial the experimental tank was filled with 16 L of cold municipal tap water treated with SeaChem® Prime and left to vigorously aerate for 24 h. Tap water was used instead of aged reservoir water to minimize the amount of bacterial respiration within the experimental tank. The experimental tank water temperature was then set to the desired temperature (i.e., to match the temperature of the acclimation tank) using an external water chiller (for 15°C and 19°C; Active Aqua®, California, USA) or using submersible aquarium heaters (for 23°C and 27°C; Aqueon®, Wisconsin, USA). The water chiller pump (and not the chiller itself) remained on during the 23°C or 27°C experiments to ensure similar flow conditions in all trials, and to circulate water within the tank to ensure a uniform temperature. During the trials, the tank temperature was continually measured by two Pt100 temperature probes (PyroScience GmbH®, Aachen, Germany) placed near the respirometry chambers, and never varied more than ±1°C from the set temperature. Temperature data was recorded every 3 seconds via two 4-channel FireSting®-O2 optical oxygen and temp meters (model: FSO2-C4; PyroScience GmbH®, henceforth the “oxygen meter”).

Routine metabolic rate (RMR) and maximum metabolic rate (MMR) experiments were conducted on the same fish and on the same day, with RMR typically commencing c. 12:00pm (~5 h after the lights had turned on) and MMR commencing approximately 30 min after RMR finished. Fish were fasted for 24 h before we began trials to ensure a post-absorptive state. Our respirometry experiments were conducted in OXVIAL4 (PyroScience GmbH) closed respirometry chambers (~1.5 cm diameter × ~4.8 cm height, volume = 5 mL) connected to the oxygen meter and placed in these experimental tanks. These respirometers employ contactless optode oxygen sensors to record the levels of O2 within the chambers over time and relay oxygen consumption data via the oxygen meter to Pyro Workbench software. Each respirometry chamber was re-calibrated prior to every experiment to the appropriate temperature (as measured by the Pt100 probe connected to the same oxygen meter), using 100% air-saturated water. Air saturation (% DO, dissolved oxygen percentage) within each chamber was above 95% DO prior to the start of each trial.

At the start of an RMR trial, seven juvenile round goby were haphazardly selected from a single acclimation temperature and using a small net were gently placed in a small container filled with aerated experimental tank water. A 5 mL transfer pipette was modified to help place goby into the respirometer chambers. The pipette was cut at the 1.5 mL mark and again halfway down the bulb, and these long ends were removed. The remaining middle segment was fitted to the small container at the bulb side, while the other end could be inserted approximately halfway into the respirometer chamber. Each individual juvenile was then gently moved into a respirometry chamber (n = 1 fish per chamber, with 7 chambers total) by inverting the container and allowing the fish to slowly sink into the chamber on their own volition. The chamber was sealed underwater and visually inspected to ensure there were no air bubbles. An eighth chamber was ran empty to record background microbial respiration and served as our control. The rate of oxygen consumption inside the control chamber was calculated over the entire measurement period (beginning once the first fish-containing chamber was sealed until the final chamber was unsealed). The rate of oxygen consumption within the control chamber was subsequently subtracted from the oxygen consumption rates of each of the seven chambers containing fish to account for the oxygen consumed by microbes.

Round goby in the laboratory and field often take refuge under rocks or artificial shelter (47), and the presence of shelter can reduce stress in fish during respirometry experiments (48). We therefore laid our respirometers horizontally to give these bottom-dwelling fish more space to move around, and we embedded the chambers in gravel substrate, also placing artificial shelters constructed from small clay pots over each chamber. The pots covered approximately half of the length of the respirometry chambers, and each individual received their own shelter. This allowed the fish to remain far back in the chambers and completely under the shelter or move to the front of the chamber in a less sheltered area. Oxygen (in % DO) and temperature (°C) data from the chambers was recorded to a computer via the oxygen meter and logged using Pyro Workbench software in 5- and 3-second intervals, respectively, and monitored/visualized in real-time. Oxygen uptake was measured for 60 min, or until % DO within a chamber dropped below 70%, whichever came first. Once either endpoint was reached, the entire chamber and the associated shelter were promptly removed from the tank to minimize potential disturbances to other fish. Outside of the tank, the fish were carefully removed from the chambers and placed in their own Falcon tube containing aerated experimental tank water until they were ready for use in MMR trials. These tubes were kept in a water bath to maintain experimental temperature conditions, and each fish was held in these tubes for at least 30 min to recover.

To elicit MMR, we subjected fish to an exhaustive chase followed by air exposure. This protocol was based on the method described in Behrens et al. (49), which was used to elicit MMR in adult round goby. Fish were added individually to a circular arena (10.5 cm diameter × 7.5 cm height) and chased for 3 min in a circle using a metal rod. We regularly alternated the motion of the rod in clockwise and counterclockwise directions to ensure the fish was actively swimming against the current. Afterwards the fish was carefully netted and air exposed for 30 seconds. This step was changed from the Behrens et al. (49) protocol (wherein a 1-min air exposure time was used), as in pilot studies not all juveniles survived the full minute of air exposure. After air exposure, fish were placed back into the respirometry chambers. This process of reintroducing the fish into the respirometer after air exposure and sealing the chamber never took longer than 30 seconds (and typically took ~15 seconds). Oxygen consumption was then measured for a minimum of 30 min.



2.3 Mass and length measurements

Following MMR trials, the juvenile round goby were removed from the chambers and euthanized via benzocaine overdose (>250 mg L−1). Immediately afterwards their body length and mass were measured. Each sacrificed fish was photographed using an iPhone® camera (Model A2111) with a reference scale bar included in each photo. ImageJ software was then used on the digital images to determine their total body lengths, rounded to the nearest 0.1 mm. Body mass was measured on a scale accurate to 0.0001 g (Mettler-Toledo® Model: AB 204-S), and each fish was independently measured three times after being carefully blotted dry. The average of three mass replicates were used in any subsequent calculations. The average mass and length measurement for each temperature and/or age is summarized in Table 1.


TABLE 1 Average measurements of juveniles across ages and temperatures.

[image: Table 1]



2.4 Data management and calculations

All data was recorded using Pyro Workbench (version 1.4.7.2305) software. Oxygen units were first converted from DO% to mg O2 L−1 in Pyro Data Inspector (version 1.4.7.2305). The first 15 min of data were censured to reduce the possible effects of handling stress. A slope was calculated using the initial measurement from 15 min post-addition to the final measurement at either 60 min, or when the chamber dropped below 70% DO, whichever came first. Metabolic rate (mg O2 s−1) was then calculated using the equation:

[image: image]

where ΔCf is the rate at which oxygen concentration changed over time (in mg O2 L−1 s−1) in a fish-containing respirometer; ΔCc is the rate of background respiration (i.e., from the control chambers; mg O2 L−1 s−1); Vr is the volume of the respirometer (0.005 L); Vf is the volume of the fish (which is equal to its mass, assuming equal density in water) (50). Since oxygen decreased over time, the absolute value was taken to express a positive metabolic rate. Metabolic rate units were converted from mg O2 s−1 to μmol O2 h−1 to better match previously published metabolic rates in young fish (32).

To calculate MMR, we calculated slopes of 1-min-long intervals over the first 15 min post-chase using a rolling regression model as described by Little et al. (51). We only considered slopes in which R2 ≥ 0.85 and took the largest-magnitude slope within these 15 min as the maximum rate of oxygen consumption. A scope for activity (μmol O2 h−1) was estimated for each fish by subtracting their measured RMR from their corresponding MMR.

The Q10 temperature coefficient was calculated to describe the temperature sensitivity of metabolism. However, larger fish are expected to have greater absolute metabolic rates, and rearing temperature may influence the size of the fish. Therefore, to account for potential differences in mass due to rearing temperatures skewing our Q10 values, we first followed the methods employed in other studies to control for these mass effects (24, 52) and performed an allometric correction on observed metabolic rates:

[image: image]

where Rcor is the allometrically-corrected adjusted measure (RMR or MMR), Robs is the observed measure value, Mavg is the overall average mass (~21.8 mg), Mobs is the mass of the individual fish, and β is the empirically determined allometric mass-scaling exponent from our linear mixed effect model for each measure (the logMb coefficient from Table 2). We only used these allometrically corrected values in our calculation for Q10, and all other analyses (including the depictions of our data) use uncorrected metabolic rate values. We calculated Q10 for RMR and MMR using the median of our allometrically-corrected metabolic rates between 15°C and 27°C, according to the following equation:

[image: image]

where R1, cor and R2, cor are the median corrected metabolic rate at 15°C (T1) and 27°C (T2), respectively. To calculate a Q10 for the scope for activity, we first corrected it by subtracting MMRcor – RMRcor (and not via Equation 2). The median of this corrected scope for activity value was then used in Equation 3 above, again between 15°C and 27°C.


TABLE 2 Model selection for RMR, MMR, and scope for activity (SA).

[image: Table 2]



2.5 Statistical analyses

All statistical tests were performed in R version 4.3.2 (53). For all analyses we used a significance level of α = 0.05. In total, we performed experiments on 139 fish, although our analysis only includes 99. We only included the individual in our analysis if we had data for both RMR and MMR trials, as the scope for activity requires both measures. We examined fish for signs of stress and abnormal swimming behavior (e.g., refusal to swim during the chase protocol) and excluded those exhibiting these signs (n = 6). Fish were also excluded if they displayed any physical abnormalities (n = 1). Unresponsive fish (e.g., those that were idle, but the operculum was moving) during any stage but before euthanasia were also excluded (n = 9). Fish mortalities at any stage (post-RMR, during recovery, pre/post-chase protocol, post-MMR but prior to euthanasia) were also excluded (n = 10). Significant data loss (either during RMR or MMR, and due to computer/equipment error) resulted in those chambers being excluded (n = 4). Experimenter error resulted in two fish being removed (n = 2). In one case, there was no R2 for the 1-min MMR slopes that was >0.85 and this fish too was removed (n = 1). Finally, we excluded fish if their RMR was inexplicably higher than MMR (n = 7).

Mass and length data for fish at every temperature and age were assessed for normality first using a Shapiro-Wilks test (assumed normally distributed if p > 0.05), followed by visually assessing the quantile-quantile (Q-Q) test. The Shapiro-Wilks test determined that most of our data was normally distributed (W > 0.88, p > 0.20), except for mass from the 23°C younger round goby (W = 0.7, p < 0.001), and length from the 15°C older goby (W = 0.88, p = 0.04). Neither a log10 nor square-root transformation on either set of data resulted in a normal distribution, but an assessment of the Q-Q plot revealed a few outliers were driving this failure to achieve normality (1 for mass, 2 for length). Thus, we assumed that these measures were normally distributed as well. A one- or two-way ANOVA was subsequently performed on both mass and length measurements using temperature and age as covariates, followed by a Tukey HSD post-hoc test.

Empirically determined metabolic scaling coefficients are important for accurate bioenergetics modeling. Linear mixed effect models (lme4 package) (54) were used to assess how log10-transformed mass, temperature, and age affected metabolic rate. All metabolic variables were first log10-transformed. All models initially included log10-transformed mass as a covariate, plus temperature and age (and including a temperature × age factor) as fixed effects. The specific respirometry chamber itself was included to account for random effects and the possibility of equipment variability. The most parsimonious model was selected using Akaike Information Criterion (AIC), and the model with the lowest AIC value was considered to be the best fit for the data (lmerTest package) (55). A significance level of α = 0.05 was chosen to determine if a factor had a clear effect on the model. The temperature × age factor was not statistically significant for any models and was removed. As temperature and age were both included as fixed factors, all models generated are relative to younger early juveniles reared at 15°C (Table 2).




3 Results


3.1 Juvenile body measurements across temperatures

In younger fish (6–7 weeks old), body mass did not vary across temperature treatments (one-way ANOVA; F = 1.29, p = 0.29), but there was a strong effect of temperature in the older juveniles (12–14-week-old juveniles ANOVA; F = 11.74, p < 0.001; Figure 1A). Among older individuals, body mass generally increased with temperature before appearing to collapse at 27°C; we found no difference between the masses of older juveniles reared at 15°C compared to 27°C (Tukey-HSD: p = 0.66; Figure 1A). There was no clear difference in growth between 6 and 12 weeks in fish reared at 15°C or 27°C (p = 0.70, p = 0.40 respectively; Figure 1A), while body size more than doubled at the intermediate temperatures (216% increase at 19°C, p < 0.0001; and a 281% increase at 23°C, p < 0.0001). Overall, body mass was affected by an interaction between age and rearing temperature (two-way ANOVA; age: F = 64.20, p < 0.001; temperature: F = 11.41, p < 0.001; age × temperature: F = 7.98 p < 0.001; Figure 1A).


[image: Figure 1]
FIGURE 1
 Juvenile growth at two timepoints under rearing temperatures. The box plots depict the median and first and third quartiles. Whiskers display the interquartile range of the data, and solid dots represent outliers. Younger juveniles (6–7 weeks) appear on the left side of each temperature condition, represented in lighter coloring, with older juveniles (12–14 weeks) on the right (darker coloring). Sample sizes for each temperature and age condition can be found in Table 1. (A) Mass measurements of juveniles by temperature treatment and age. Mass measurements (wet weight) of each goby were taken immediately after the MMR trial concluded. The average of the three replicates were used in subsequent analyses. (B) Length measurements of juveniles by temperature treatment and age. After mass measurements, juveniles were photographed with a reference scale bar included in the photo. ImageJ was used to measure their lengths relative to the scale bar. All lengths were rounded to the nearest 0.1 mm to account for uncertainty in the measurements.


Patterns of total length were similar to body mass (Figure 1B). Overall, there was a clear effect of temperature and age (and an interaction between temperature and age) on early juveniles' total lengths (two-way ANOVA; age: F = 49.11, p < 0.0001; temperature: F = 14.43, p < 0.0001; age × temperature: F = 7.33, p < 0.001; Figure 1B). There was no clear difference in body length in the younger juveniles across temperatures regimes (one-way ANOVA: F = 1.45, p = 0.24), but a marked difference in body length of the older cohort across rearing temperatures (F = 15.54, p < 0.0001). The older fish reared at 23°C were on average 22%−40% longer than fish reared at 27°C or 15°C, respectively (23–27°C: p < 0.01, 23–15°C: p < 0.0001), but were similar in size to the 19°C juveniles (p = 0.48). Generally, total body length appeared to increase rapidly between 15°C and 19°C (p < 0.0001), and then plateaued between 19°C and 23°C (p = 0.48), and was suppressed between 23°C and 27°C (p < 0.01; Figure 1B).



3.2 Allometric scaling of metabolic rate

Unsurprisingly, larger fish had greater absolute routine metabolic rates (RMR) which scaled near-isometrically [log10(mass): β = 0.91 ± 0.15; t = 6.125, p < 0.0001], and generally increased with water temperature (temperature effects: 19°C = 0.27 ± 0.06, t = 4.245, p < 0.0001, 23°C = 0.22 ± 0.08, t = 2.933, p < 0.01, 27°C = 0.37 ± 0.07, t = 5.532, p < 0.0001; Table 2, Figure 2). The most parsimonious model for log10 RMR (AIC = 1.6) was:

[image: image]

where Mb is the mass of the fish, and T19, T23, and T27 are the respective 19, 23, and 27°C conditions. The intercept (relative to a 15°C, younger juvenile) is 0.83 (± 0.30) (t = 2.789, p < 0.01), and ε is the error term (though our error term, ε, was not significant in any models of metabolism). When adjusted to the average body mass of 21.8 mg, juvenile fish reared in warmer temperatures (19°C, 23°C, and 27°C) had higher RMR than fish reared at 15°C (for all pairwise comparisons; t-ratio ≤ −2.83, p < 0.05). Even though fish reared at 27°C had the highest RMR, there was no clear difference between these fish and the fish reared in 19°C or 23°C rearing conditions (19°C−27°C: t-ratio = −1.73, p = 0.52, 23°C−27°C: t-ratio = −1.88, p = 0.24, 19°C−23°C: t-ratio = 0.76, p = 0.87). The overall Q10 of juvenile round goby RMR between 15°C and 27°C was 1.96. Interestingly, while the mass and temperature terms had clear effects, the age term did not (age: −0.11 ± 0.06; t = −1.831, p = 0.07; Table 2).
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FIGURE 2
 Absolute metabolic rates across temperatures as a function of mass. For each graph, the x-axis represents mass on a log10 scale, and the y-axis is the absolute metabolic rate on a log10 scale. Across all temperatures, MMR appears as solid dots with a solid simple regression line (95%-CI for the regression line is shown; top line), RMR appears as hollow dots (95%-CI for the simple regression line is shown in a lighter color; bottom line). The 6–7-week-old cohort is represented in circles, and the 12–14-week-old cohort is represented in triangles. The same fish were used in the RMR and MMR measurements. Note that we depict a simple regression line through the data for a given temperature acclimation, and the equation of the linear mixed-effect model from Table 2 is not shown. Panels show the absolute metabolic rates at (A) 15°C (n = 28). (B) 19°C (n = 32). (C) 23°C (n = 18). (D) 27°C (n = 21).


The maximum metabolic rate (MMR) of juvenile round goby was largely temperature insensitive, and the most parsimonious model (AIC = 63.0) did not include temperature as a factor. The Q10 of juvenile round goby MMR between 15°C and 27°C was 1.74, however, we found clear effects of mass and age (Table 2). Larger fish had higher MMRs, and this relationship scaled with negative allometry [log10(mass): β = 0.82 ± 0.18, t = 4.579, p < 0.0001; Table 2, Figure 2], though older juveniles of similar size are predicted to have lower MMRs than younger juveniles (age: −0.19 ± 0.08; t = −2.428, p < 0.05). For example, an averaged-mass juvenile (21.8 mg) at 6–7 weeks was predicted to have a maximum metabolic rate that is ~1.55 × higher than a same-sized juvenile at 12–14 weeks (t-ratio = 2.371, p < 0.05). The model which was the best fit for the observed MMR data was:

[image: image]

where Aolder is a conditional age factor that applied to the older cohort of fish only (i.e., this term is zero for the younger juveniles; Table 2).

Similar to the model for MMR, our estimation of the scope for activity (SA) (AIC = 132.7) was affected by the same factors in the linear mixed-effect model. Like MMR, the scope for activity was greater in larger individuals and exhibited a negative-allometric relationship with body mass [log10 (mass): β = 0.69 ± 0.26; t = 2.679, p < 0.01; Table 2, Figure 3]. The scope for activity was predicted to be greater in younger juveniles that were similarly sized to older juveniles (age: −0.23 ± 0.11; t = −2.066, p < 0.05; Table 2). Our model which was the best fit of the data was:
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This model suggests that, like MMR, the scope for activity (SA) of juvenile round goby is largely insensitive to the temperatures we measured. The Q10 of the scope for activity of juvenile round goby between 15°C and 27°C was 1.72 but was clearly dependent on the size (i.e., mass) and age of the fish. Older individuals were had a lower estimated scope for activity relative to younger fish only if they had a similar mass; and indeed, when the average mass between both age cohorts was used, younger juveniles' scope for activity was estimated to be 70% higher than in older juveniles (t-ratio = 2.018, p < 0.05).
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FIGURE 3
 Relative scope for activity across temperatures as a function of mass. For each graph, the x-axis represents mass on a log10 scale, and the y-axis is the absolute scope for activity on a log10 scale. Across all temperatures, the estimated scope for activity (MMR – RMR) appears as solid dots with a solid simple regression line (95%-CI is shown). The 6–7-week-old cohort is represented in circles, and the 12–14-week-old cohort is represented in triangles. Note that we depict a simple regression line through the data for a given temperature acclimation, and the equation of the linear mixed-effect model from Table 2 is not shown. Panels show the relative scope for activity at (A) 15°C (n = 28). (B) 19°C (n = 32). (C) 23°C (n = 18). (D) 27°C (n = 21).





4 Discussion

Our measures of metabolism suggest that round goby have a high capacity to cope with warming water temperatures. Routine metabolism increased with warming temperatures as expected, but our assessment of the scope for activity, an important organismal metabolic trait often linked to fitness, was consistent across all temperature treatments. In contrast, our measurements of growth showed substantial inhibition of growth at high temperatures and indicate a thermal optimum near 23°C, supporting previous observations of maximized feeding in adults at these intermediate temperatures (24). Our results will facilitate the refinement of bioenergetic models to include early life stages, which will allow for a more accurate representation of the cost of this invasive species in ecological settings.

Bioenergetic modeling is useful way to consolidate various measures of animal physiology (e.g., metabolic rates, consumption rates, etc.) to better understand how energy and materials (e.g., nutrients and contaminants) move throughout the food web (24). While bioenergetic models can be used to infer larger-scale ecological impacts of species on processes such as competition, predator-prey dynamics, and growth rates, they can also predict the impact that environmental perturbations, such as climate change, will have on species (56). Existing bioenergetic models created for the round goby (24), which utilized fish ~2 g and above, a size class 100-fold larger than the average mass of early juveniles used in this study (~0.02 g), substantially underestimated our observed RMR values. When comparing our mean RMR at each temperature to their model predictions (but using our average mass), our observed RMR is at a minimum 128% higher at 15°C, and up to 263% higher at 19°C. Our results of much higher RMRs are consistent with our broad expectations of high mass-specific metabolism in juvenile fishes (32). Developing fish tend to have faster metabolic rates, driven by the weight-dependent nature of metabolism, and the costs of rapid development in larval and juvenile life stages. For example, growth rates in larval and young juvenile Atlantic cod (Gadus morhua) fishes can exceed more than 10-fold that of adult conspecifics (32). Lee and Johnson (24) showed that smaller, younger round goby that weigh less consume more, and we propose this is likely to compensate for their increased metabolic costs required to fuel their rapid growth rate. Our study lends credence to the idea that estimates of metabolism of earlier life stages are needed to create more robust energetic models, as extrapolating estimates gleaned from adult stages underestimate the early-life energetic costs in larval and juvenile fish. In invasive fish like the round goby, underestimating these early-life costs might potentially downplay the ecological impact of this life stage.

The effects of temperature in our study varied depending on which trait was being measured. Routine metabolic rate increased dramatically with temperature, with 27°C-reared fish having metabolic rates that were ~232% higher than 15°C-reared fish. However, there was no clear significant effect of temperature on MMR nor on scope for activity. The estimated scope for activity was maintained regardless of rearing temperature, suggesting that juvenile round goby have a broad, flat thermal performance curve and adopt a “thermal generalist” strategy, which fits the current theory about what makes a good invader (11, 57). Even though we found clear effects of temperature on RMR the much higher and more variable values of MMR likely statistically obscured any impact of temperature on the estimated scope for activity. Even though RMR is temperature sensitive, implying that background activities may be greatly influenced by temperature (though this requires further exploration), our results suggest that the capacity of juvenile round goby to perform high intensity aerobic activities (such as exhaustive swimming or digestion of large meals) (58) is not hindered at elevated temperatures. This stability of thermal performance across a wide temperature range may provide an advantage in the face of climate change for the invasive round goby over native fishes that live in the same habitats. For example, smallmouth bass (Micropterus dolomieu) in North America or European perch (Perca fluviatilis) in parts of Europe experience a decline in aerobic scope above ~20°C (59, 60). Climate change is predicted to limit the geographical range of several native fish species, such as lake trout (Salvelinus namaycush), lake whitefish (Coregonus clupeaformis), slimy sculpin (Cottus cognatus), and others (61). This phenomenon is coupled with competition from the now well-established round goby (and other invasive species) in the Great Lakes and pushes native fish populations to be at even greater peril.

The ability to maintain aerobic performance across a wide temperature range might also explain how the round goby has been able to successfully invade and thrive in many freshwater environments globally across a wide breadth of latitudes. Performance seems to be largely temperature insensitive in adults (52, 62), and here we show a similar pattern in juveniles. Vivó-Pons et al. (75) assessed the functional distinctiveness of the round goby compared to native fishes in the Baltic Sea, in part to determine where functional niches overlap (and intraspecific competition is likely). We propose something similar be developed for the Great Lakes basin, with a greater focus on the thermal biology and temperature niches of native fishes compared to round goby, to predict how warming water temperatures might affect different fish populations.

Despite differences in mass-specific metabolic rate, our findings are generally consistent with previous work on adult round goby. For example, while we estimated the scope for activity (MMR–RMR), the aerobic scope (MMR–SMR) in adults was measured and found to be consistent between 15°C−25°C, with a final increase at 28°C (52). A different pattern was observed for growth, the 12–14-week-old fish in our study showed a clear growth optimum at 23°C and the greater relative growth was observed at intermediate water temperatures (19°C, 23°C). The negative effects of extreme temperatures were especially pronounced at the higher temperatures, as the average body mass of 27°C-reared fish was 48% lighter than fish reared at 23°C, and they were on average 18% shorter. The decline in growth observed in fish held at 27°C might be explained by higher routine energy costs (i.e., RMR), reduced appetite, or decreased digestive efficiency outweighing the rate of energy assimilation, which would all subsequently diminish the net amount of energy available for processes such as growth (63–66). Our findings largely complement the data shown in Lee and Johnson's (24) bioenergetics model, which show that feeding was maximized between 23°C−26°C, but then declined sharply at warmer temperatures. Together, the results imply that temperatures between 19°C and 23°C may be optimal for growth in these species, but animal performance may be resilient across a wider range of temperatures. Based on these data, and because body condition and body size have been linked to fitness and overwinter survival in the past, we speculate that juvenile round goby born near-shore and/or later in the summer when water temperatures are typically warmer, may have a survival advantage compared to those fish that hatched earlier in the season or in deeper, cooler waters (67, 78). However, this advantage may be lost if water temperatures exceed 27°C, which is what projections from climate change models predict the average summertime surface water temperatures will warm to in the North American Great Lakes by 2071–2100 (23).

A limitation of our study for conservation management is that our findings were obtained in a well-controlled laboratory setting. We know little about how our measures of metabolism compare to metabolism in the real world, and to date very few studies have investigated the integration of physiological measures in the laboratory vs. the field (68). In the field, multiple environmental factors typically act in concert to influence metabolism (e.g., temperature, salinity, and oxygen availability) (31). Another limitation in the design of our study was that the closed respirometry did not allow for a longer acclimation time after the fish were introduced into the respirometer. This meant we had a constrained window to measure RMR, which could have led to overestimates of RMR. Although the fish had access to shelter (which we added to reduce stress and encourage recovery) (48), the respirometers were placed in gravel substrate to mimic their natural condition for these benthic fish, and we censured the first 15 min of the trial, these measures may not have been enough to cause the stress of handling to subside completely. Despite these limitations, our results certainly add to a growing body of literature that suggest that aerobic scope (in our case the scope for activity) is less thermally sensitive than other important fitness-linked traits such as growth (69, 70). There is still much unknown about the thermal physiology of this early life stage of fishes in general and round goby in particular, so more targeted experiments investigating the role of elevated rearing temperatures on early juvenile's performance, physiology, and fitness (e.g., CTmax/CTmin, LT50, Tpref) are still needed. Future studies should incorporate field observations and validate our laboratory findings. Such studies will require technological advances that facilitate field monitoring of tiny fish, but once these are developed a natural first step will be to compare our controlled laboratory measures of metabolism with measures from the field that take into account the environmental variability and stressors not captured in a controlled setting (50, 59, 71). Having ecologically valid information will allow us to better understand how climate change might further the pervasiveness and competitive edge that round goby have over native fish species, globally.

Our findings might be applied to management strategies for controlling the spread of round goby. The role of temperature in shaping metabolic performance is clear (31, 33, 72, 73). Our findings show that juvenile round goby have metabolic resilience to warming water temperatures. As water temperatures rise, round goby will be capable of greater range expansions and knowledge of the juvenile round goby's response to climate change could help prepare resource managers come up with practical approaches to limiting the ecological impact of this invasive species (46, 74). Future work should explore how round goby juveniles compare to the juveniles of native species in terms of their metabolic resilience to environmental stressors (68, 75).

We found that younger juveniles had an estimated scope for activity that was nearly ~70% higher than their older-juvenile counterparts. While we expect that younger juveniles would have a greater metabolism to support a faster growth rate, this may also be a result in part to the round goby's bipartite life cycle. While adult round goby are benthic and usually sedentary, early-stage juveniles exhibit a diel vertical migration through the pelagic zone (13, 28). Diel vertical migration in juvenile round goby is characterized by the movement up the water column at night and down during the day (28, 76). Considering round goby lack swim bladders to regulate buoyancy (12), this vertical migration behavior is likely highly energetically demanding. Juveniles found undergoing diel vertical migration were 7–8 mm in length (28), similar to the younger cohort of juveniles we measured here (~12 mm). In younger and more pelagic early juvenile round goby, a large scope for activity may be needed to support their energetic needs and ascend the water column. In addition, their scope for activity might need to be consistent across a wide range of temperatures to perform this daily migration activity of transitioning from deeper, colder waters to warmer, surface warmers. Notably, despite their small size, early juvenile round goby possesses 40–80% of the swimming capacity of adults (77) and taken together with our demonstratation of the metabolic performance of this life stage, we speculate that dispersal by juvenile round goby contributes greatly to the invasion success of this species. There is still much unknown about diel vertical migration behavior in early life-stage juvenile round goby, such as potential benefits received and energetic costs incurred, and these represents a remaining large gap in our understanding of this species.

Given our results, we emphasize that care should be taken when attempting to extrapolate data from bioenergetics models based on one life stage and applying it to other life stages. Metabolic homogeneity should not be assumed across various life histories, owing to potentially different lifestyles, behaviors, energy stores, and growth patterns. These life history differences may be especially pronounced between larval, juvenile, and adult stages (32). To this end, we suggest that an updated bioenergetics model for the round goby be developed that incorporates data from all life stages. This will allow for a more accurate representation of the energetic consequences of this invasive species across a range of ecological settings.
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Several models were created to assess the best fit of the data. All metabolic measures were transformed on a logio scale. All models initially included logjo-transformed mass (logMy), as well as
temperature (T;) and age (A) as fixed factors. All models are relative to a 6-7-week-old juvenile reared at 15°C. The T term only applies to that specific temperature (otherwise, this variable is
0). Likewise, the A term only applies to juveniles 12-14 weeks old. “Int.” refers to the intercept of the model. Models were assessed for goodness of fit using Akaike information criterion (AIC),
with the lowest-obtained AIC value being considered our most parsimonious model (which is bolded). Significance, and thus inclusion in the reported model was determine ata = 0.05 (*: p <
0.05;**:p < 0.01;***: p < 0.001; non-significant p-values are written out).
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Sample sizes of the fish at each temperature and age condition are denoted by n. Body mass (in milligrams) denoted by My. Total length (in millimeters) is denoted by TL. All measured values
are reported as the mean # s.e.m. A two-way ANOVA was conducted using temperature and age as covariates. In both mass and length measurements, significant interactions were found
for age, temperature, and age x temperature (all p < 0.0002). Lowercase letters were used to indicate significant differences (p < 0.05) across temperatures and ages; values which receive the
same letter indicate no significant difference. Note that comparisons were only made between specific temperature or age cohorts, and “Overall” and/or “Combined” values were excluded in
the analysis.
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