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The effect of substrate on growth and metabolic rate was assessed in larval white 27	

sturgeon (Aciperser transmontanus). Yolk sac larvae (YSL) were reared in bare tanks or tanks 28	

with gravel as substrate from hatch until approximately 16 days post hatch (dph). The effect of 29	

an artificial substrate was also evaluated for growth alone. Substrate had a significant effect on 30	

weight, with larvae reared in gravel and artificial substrate being larger than those reared without 31	

substrate. Respirometry measurements of resting (routine) metabolic rates in fish reared without 32	

gravel were significantly greater than those reared with gravel during the yolk sac phase. Aerobic 33	

scope (the difference between maximum and routine metabolic rate) was significantly lower for 34	

YSL and feeding larvae (FL) in bare tanks than those reared with gravel, particularly before fish 35	

started feeding exogenously. Routine factorial scope (maximum metabolic rate divided by 36	

routine metabolic rate) indicated that the ability to elevate metabolic rate above routine in the 37	

early ontogeny of white sturgeon is extremely limited (< 1.7). These findings suggest that YSL 38	

reared without substrate may divert more of their energy to non-growth related processes, such 39	

as exercise, as higher activity levels were observed but not quantified in YSL sturgeon reared 40	

without substrate. These results underscore the importance of adequate rearing substrate for 41	

growth and development, and may provide support for habitat restoration and alternative 42	

hatchery rearing methods. 43	

 44	

Key words: development, larvae, metabolic rate, glycogen 45	

 46	

INTRODUCTION 47	

Energy during larval development is limited by yolk supply, which must be partitioned 48	

among metabolism, growth, development and activity (Callow, 1985; Rombough, 2006). 49	

Energetic trade-offs experienced by larval fish may arise when yolk reserves necessary for 50	

growth and development are used for activity associated with movement (Brett & Groves, 1979; 51	

Callow, 1985). In larval salmonids, the presence of rearing substrate has been shown to improve 52	

growth due to a reduction in locomotory activity of alevins in gravel compared to alevins reared 53	

without substrate (Marr, 1966; Bams, 1967; Peterson & Martin-Robichaud, 1995). The trade-offs 54	

in energy partitioning between growth and activity results in less energy allocated to growth in 55	

alevins reared without gravel (Brett & Groves, 1979; Rombough, 2006). While this reasoning is 56	

generally accepted, little has been done to quantify any metabolic differences between fish reared 57	
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with and without substrate. Aerobic scope represents the potential for energy allocation to 58	

aerobic functions such as locomotion, growth, and predator avoidance (among other functions). 59	

Aerobic scope is defined as the difference between maximal metabolic rate (MMR) and routine 60	

metabolic rate (RMR). The larvae of many fish species show an extremely limited aerobic scope, 61	

which may leave little room for maintenance, or any aerobic function, during times of 62	

environmental or nutritional stress (Post & Lee, 1996; Killen et al., 2007). Understanding how 63	

RMR, MMR, and aerobic scope change over ontogeny in response to rearing conditions could 64	

provide important clues to the physiological basis for factors affecting growth in larval fish, 65	

including sturgeon. 66	

Worldwide populations of sturgeon are in decline and facing possible extirpation as a 67	

result of low recruitment, and in some cases, recruitment failure (Birstein, 1993; Pikitch et al., 68	

2005). The cause of low recruitment is not well understood and further complicated by the lack 69	

of detailed knowledge of behavior, ecology, and habitat requirements for the early life history of 70	

sturgeon. For example, white sturgeon (Aciperser transmontanus) are listed as endangered under 71	

the Species-at-Risk Act of Canada. Of six white sturgeon populations identified in Canada, three 72	

populations (Nechako, Upper Columbia, and Kootenay populations) are in recruitment failure 73	

and at risk of extirpation. The cause of recruitment failure is unclear, but may be due to changes 74	

in habitat following dam construction for hydroelectric projects and regulation of river flow 75	

(Coutant, 2004; Paragamian et al., 2001; McAdam et al., 2005; McAdam, 2011). Limited 76	

spawning has been documented (Ireland et al., 2002), but few larval sturgeon have been 77	

collected, and wild juveniles are completely absent from these systems; demographics show a 78	

gradually aging population (COSEWIC, 2003). The management approach has been to 79	

supplement wild stocks through hatchery production and release of juvenile sturgeon. The 80	

success of hatchery supplementation on the Nechako, Columbia, and Kootenay Rivers indicates 81	

that the bottleneck for recruitment may be associated with poor survival of wild spawned larval 82	

fish.  83	

Larval incubation is a particularly critical stage of development as mortality prior to 84	

juvenile metamorphosis is a major bottleneck for sturgeon survival (Coutant, 2004); size is 85	

speculated to be particularly important for the transition to exogenous feeding (Cushing, 1972). 86	

Factors affecting larval development, therefore, need to be determined to understand limits to 87	

recruitment. While habitat requirements of larval sturgeon are unclear, there is increasing 88	
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evidence that gravel substrate is important during early developmental stages. Larval white 89	

sturgeon showed a preference for gravel substrates soon after hatching (Bennett et al., 2007). 90	

Other studies have also shown that in both lab and riverine conditions, sturgeon larvae rear in 91	

gravel (Gessner et al., 2009; McAdam, 2011) and perform better in terms of growth and survival 92	

when provided with gravel substrate (Boucher et al., 2014). The mechanism for the greater 93	

performance of fish reared with substrate is not known, but such knowledge would benefit 94	

hatchery rearing practices and may also be useful for projects creating or restoring habitat in 95	

rivers altered by hydroelectric installations.  96	

The effect of environment on aerobic scope is poorly understood and data is limited; 97	

however, it has been suggested that habitat selection by fish may be driven mainly on the basis of 98	

maximizing aerobic scope (Evans, 1990). If so, then the preference for gravel substrate by white 99	

sturgeon YSL identified by Bennett et al. (2007) may indicate that gravel rearing offers a way to 100	

maximize aerobic scope. This line of reasoning is further supported by Claireaux & Lefrançois 101	

(2007) who suggest that an environment that provides increased growth may also indicate 102	

increased aerobic scope. The objective of the present study was to examine the effect of substrate 103	

on growth and resting and maximal oxygen consumption rate in white sturgeon YSL and FL to 104	

determine whether the significantly greater weight of larvae reared in gravel is associated with  105	

greater aerobic scope. Understanding the role substrate plays in the physiology of white sturgeon 106	

may provide important information about the habitat requirements during early ontogeny of 107	

white sturgeon. 108	

 109	

METHODS 110	

ANIMALS 111	

Fertilized eggs from a single family of white sturgeon spawned at the Kootenay Trout 112	

Hatchery (Ft. Steele, BC) were shipped to the University of British Columbia at four days post 113	

neurulation. Eggs were reared in a temperature-controlled recirculation system at 13.5 to 14 ºC 114	

(Nema 4x with Delta Star Heat Pump, Aqualogic Inc., San Diego, CA) until hatch. Following 115	

hatch, YSL were transferred to tubs (36x25x20cm (LxWxH) Rubbermaid, Roughneck 2213, 116	

Oakville, ON) containing gravel river-rock substrate (approximately 2.5 cm in diameter), 117	

artificial substrate (1” Bio-Spheres, Aquatic Eco-Systems, Apopka, FL), or tanks without 118	

substrate. YSL (450) were added per tank and there were two replicates per treatment. Water 119	
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from the temperature controlled recirculation system was supplied to each tub which was 120	

supported on a large fiberglass wet-table; water was allowed to overflow onto the wet-table 121	

through holes cut in the side of the tanks, covered with 750 micron Nitex screening (Sefar, 122	

Heiden, SUI). YSL were reared in the absence or presence of substrate (gravel or artificial 123	

substrate) until 14-16 days post hatch (dph). At that time, which ion the presence of substrate 124	

corresponded with emergence, , larvae were transferred to bare tanks and fed twice daily ad 125	

libitum a mixture of ground freeze-dried krill, Cyclop-eeze (Argent Chemical Laboratories, 126	

Redmond, WA), and BioDiet Starter (Bio-Oregon, Vancouver, BC). Water quality was 127	

maintained by daily 20% water replacement, mechanical/biological filtration and UV filtration. 128	

Water changes were more frequent during hatch to remove excess waste products from the 129	

system. Water quality was monitored daily and Ammo Lock (API, Chalfont, PA) added to 130	

ensure any excess ammonia was not bioavailable. Weight was measured to the nearest 0.1 mg by 131	

sampling 8 fish per treatment every four days; all fish were terminally anesthetized in 200 mg · 132	

L–1 tricaine methane sulfonate buffered with 400 mg · L–1 sodium bicarbonate. 133	

 134	

RESPIROMETERS 135	

Two 16 mL vertical micro glass chambers (CH10550, Loligo Systems, Tjele, DEN) were 136	

fitted with mini fiber optic O2 spots (OX11050, Loligo Systems), which do not consume oxygen. 137	

Oxygen concentration and temperature were measured with a single channel transmitter (Fibox3, 138	

PreSens, Regensburg, GER) equipped with automatic temperature compensation. Data was 139	

recorded every two seconds (Fibsoft v.1.0, Loligo Systems). To measure oxygen consumption 140	

rate in both chambers using a single channel system, electrode cables were switched at the 141	

Fibox3 every five minutes during which time the reduction in oxygen concentration was 142	

recorded. The temperature bath and lid were covered with black plastic to reduce the amount of 143	

ambient light in the chambers, which could reduce the effectiveness of the fiber optic O2 spots. 144	

Oxygen consumption rates were determined by intermittent flow respirometry as described 145	

below. 146	

Stir bars (8 x 3 mm) placed under a fine wire-mesh platform in each chamber were spun 147	

at a rate sufficient to adequately mix the water in each chamber but not cause movement of the 148	

larvae. Water in the respirometers were maintained at rearing temperature (13.5 to 14 ºC). Each 149	

chamber was filled with water for an hour before any fish were added to ensure that the O2 spots 150	
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were completely wet before measurements. A peristaltic pump (Labconco, Multistatic, Kansas 151	

City, MO) fitted with Tygon® tubing (Saint-Gobain Performance Plastics, Tygon® tubing, R-152	

3603, AAC00006, Paris, FRA) supplied the chambers with fully oxygen-saturated water from 153	

the aerated temperature bath. Prior to measuring oxygen consumption rate, the tubing leading 154	

into and out of each chamber was tightly clamped and the pump shut off allowing the system to 155	

operate as a closed respirometer. Oxygen consumption rate was measured ensuring that oxygen 156	

saturation did not fall below 70% saturation, at which time the clamps were removed from the 157	

tubing and the pump was engaged to exchange the water within the chamber with 100% 158	

saturated water. Four fish were placed in each chamber to achieve an approximate 1:10 ratio of 159	

water volume to animal mass.  160	

 161	

METABOLIC RATE DETERMINATION 162	

Four fish were placed into a beaker partially submerged in the temperature bath. Fine 163	

mesh was placed over the beaker to avoid escape and a stir bar (under a mesh screen) was used 164	

to generate a current to force the fish to swim. Water current in the beaker was adjusted to a 165	

speed sufficient to maintain constant vigorous swimming, until exhaustion. Exhaustion was 166	

defined by the inability of the fish to swim against the current and a tendency to rest on the 167	

bottom of the beaker. Once exhausted, the fish were placed in the respirometer chamber and 168	

oxygen consumption rate was measured in the subsequent 5 minute interval. This method 169	

estimates maximal metabolic rate (MMR), which is equivalent to the aerobic capacity of the 170	

larvae (Brett & Groves, 1979), determined by post-exercise excess oxygen consumption, and is 171	

similar to that described by Lee et al. (2003) and Killen et al. (2007). For exogenously feeding 172	

larvae (> 16 dph), fish were fasted for 16 hours prior to the start of oxygen consumption 173	

measurements. 174	

Larval sturgeon, even when stationary, tend to exhibit spontaneous activity, consequently 175	

measurements of basal metabolism are closer to routine metabolic rate (RMR) (Fry, 1957). 176	

Oxygen consumption rate was measured after each MMR determination until it reached a 177	

minimum level (approximately 1.5 h) and then RMR was measured three times using the 178	

protocol outlined above. After RMR measurements were made, chambers were used as blanks to 179	

assess microbial oxygen consumption. In all experiments, total microbial oxygen consumption 180	

was negligible (less than 1%). After each assay was complete, fish were terminally anaesthetized 181	
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and wet weight measured. Each larva was blotted dry with paper towel and weighed individually 182	

using an analytical balance to the nearest 0.1 mg. No reliable MMR data could be collected prior 183	

to 6 dph as larvae would not swim actively against a current.  184	

Oxygen consumption rates (µg O2 · h–1) were calculated from the decrease in oxygen in 185	

the chamber based on the chamber volume, solubility of oxygen at that temperature and divided 186	

by the total mass of larvae within the chamber or by the number of fish in the chamber. RMR  187	

was calculated as the minimum slope of oxygen consumedover time.. Conversely, MMR was 188	

calculated for the maximum slope of oxygen consumption over time (ref?). Relative aerobic 189	

scope (RAS) was determined by subtracting mean RMR from the MMR of each group of fish 190	

and divided by the total number of fish in the chamber to get a per larvae aerobic scope (Fry, 191	

1971; Post & Lee, 1996). Relative Factorial Scope (RFS) was determined by the ratio of MMR 192	

to RMR (Post & Lee, 1996).  193	

 194	

DETERMINATION OF WHOLE BODY GLYCOGEN 195	

Fish were collected from all three treatments (bare, gravel, artificial substrate) every 8 196	

days; 8 fish were sampled per treatment, euthanized, and frozen at -80 ºC. Individual weight of 197	

frozen larva was recorded and then each fish was placed into a 2 mL centrifuge tube. Samples 198	

were homogenized in 400 µL of ice-cold 8% nitric acid using a SPEX CertiPrep 2000 199	

Geno/grinder (Metuchen, NJ) at 1000x for 2 min (in 30 s bursts). Homogenate (300 µL) was 200	

then ultrasonically disrupted (Fisher Scientific, Ultrasonic Dismembrator 150T, Waltham, MA) 201	

at 30% maximum amplitude for 30 s in five-second bursts. Following homogenization, samples 202	

were centrifuged at 2000 g, for 5 min at 4 ºC. Supernatant (50 µL) was transferred to a new tube 203	

and saved for free glucose analysis and neutralized with 3M K2CO3. Pellets were re-suspended in 204	

the remaining 250 µL of 8% nitric acid by vortexing and then partially neutralized (pH 6) with 205	

3M K2CO3. Acetate buffer (500 µL) was added to each tube. Glycogen was converted to glucose 206	

by adding amyloglucosidase (from Aspergillus niger) (Sigma, Oakville, ON) with a final activity 207	

of 10 U · mL–1 in each tube. Each tube was then incubated at 37 ºC for 2 h in a heating block 208	

with regular gentle vortexing. To stop the enzymatic reaction, 20 µL of 70% nitric acid was 209	

slowly added and then thoroughly vortexed. Samples were put on ice for 10 min, neutralized 210	

with 60 µL of K2CO3, and then centrifuged at 10,000 g for 10 min at 4 ºC. Glucose concentration 211	

was measured in the resulting supernatant.  212	
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Sample supernatants or standards (20 µL) and glucose assay buffer (100 µL) were added 213	

to each well (96 well microplate). Glucose assay buffer contained 0.016 mmol NaH2PO4, 214	

1.1x10–3 mmol MgCl2, 1.5x10–4 mmol βNADP, 1.6x10–3 mmol ATP, and 1.54 U · mL–1 glucose 215	

6-phospate dehydrogenase (from Leuconostoc menenteroides) (Sigma). Plates were incubated at 216	

37 ºC with shaking for 5 min and initial absorbance read at 340 nm (VERSAmax, Molecular 217	

Devices, Sunnyvale, CA). After the initial read, hexokinase (2.25 U · mL–1 from Saccharomyces 218	

cerevisiae) (Sigma) was added and plates incubated for 20 min and then read at 340 nm to 219	

measure total conversion of glycogen to glucose. Protein content of the homogenate was 220	

measured using the Micro BCA Protein Assay Kit (Pierce, Rockford, IL). Concentration of 221	

glycogen and glucose was standardized by protein content (mmol · mg protein–1) and mass 222	

(mmol · g body weight–1).  223	

 224	

HISTOLOGICAL CHARACTERIZATION OF GLYCOGEN CONTENT  225	

Qualitative assessment of liver glycogen was visualized using longitudinal histology of 226	

Periodic acid-Schiff (PAS) stained sections using Wax-it Histology Services Inc. (Vancouver, 227	

BC). Larvae were dehydrated in graded ethanol and embedded in paraffin, sectioned at 4 µm, 228	

and stained. Larvae at 8 and 16 dph (n = 4) were selected to look at liver glycogen prior and just 229	

post yolk absorption. Ten sagittal sections were taken from each larvae and mounted over two 230	

slides (per fish). All sections were taken longitudinally about the center of the fish, five on either 231	

side. Slides were examined with a light microscope (Zeiss Axiostar Plus, Oberkochen, GER) and 232	

photos taken at 400x magnification using a digital camera (Canon PowerShot G5, Lake Success, 233	

NY). 234	

 235	

DATA ANALYSIS 236	

Mean wet weight (g) was plotted for each treatment and compared by ANOVA and 237	

Tukey comparisons. Two-way ANOVA was used to determine if there was a difference in RMR, 238	

MMR, and RAS between treatments over time (dph). Linear regressions were used to determine 239	

if metabolic rate (MMR and RMR), RAS and RFS varied with weight (g) within each treatment. 240	

Scaling exponents (b) were calculated as the slope of the exponential relationship between 241	

metabolic rate (µg O2 · hr–1 · larva–1) and mass (g), using a regression on log transformed data; 242	

slopes were listed ± standard error. Scaling exponents were listed for both RMR (bRMR) and 243	
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MMR (bMMR). Scaling exponents for RMR and MMR were each compared between treatments 244	

using a two-sample t-test; if no difference was found, an overall scaling relationship with mass 245	

was pooled for both treatments. ANOVA was used to determine if there was a difference in 246	

glycogen concentration between treatments. Analytical assumptions of normality and equal 247	

variance were assessed graphically with residual plots. Data analyses were performed using R 248	

statistical software (2.8.1, The R Foundation for Statistical Computing, Vienna, AUT). Statistical 249	

significance was accepted at p = 0.05. 250	

 251	

RESULTS 252	

WEIGHT 253	

Substrate had a significant effect on larval size (F2,159 = 33.9; p < 0.001). Larvae reared in 254	

gravel were significantly larger than larvae reared in bare tanks from 4 dph until the end of the 255	

study (Fig. 1). Fish reared with artificial substrate were also significantly larger than those reared 256	

in bare tanks from 8 dph until the end of the study, but smaller than those reared in gravel 257	

substrate until 8 dph, with no differences afterwards (Fig. 1). 258	

 259	

METABOLIC RATE 260	

A 2-way ANOVA indicated a significant effect of substrate (F1,53 = 20.7; p < 0.001) and 261	

dph (F10,53 = 75.3; p < 0.001) on mass-specific RMR, and the interaction term was significant 262	

(F10,53 = 10.7; p < 0.001). Mass-specific RMR was greater in the bare treatment group; both 263	

treatments showed an increased from 3 to 10 dph and then showed a decrease until 20 dph (Fig. 264	

2a). RMR increased with weight in both treatments from 3-16 dph with no significant increase 265	

from 16-24 dph (Fig. 2b). Scaling exponents from 3-16 dph for both treatments did not differ 266	

significantly. Mean estimates of bRMR for gravel-reared larvae from 3-16 dph (0.024 – 0.034 g) 267	

were 1.34 ± 0.23 (R2 = 0.61; n = 22) and 1.54 ± 0.38 (R2 = 0.44; n = 21) for larvae reared in bare 268	

tanks (0.026 – 0.033 g). As the relationship of RMR with wet weight did not differ significantly 269	

between gravel and bare treatments, the combined overall allometric relationship gave a scaling 270	

exponent of 1.34 ± 0.21 (R2 = 0.49; n = 43).  271	

A 2-way ANOVA indicated that substrate (F1,50 = 228; p < 0.001) and dph (F8,50 = 42.6; p 272	

< 0.001) had a significant effect of mass-specific MMR; the interaction term was also significant 273	

(F8,50 = 13.9; p < 0.001). When examined on a per day basis, gravel reared larvae showed 274	
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significantly greater mass-specific MMR (p < 0.001) than larvae reared in bare tanks (Fig. 3a). 275	

Maximal metabolic rate increased with the wet weight of larvae in gravel-reared fish from 6-24 276	

dph (p < 0.005), but did not increase significantly in larvae reared without gravel over the same 277	

time period (p = 0.07; Fig. 3b). Mean estimates of bMMR for gravel-reared larvae from 6-24 dph 278	

were 1.07 ± 0.34 (0.028 – 0.035 g) and 0.60 ± 0.30 for larvae reared in bare tanks (0.026 – 0.033 279	

g). When MMR was examined during the endogenous-phase, there was a significant effect of 280	

weight on MMR in both gravel and bare treatment groups. During the section of the endogenous-281	

phase that was assessed (6-16 dph), bMMR for gravel-reared larvae was 2.17 ± 0.54 (0.028 – 0.034 282	

g) and 0.74 ± 0.22 (0.026 – 0.033 g) for larvae reared in bare tanks. In exogenously feeding 283	

larvae, there was a significant effect of weight on MMR for fish reared in gravel (p < 0.001) but 284	

not for fish reared without gravel (p = 0.13).  285	

 286	

AEROBIC SCOPE 287	

Relative aerobic scope was significantly affected by both date (F8,50 = 20.5; p < 0.001) 288	

and substrate (F1,50 = 392; p < 0.001), however, there was an interaction effect (F8,50 = 2.88; p = 289	

0.01). Mass-specific RAS of gravel-reared larvae was significantly greater than that of larvae 290	

reared in bare tanks at all time points measured (Fig. 4a). RAS increased significantly with fish 291	

weight (Fig. 4b). The relationship between RAS and fish size from tanks without substrate was 292	

described by the equation RASbare = –1.70 + (78.6)Wt, where Wt is weight in g. Larval sturgeon 293	

ranged in size from 0.026 to 0.033 g. The linear regression was significant (F1,32 = 8.79; p < 0.01; 294	

R2 = 0.19). The relationship between RAS and fish size from tanks with substrate was described 295	

by the equation RASgravel = –5.33 + (218)Wt. Fish ranged in size from 0.028 to 0.035 g and the 296	

linear regression was highly significant (F1,32 = 43.0; p < 0.001; R2 = 0.56). Relative Factorial 297	

Scope also increased significantly with wet weight (Fig. 4c). There was little overlap of scope 298	

between substrate treatments as weights were significantly different between larvae reared in 299	

gravel and bare tanks. Looking at the overall relationship of RFS with wet weight in both gravel 300	

and bare treatments, RFS increased by 55% from 6-24 dph, as wet weight increased 8 mg. While 301	

substrate did explain the significant increase in scope, wet weight explained significantly more of 302	

the variation in the data. The relationship between RFS and fish size from tanks without substrate 303	

was described by the equation RFSbare = 0.62 + (18.8)Wt for larvae ranging in size from 0.026 to 304	

0.033 g (F1,32 = 3.63; p = 0.07; R2 = 0.07). The relationship between RFS and fish size for larval 305	
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fish from tanks with substrate was described by the equation RFSgravel = –0.61 + (64.8)Wt for 306	

fish ranging in size from 0.028 to 0.035 g (F1,32 = 24.7; p < 0.001; R2 = 0.42).  307	

 308	

GLYCOGEN 309	

There was a significant effect of substrate type (F3,75 = 17.6; p < 0.001), date (F2,75 = 310	

4.75; p = 0.003), and a significant interaction effect (F6,75 = 5.36; p < 0.001) on whole body 311	

glycogen content. Glycogen was significantly greater in larvae reared in substrate (both gravel 312	

and artificial) at 8 dph than fish sampled at 1 dph (Fig. 5a). Larvae reared in bare tanks at 8 dph 313	

had slightly, but not significantly, lower glycogen than fish sampled at 4 dph. By 16 dph, 314	

concomitant with emergence from substrate and the onset of exogenous feeding, glycogen 315	

concentration of substrate reared fish decreased to a level that did not differ from larvae reared in 316	

bare tanks, and remained unchanged at 24 dph. There was no relationship between wet weight 317	

and glycogen concentration (Fig. 5b). Glycogen granules were more numerous in gravel-reared 318	

larvae compared to the bare treatment group at 8 dph (Fig. 6). Consistent with the decrease in 319	

whole body glycogen measurements for larvae sampled at 16 dph, fewer glycogen granules were 320	

visible in the livers. Although at 16 dph the whole body glycogen content did not differ among 321	

the substrate treatments, the liver histology indicated that there was more glycogen in the liver of 322	

gravel-reared fish than those reared without substrate.  323	

 324	

DISCUSSION 325	

Substrate–rearing of YSL resulted in larger fish during post-hatch and after emergence 326	

from substrate compared to those reared without substrates relative to days post hatch. 327	

Respirometry revealed that fish reared in gravel during the yolk sac phase had significantly 328	

greater aerobic scope both during and after emergence from substrate. These fish not only had 329	

greater whole body glycogen but also greater liver lipid quantity, which suggests that fish reared 330	

without substrate are at a significant physiological disadvantage to those reared with substrate. 331	

 332	

WEIGHT 333	

The present study has identified that providing larval white sturgeon with substrate prior 334	

to emergence is important for growth. Gravel and artificial substrate produced larger fish than 335	

those reared without substrate. Substrate rearing of salmonid alevins has long been shown to 336	
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produce larger fry than those reared without substrates; this has largely been attributed to greater 337	

swimming activity of alevins reared without substrates (Marr, 1966; Bams, 1967; Fuss & 338	

Johnson, 1988; Peterson & Martin-Robichaud, 1995). Bare-reared larvae were also observed to 339	

swim more than the larvae reared in gravel and artificial substrates consistent with earlier work 340	

(Boucher et al., 2014). While not quantified, the increased movement observed is likely the 341	

cause of lower weight in the bare treatments. Substrate rearing effects on growth has been 342	

discussed in terms of compensatory partitioning and that growth may be suppressed in actively 343	

swimming larvae (reared without substrate) to free up the energy required for muscular activity 344	

(Rombough, 2006). As yolk reserves are fixed, energy used for activity would leave less 345	

available for growth, resulting in smaller fish when they begin to feed exogenously (Marr, 1966; 346	

Bams, 1967; Brett & Groves, 1979).  347	

 348	

METABOLIC RATE 349	

A mechanism for the better growth performance of larval sturgeon reared with substrates 350	

compared to bare tanks is the difference in metabolic capacity and aerobic scope among the 351	

treatment groups. While relatively little work has been done on larval sturgeon metabolism, the 352	

period of rapid development and organogenesis after hatch and during the endogenous-phase is 353	

typically characterized by rapid growth, the transition from cutaneous to branchial respiration, 354	

and a steep increase in RMR with mass (Deng et al., 2002; Rombough & Ure, 1991; Kamler, 355	

2008; Gisbert et al., 2001). The steep increase in mass-specific RMR exhibited by the larval 356	

sturgeon in this study from 3-10 dph likely reflects a period of significant physiological and 357	

metabolic changes similar to that described earlier (Oikawa et al., 1991). This rapid rate of 358	

development and growth may explain exponents for the relationships between RMR and mass 359	

being greater than unity in larval species during this energetically demanding period of 360	

development (Killen et al., 2007). Interestingly, published allometric mass-scaling exponents of 361	

larval sturgeon during the endogenous phase are also greater than 1. It was found that bRMR for 362	

green sturgeon during the endogenous feeding phase was 1.64 ± 0.21 (Gisbert et al., (2001), even 363	

greater than that found (in this study) for white sturgeon larvae (bRMR = 1.34 ± 0.21). 364	

Additionally, just prior to onset of exogenous feeding, RMR and weight began to plateau 365	

(Gisbert et al., 2001); this is consistent with the present finding for white sturgeon, although the 366	

pattern of changes in RMR was independent of substrate. Despite the RMR scaling exponent 367	
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being high, it was close to other published values for the larvae of species that exhibit rapid 368	

growth during their endogenous-phase (Post & Lee, 1996; Gisbert et al., 2001; Kamler, 2008; 369	

Killen et al., 2007). 370	

Mass-scaling exponents for MMR (bMMR) during the endogenous phase in gravel-reared 371	

larvae were greater than those for RMR (bRMR). In  contrast, the opposite was found in larvae 372	

from bare tanks as bMMR values were lower than bRMR. The lower than expected scaling exponent 373	

for bare reared larvae may have resulted because MMR was not measured at 3 to 5 dph, as these 374	

larvae would not swim against a current, and therefore could not be exercised to exhaustion. 375	

Given the high daily growth rate of larval sturgeon, the difference in weight was significant. 376	

Unlike those patterns observed for RMR, there was no plateau in MMR as larvae neared 377	

the end of their yolk reserves. MMR continued to increase significantly in gravel-reared larvae 378	

from 6-24 dph, but only slightly in bare-reared larvae. The difference in MMR between bare and 379	

gravel-reared larvae may have resulted from differences in available energy, patterns of activity, 380	

and body size (skin surface area is the primary site for gas exchange during larval development; 381	

Fu et al., 2010). Consequently, any catabolism of yolk to fuel activity during the endogenous-382	

phase would leave less energy available not only for growth, but any additional swimming 383	

required. 384	

Biochemical analysis of whole body glycogen showed that larvae reared in gravel and 385	

artificial substrate had significantly more glycogen available at 8 dph. The histological 386	

assessment of liver glycogen indicated more granules present in fish at 8 dph, but also at 16 dph, 387	

which indicates that larvae had more available glycogen during a time of rapid growth and 388	

organogenesis. Lower hepatic lipid stores in bare reared larvae indicated less available substrate 389	

for catabolism to fuel the burst and sustained swimming activity required for the MMR trials. 390	

This finding was consistent with earlier work that showed significantly more lipid in the liver of 391	

gravel-reared larvae (Boucher et al., 2014).  392	

 393	

AEROBIC SCOPE 394	

Mass-specific aerobic scope in bare-reared larvae changed very little during the 395	

endogenous phase, but increased rapidly in gravel-reared larvae. The difference in trajectory of 396	

aerobic scope during the endogenous period was mainly due to higher mass-specific RMR in 397	

bare reared larvae. A significant difference in yolk absorption efficiency and liver lipid reserves 398	
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for fish reared in different substrates has been commented on previously (Boucher et al., 2014) 399	

and in combination with the results presented here for glycogen indicate that the lower MMR in 400	

bare reared larvae may be the result of less available metabolic fuel; a finding consistent with the 401	

hypothesis by Darveau et al. (2002) that MMR is supply limited. The lower mass-specific MMR 402	

and higher RMR was likely due to increased yolk catabolism to fuel activity and resulted in 403	

lower aerobic scope of larvae reared without gravel during the endogenous period.  404	

Aerobic scope (RAS and RFS) increased with weight in both bare and gravel treatments; 405	

however this increase was limited. Relative Factorial Scope (MMR/RMR) remained below 1.7, 406	

which is within the range of factorial scope values published for other larval fish (Post & Lee, 407	

1996; Killen et al., 2007). The significant difference in weight between bare and gravel-reared 408	

larvae, however, limited any comparison of the relationship of scope with weight between 409	

treatments, as there was very little overlap in weight. The results showed that RFS was quite low 410	

in smaller larvae. This suggests that larger larvae will have a greater probability of having a 411	

greater aerobic scope. 412	

As aerobic scope represents the physiological ability to increase metabolic rate above 413	

routine levels, larvae reared without gravel substrate may be significantly limited in their ability 414	

to for example, escape predators and forage for food. At the time of first feeding, the 415	

combination of metabolic demands of digestion and that of any increased activity with lower 416	

scope could result in larvae surpassing the upper bounds of their scope, leading to mortality. 417	

Previous work hassuggested that low aerobic scope typical of fish larvae may be responsible for 418	

the significant mortality observed during this stage (Bailey & Houde, 1989); clearly, this could 419	

have severe implications for recruitment. Reduced aerobic scope may limit the ability of larvae 420	

to balance multiple metabolic functions simultaneously, such as maintenance and growth, 421	

especially when subjected to environmental or nutritional stress as suggested by Killen et al. 422	

(2007).  423	

As sturgeon exhibit rapid growth during their early ontogeny and an extremely low 424	

aerobic scope, significant trade-offs likely occur between growth and activity. These trade-offs, 425	

particularly between growth and activity, may be important during the endogenous feeding 426	

period in fish (Wieser & Medgyesy, 1990). The differences in the trajectories of both metabolic 427	

scope and growth (weight over time) between bare and gravel reared larvae were most likely as a 428	

result of growth-activity trade-offs (due to observed difference in swimming activity). To 429	



	 15	

balance the demands of high growth rates, maintenance functions may be reduced, which could 430	

result in increased susceptibility to pathogens, as suggested by Fry (1947). For example, the low 431	

aerobic scope of larvae during the endogenous period may indicate a high sensitivity to increases 432	

in temperature. This is particularly the case for bare-reared larvae as there is very little ability to 433	

increase metabolic rate to meet the respiratory demands of increased temperature. Limited 434	

aerobic scope in the bare treatment group may also explain significantly greater mortality of 435	

larvae reared at warmer temperatures (Boucher et al., 2014). 436	

It has been suggested that fish generally select habitats that optimize aerobic scope 437	

(Evans, 1990) and that aerobic scope significantly defines the niche of larval fish (Pörtner et al., 438	

2010). Larval white sturgeon demonstrate a preference for gravel substrates upon hatch (Bennett 439	

et al., 2007). Given that aerobic scope was greater for larvae reared in gravel, the habitat 440	

preference for substrate may have evolved to optimize aerobic scope. The greater growth and 441	

scope provided by substrate may also improve existing hatchery rearing methods for larval 442	

sturgeon. While the use of gravel may be unattractive due to its weight, storage, and bio-security 443	

concerns, the use of artificial substrate may be an effective option. Artificial substrate are lighter, 444	

easier to clean and store, and thus make an attractive alternative to gravel substrate. The 445	

increased surface area of each sphere also means that it is likely that less volume of substrate is 446	

required compared to gravel, which may aid in removal of dead larvae and actually improve 447	

water quality. While respirometry was not carried out on larvae reared in the artificial substrate, 448	

it is likely that aerobic scope was also improved as there was no difference in growth and 449	

glycogen concentration between larvae reared gravel and the Bio-Spheres. It has been argued 450	

that faster growth (as observed in gravel and artificial substrates) implies a more optimized 451	

aerobic scope and is likely correlated to increased fitness (Claireaux & Lefrançois, 2007).  452	

In conclusion, rearing white sturgeon larvae in substrate during the endogenous phase 453	

significantly affected their metabolic and physiological state, producing larger fish with a greater 454	

aerobic scope. The increased aerobic scope of larvae reared in gravel would provide more energy 455	

available to fuel growth, foraging, and predator evasion – but most importantly the fish from the 456	

substrate treatments were larger when they began to feed exogenously. These results may 457	

provide useful information to managers looking to understand the rearing habitats required by 458	

larval white sturgeon and remediation measures needed to restore damaged habitat. Finally, the 459	
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present findings will provide substantial insight for for hatchery and aquaculture managers 460	

looking for new methods to improve growth and the physiological condition of larvae. 461	
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Figure Captions 574	

 575	

FIG. 1. Wet weight (mg) of larval white sturgeon during development (days post hatch) when 576	

reared in gravel, artificial substrate, and bare tanks. Larvae reared within gravel and artificial 577	

substrate until 16 dph at which time they were transferred to bare tanks. Symbols represent 578	

means with standard error (n=8). * indicates a statistically significant difference from bare 579	

treatments.  580	

 581	

FIG. 2. (a) Mass-specific routine metabolic rate (µg O2 · g–1 · hr–1 ) versus days post hatch of 582	

larval white sturgeon reared with (closed symbols) and without (open symbols) gravel from 583	

hatch to 16 dph and all in bare tanks from 16-24 dph. Sample size (n) was 4 measurements per 584	

day; each measurement was conducted with 4 fish in the chamber. (b) Routine metabolic rate (µg 585	

O2 · hr–1 · larva–1) versus wet weight (mg) of larval white sturgeon reared with and without 586	

gravel from 3-24 dph.  587	

 588	

FIG. 3. (a) Mass-specific maximum metabolic rate (µg O2 · g–1 · hr–1) versus days post hatch of 589	

larval white sturgeon reared with (closed symbols) and without (open symbols) gravel hatch to 590	

16 dph and all in bare tanks from 16-24 dph. Sample size was 4 per day. (b) Maximum metabolic 591	

rate (µg O2 · hr–1 · larva–1) versus wet weight (mg) of larval white sturgeon reared with and 592	

without gravel from 6-24 dph. 593	

 594	

FIG. 4. (a) Mean daily mass-specific relative aerobic scope (µg O2 · g–1 · hr–1) of larval white 595	

sturgeon reared with (closed symbols) and without (open symbols) gravel from hatch to 16 dph 596	

and all in bare tanks from 16-24 dph. Sample size was 4 per day. Error bars represent standard 597	

error. (b) Relative aerobic scope (µg O2 · hr–1 · larva–1) versus wet weight (mg) of larval white 598	

sturgeon reared with and without gravel from hatch to 16 dph and all in bare tanks from 16-24 599	

dph. (c) Relative factorial scope (MMR/RMR) versus wet weight (mg) of larval white sturgeon 600	

reared with and without gravel from hatch to 16 dph and all in bare tanks from 16-24 dph. 601	

 602	

FIG. 5. Whole-body glycogen concentration (µM · mg protein–1 or µM) versus (a) days post 603	

hatch and (b) wet weight for larval white sturgeon reared with (closed symbols) and without 604	
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(open symbols) gravel from hatch to 16 dph and all in bare tanks from 16-24 dph. Error bars 605	

represent standard error. Measurements were made on 8 larvae for each day.  606	

FIG. 6. Longitudinal cross-sectional histology of the livers of larval white sturgeon reared with 607	

and without gravel at 8 and 16 dph, stained with Periodic acid-Schiff. Glycogen granules (pink 608	

staining) are shown by “G” and lipid vacuoles are shown by “L”. 609	

 610	

	611	
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