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Abstract 

Individual growth rates of the freshwater amphipod Hyalella azteca (Saussure) were measured in the lit-
toral zone of two small oligotrophic Ontario lakes and in growth experiments over a natural temperature 
gradient (10, 15, 20, and 23°C). Field observations showed that a temperature of 20°C is important for 
both the induction and termination of reproductive resting stages in H. azteca. Growth rates were more 
affected by temperature in small than in large individuals. Growth parameters are related to rearing 
temperature by linear regressions, which can be used as a simple model for bioenergetics calculations in 
crustaceans. A negative relationship between water temperature and maximum size attained by the 
amphipods was found. The largest adults were absent in studied populations when summer temperatures 
were high, and this phenomenon, which has also been observed in other aquatic invertebrates, was 
bioenergetically determined. Energy-budget estimations showed negative net growth efficiency (K2) in 
the largest adults at temperatures above 20°C. The relationship between K2 and temperature showed a 
dome-shaped pattern, K2 values for larger amphipods being maximal at lower temperatures. Seasonal 
migrations of adult H. azteca from shallow littoral to deeper cold habitats, observed in lakes during the 
warmest periods, appear to be temperature-induced and bioenergetically advantageous, despite probable 
increases in predation risk experienced in spatially simple deep-water habitats. 

Introduction 

Water temperature is one of the most important factors influencing the life-history characteristics and 
distribution of aquatic ectothermic animals. Temperature affects rates of metabolism, growth, and deve-
lopment in aquatic invertebrates (Sweeney 1984; Winberg 1987). It is a common observation in field and 
laboratory studies of ectothermic animals that increasing temperature results in reduced size (for a 
review see Atkinson 1994). Ray (1960) was among the first to note that the temperature-dependent 
relationship between anabolism and catabolism might explain observed the negative relationship between 
temperature and animal size. Von Bertalanffy (1960) concluded from theoretical considerations that 
smaller size at high temperature is a result of higher temperature coefficients for catabolism than for 
anabolism. This suggestion was supported later by analysis using von Bertalanffy's growth equation, 
expressed as a budget (Sukhanov 1979; Perrin 1995; but see Atkinson 1994). The effects of food supply 
and temperature on age and size at maturity in ectotherms, and their theoretical implications, were re-
cently intensively debated by Berrigan and Charnov (1994), Ernsting (1995), Perrin (1995), Sevenster 
(1995), and Atkinson and Sibly (1996); however the problem of size-temperature responses in ecto-
therms is still unresolved and requires further study. 

Because there are strong relationships between population dynamics and temperature-dependent 
physiological processes at the individual level, simple ecophysiological models relating abiotic factors 
and physiological functions (feeding, respiration, reproduction, and aging) will greatly enhance attempts 
to explain population dynamics in terms of physiology (Metz and Diekmann 1986; Kooijman et al. 1989; 
Halat and Lehman 1996). We believe that the development of such models, based on empirical data, will 



contribute to the verification of existing models addressing the evolution of age and size at maturity, as 
well as life-history theory (Stearns and Koella 1986; Kozlowski 1992; Stearns 1989, 1992). 

Expected climate change due to global warming will influence the life-history characteristics and 
biogeography of aquatic invertebrates, but the magnitude of the effect is uncertain, owing to significant 
information gaps in such areas as the physiological basis of life-history traits and development dynamics 
(Sweeney et al. 1991). In this respect, understanding and modelling temperature effects on the life-
history characteristics of aquatic animals can contribute significantly to ongoing attempts to project cli-
mate-change effects at the population and community level (Chen and Folt 1996; De Stasio et al. 1996; 
Hairston 1996; Hogg and Williams, 1996; McDonald et al. 1996). 

The first objective of the work reported here was to quantify the relationship between temperature and 
individual growth rate in different size classes of a freshwater amphipod, Hyalella azteca (Saussure), and 
to offer physiological-bioenergetic explanations for the negative relationship between temperature and 
size in crustaceans. It is known that adults in natural populations of H. azteca undergo seasonal size cyc-
les (Cooper 1965; Strong 1972), the smallest animals appearing in the summer. An increase in water 
temperature in artificial channels resulted in significant decreases in the body sizes of adult H. azteca 
(Lozano and Kitchell 1978; Hogg and Williams 1996). Also, the laboratory observations of de March 
(1978) suggested that development time and final body sizes in H. azteca that were given adequate food 
were inversely related to temperature. Physiological explanations for these temperature-dependent size 
responses in H. azteca are not found in the literature. 

Our second objective was to investigate some implications of the size-temperature response for the 
life history and population dynamics of H. azteca. Because H. azteca is a common and abundant species 
in shallow habitats in many lakes, ponds, and streams in North America (Pennak 1953; Bousfield 1958), 
accurate growth measurements are essential for evaluating its role in matter and energy transfer in the 
communities. Despite the fact that growth-temperature relationships are important for estimating secon-
dary production, there are no detailed data for different size classes of H. azteca. Also, laboratory popu-
lations of H. azteca are commonly used in toxicity testing (Borgmann and Munavar 1989). Therefore, 
base-line information pertaining to temperature effects may be essential for experiment planning and 
interpretation. 

Methods 

Populations of H. azteca were sampled in the littoral zone of Mouse and Ranger lakes (south-central 
Ontario, Canada). Quantitative samples of littoral macrobenthos were taken bimonthly from May through 
September 1994 along one transect in Mouse Lake (78°50'37"W, 45°ll'08"N) and two transects in Ranger 
Lake (transect A: 78°51'00"W, 45°09'10"N; transect B: 78°50'55"W, 45°09'05"N) at standard depths 0.4, 
0.6, 0.8, and 1.0 m with an original 40 cm diameter core sampler described earlier (Panov and Pavlov 
1986), and at depths of 1.5, 2, and 3.5 m with a Petit-Ponar grab. During sampling of hard gravel and 
cobble substrates, a 4 m long iron pole was fixed to the grab. Samples taken with the core sampler were 
replicated twice (sampling area 0.125 m2) and those with the grab sampler 5-8 times (sampling area 
0.025 m2). This ensured that the standard error of replicate samples averaged 20% of the mean density of 
the main groups of invertebrates (Downing 1979). The field samples were preserved in 4% formalin and 
transported in plastic bags to the laboratory, where macroinvertebrates were sorted and counted. Collect-
ed amphipods were mounted in a clearing medium and the length of their heads was measured using a 
computer-based video overlay system (ZCOUNT). Head length was measured along the dorsal margin of 
the head. 

Separate collections were made bimonthly (during summer) to determine length-mass relations and 
numbers of eggs. Head length was measured under a dissecting microscope, using an ocular micrometer, 
and the amphipods were then weighed alive to the nearest 0.001 mg on a CAHN 29 automatic electro-
balance. They were then dried to constant mass at 60°C and weighed again. Linear regressions were de-
termined after logarithmic transformation of length and mass. 

Growth rates of H. azteca in natural populations were obtained from analyses of the size-frequency 
distributions of amphipods from the shallow littoral zone (depths <1 m) throughout the season. Amphi-
pods were sorted into 26 size classes with head lengths ranging from 0.16 to 0.66 mm, i.e., 0.16-0.18, 
>0.18-0.20 mm, etc. 



Because H. azteca were scarce or absent in the cooler water deeper than 1 m, separate growth experi-
ments were conducted over the natural temperature gradient (10. 15, 20, and 23°C). For the growth expe-
riments, amphipods collected in the littoral zone of Ranger Lake were measured and transferred to 0.5-L 
plastic bottles (from 2 to 5 specimens per bottle depending on amphipod size; 2 or 3 for adults and 4 or 5 
for juveniles). Each bottle was 3/4 filled with lake water, closed, and put in a minnow trap. Sets of expe-
rimental bottles in minnow traps (up to 10 bottles per trap) were placed on the lake bottom at different 
depths to expose amphipods to temperatures of 10, 15, 20, and 23°C. Temperature at the lake bottom was 
monitored every 3 days and, when necessary, minnow traps with experimental bottles were moved to the 
depth with the proper experimental temperature. Time of exposure varied from 12 to 16 days for tempe-
ratures of 20 and 23°C and from 20 to 30 days at 10 and 15°C, to allow measurable changes in amphipod 
head lengths to be obtained. It should be noted that temperatures in the shallow littoral zone fluctuated 
more than those measured in deeper water. To reduce the potential for confounding of growth-rate mea-
surements because of the effects of different temperature means and temperature fluctuations, we 
restricted our analysis of experimental growth data to July and August, when temperature fluctuations in 
the shallow littoral zone were minimal (Fig. 1). 
 

 
 



 
 

Periphyton and macrophyte debris collected in the littoral zone of Ranger Lake were used as food and 
substrate for amphipods in amounts sufficient to provide a high level of food availability at all experi-
mental temperatures. The dry mass of food material (100-300 mg) was at least two orders of magnitude 
greater than the dry mass of amphipods reared in the experimental bottles. Experimental bottles were 
darkened to prevent photosynthesis (to keep food quality constant in all treatments), and the minnow 
traps were covered with aluminum foil to prevent heating of the bottles by solar radiation. Every 5 days, 
water and food in the experimental bottles was changed. We used large bottles (0.5 L) that were 3/4 
filled with lake water, leaving at least 100 mL headspace filled with air (so that atmospheric oxygen was 
available to replace dissolved oxygen lost through depletion). At the end of experiment the amphipods 
were measured under a dissecting microscope and their wet and dry masses were estimated as above. 
Temperatures in the littoral zone of Ranger and Mouse lakes were monitored during the season, using 
both automatic recorders and maximum-minimum thermometers. The temperature regimes in the two 
lakes were similar (Fig. 1). 

Head lengths of amphipods, Lh, were converted to dry body mass, W, from the log-log regression 
log(W) = a + b log(LH), where b is the exponent coefficient. Specific growth rates of H. azteca (Gs), 
were estimated from the expression Gs= ln(W2/W1)/(t2 - t1), where W1 and W2 are amphipod dry body 
masses at times t1 and t2, and t2 - t1 is the time elapsed between sampling dates or the time of exposure 
(in days). The Gs value was related to mean mass, which was calculated from the expression W'= (W2 - 
W1)/ln{W2/W1). 

The growth of amphipods was described by von Bertalanffy's equation Wt = W∞(1 - e-kt)b, where Wt is 
body mass at time t, W∞ is the theoretical maximum (asymptotic) mass, and k is the growth coefficient. 
Parameters W∞ and к were estimated from the linear regression of specific growth rate on mean body 
mass, Gs = -k' +N x W'-1/b, where b is the exponent (slope) calculated by linear regression between head 
length and dry body mass and k' and N are constants: W = (N/k')b and к = k'/b. 

The net growth efficiency coefficient (K2; based on somatic growth measurements of non-reproducing 
animals) was calculated from PS/(PS + R), where Ps is the somatic growth rate and R is the respiration 
rate. Respiration rates (in milligrams of oxygen per hour per individual) and Q10 values for metabolism 
were calculated from Mathias (1971): R = 0.00141 dry mass0.668 at 15°C and Q10= 2.8 in the temperature 
interval 10-24°C. Respiration in milligrams of oxygen per hour per individual was converted to calories 
per hour per individual, using the oxycaloric equivalent (3.38 cal/mg O2; Elliott and Davison 1975). 
Calorific values for H. azteca (4.086 cal/mg dry mass for juveniles and 3.850 cal/mg dry mass for adults) 
are from Mathias (1971). 



Results 

Length-mass  regress ions  

The relationship between individual wet mass in milligrams (WW) and head length in millimetres (Lh) 
for H. azteca (Fig. 2) is described by the regression 

[1]    log(WW) = (1.302 ±0.017) + (3.662 ± 0.044) log(Lh) 

(df = 118, P < 0.001), and the relationship between individual dry mass in milligrams (DW) and head 
length in millimetres is 

[2]    log(DW) = (0.677 ± 0.021) + (3.513 ± 0.054) log(Lh)  

(df= 118, P< 0.001). 

The fecundity of female amphipods of the same size did not differ between lakes or between summer 
months, which may reflect stable food conditions for this grazing amphipod in both studied lakes during 
most of the time of our study, and the relationship between the number of eggs (E) and head length in 
millimetres (Lh) in H. azteca is described by the regression 

[3]    log(E) = (1.558 ± 0.062) + (2.163 ± 0.196) log(Lh)  

(df= 86, P< 0.001). 
 

 
 



Growth in the lakes  

Reproduction of H. azteca in the two lakes started in late May, when the temperature reached 20°C (ovi-
gerous females were first recorded in populations at this time; Fig. 3). Juveniles of the first generation 
appeared in the littoral zone of both lakes in late June, and in about 40 days, females of this generation 
became mature. As a result, the second peak of juveniles appeared in August. Size-frequency distribu-
tions for H. azteca in May also had clear two-peak patterns (Fig. 3). Mean sizes of ovigerous females 
gradually decreased during the summer, from 0.5 mm (head length) to 0.4 mm. Amphipod reproduction 
ceased in early September, when the temperature in the shallow littoral zone dropped below 20°C. The 
largest amphipods (with head lengths >0.64 mm) were found only during May and September, when the 
littoral-zone temperature was below 20°C. During the summer, maximum sizes never exceeded 0.62-0.64 
mm (Fig. 3). From the H. azteca size-frequency distributions it was possible to obtain reliable growth 
data only for individuals of the first generation. For this cohort, all study sites yielded similar growth 
patterns, and head lengths reached 0.59-0.61 mm in September (Fig. 4). Calculated parameters for reg-
ression-related specific growth rates with respect to mean dry mass in the littoral areas of Ranger and 
Mouse lakes, as well as parameters for von Ber-talanffy's growth equation, are shown in Table 1. 
 

 
 
 

 
 
 



 

Growth experiments  

Specific somatic growth rates for H. azteca grown in the shallow littoral zone (depth 0.4-1.0 m, mean 
temperature 23°C) were very close to the growth rates estimated for the first generation monitored in 
Ranger and Mouse lakes (Fig. 5). Parameters of the growth equations were also similar (Table 1). The 
coincidence of these rates suggests that growth conditions (food quantity and quality and adequate dis-
solved oxygen levels) in the experimental bottles were natural. Survivorship tended to decrease with 
temperature, being 91, 86, 69, and 70% at 10, 15, 20, and 23°C, respectively. 

Growth rates decreased with increasing size but increased with temperature (Fig. 5). Juveniles showed 
the greatest increase in growth rates with temperature. With increasing size, growth rates of amphipods 
were gradually less dependent on temperature. Consequently, the estimated values of W∞ in the growth 



equations decreased with temperature (Table 1, Fig. 6). The growth coefficient k and parameters k' and N 
showed a positive relationship with temperature (Table 1). The relationships between the parameters k', 
N, and temperature (T, °C) are described by the regressions 

[4]    log(k') = (-5.420 ± 0.034) + (3.175 ± 0.125) log(T) 

[5]    log(N) = (-4.754 ± 0.025) + (2.705 ± 0.090) log(T) 

K2 values calculated using regressions 4 and 5 for growth-rate estimations and temperature showed a 
dome-shaped pattern (Fig. 7). K2 values calculated from empirical growth data fit the model estimations 
well. Model estimations of K2 for animals with dry mass 1.15, 1.9, 2.52, and 4.68 mg (asymptotic mass at 
23, 20, 15, and 10°C, respectively; Table 1) approached zero and became negative at 23.5, 17.5, 14.5, 
and 10.5°C. K2 values for larger animals were maximized at lower temperatures (Fig. 7). 
 

 

Discussion 

Our data pertaining to the temperature at which reproduction of H. azteca occurs in Ranger and Mouse 
lakes correspond to the results of de March (1977), who concluded that 20°C is an important temperature 
for both the induction and termination of reproductive resting stages in this amphipod. Field observations 
from other North American lakes also show that a temperature of 20°C controls the reproductive resting 
stage in H. azteca (Embody 1911; Geisler 1944; Cooper 1965). 

A negative relationship between maximum size and temperature in H. azteca has been shown in the 
laboratory (de March 1978) and the field (Lozano and Kitchell 1978). The maximum sizes of H. azteca 
at different temperatures are similar to those calculated (W∞) in the present study (Fig. 6). 

The largest size for this amphipod (1.1 mm head length, 6.6 mg dry mass) is known from old, cold-
water laboratory populations (de March 1978). This large size is near the asymptotic size of H. azteca, 
calculated from our experimental data at 10°C (head length about 1.0 mm). 

The absence of large adults in summer populations (noted for H. azteca by Cooper 1965; Strong 1972; 
this study) was also shown for the freshwater isopod Asellus aquaticus L. (Thompson 1986; Zhemaeva 
1987; Panov 1988a), and temperature is likely to be the main factor limiting maximum size. Rearing 
experiments on laboratory populations of this isopod also showed a negative relationship between W∞ 
and temperature (Panov 1988a; Mladenova 1991). For A. aquaticus, calculated W∞ values were close to 
the maximum sizes observed at corresponding temperatures in both the experiments and in nature. 



 
 
As for H. azteca, the relationships between the growth parameters and temperature for A. aquaticus 

can be described by the regressions (growth data from Panov 1988a) 

log(k') = (-3.289 ± 0.039) + (1.547 ± 0.081) log(T)  

and 

log(N) = (-2.242 ± 0.019) + (1.135 ± 0.040) log(T) 

Using this model and respiration data for A. aquaticus (R (mg O2/h per individual) = 0.00201 mg dry 
mass0.765 at 20°C (Panov 1986, 1995); Q10 = 2.25 (Mladenova 1993)), we calculated K2 for small (0.66 
mg dry mass) and medium-sized (3.8 mg dry mass) adults and for large isopods of 6.3, 7, 9.5, 13.2, and 
29.6 mg dry mass, which are equal in size to the asymptotic body masses at rearing temperatures of 20, 
16, 12, 8, and 5°C, respectively (Panov 1988a). The resulting (Fig. 8) relationship between K2 and 
temperature for different size groups of A. aquaticus also has a dome-shaped pattern, and model 
estimations of K2 for large isopods with asymptotic body masses approach zero at temperatures 
associated with rearing. 

As we have shown for H. azteca and earlier for A. aquaticus (Panov 1988a), temperature affects 
growth much more in small individuals. This means that the Ql0 value for growth is dependent on body 
size. Maximum K2 corresponds to the optimal temperature at which Ql0 values for growth and 
metabolism are equal (Winberg 1987). Winberg (1983) has shown that for acclimated ectothermic 
animals, Ql0 estimates for metabolism vary little with temperature and are generally within the range 2.0-
2.5. According to Winberg (1983), a mean Ql0 value of 2.25 can be applied to most ectotherms within the 
range of tolerable temperatures (i.e., Ql0 for metabolism, calculated from Mathias (1971), is 2.8 for both 
juvenile and adult H. azteca at temperatures ranging from 10 to 22°C, and Ql0 for metabolism is 2.25 for 
different size groups of A. aquaticus at temperatures ranging from 5 to 22°C (see Mladenova 1993)). 
Therefore, the maximum K2 value in large individuals is found at lower temperatures, and approaches 
zero at some higher temperatures. This corresponds well to the rearing temperatures for animals that 
achieve asymptotic sizes (Figs. 7 and 8). At some higher temperatures, K2 values for large individuals 
may be negative (in the case of negative growth). 

Estimates of food consumption rates (C) and respiration rates (R) made by Strong and Daborn (1980) 
for the marine isopod Idotea baltica (Pallas) represent one of the first attempts to offer a physiological 



explanation for the negative size-temperature relationship in poikilotherms. They showed that the C:R 
ratio allows the greatest scope for growth at the highest temperatures for small isopods and the least 
scope for large isopods. Strong and Daborn (1980) concluded that the differential effects of temperature 
on ingestion and metabolism explain differences in maximum size in crustaceans, and that this may have 
a wider significance for population dynamics in poikilotherms (temperature-dependent size-selective 
mortality). For example, Strong and Daborn (1980) suggested that environmental temperatures in 
midsummer may be so high in some habitats that the largest male I. baltica are unable to ingest enough 
food to meet respiration costs and rapidly die. 

Using data from these authors (Strong and Daborn 1979, 1980), we calculated K2 (a more reliable 
indicator of metabolism than C:R). As in H. azteca and A. aquaticus, the relationship between K2 and 
temperature in I. baltica was dome-shaped, with maximum K2 at 14°C for small isopods and 9°C for 
large individuals. These data suggest that the relationship between K2 and temperature in crustaceans is 
size-dependent, with optimal temperatures (temperatures corresponding to maximum K2) being inversely 
related to size (Fig. 9). This is likely to be a general rale not only for crustaceans but for other groups of 
poikilotherms as well. For instance, the rearing temperatures producing the largest larvae of certain 
instars of Chaoborus flavicans (Insecta: Diptera) decreased with increasing body size (Hanazato 1989). 

At high summer temperatures, the metabolic rates of the largest animals exceed assimilated energy 
levels, and this leads to the disappearance of larger individuals from summer populations and the exclu-
sion of larger individuals from warmer habitats. It has been shown by Hanazato (1991) that the survival 
rate of Daphnia ambigua reared at 30°C gradually declined with size from 100% in two early instars to 
zero in the last instar. and chemicals released by a predator (Chaoborus sp.) caused the drastic increase 
in size-selective mortality (highest in large animals) at high temperatures, probably due to additional 
energy costs for the development of anti-predator morphological structures. In view of these results, the 
observed summer decline in body size and population density of D. ambigua in some lakes can be attri-
buted not only to size-selective predation by fish (Threlkeld 1979) but also to the reduction in 
temperature-induced size-selective mortality and growth rate at high midsummer temperatures, enhanced 
by the indirect effects of fish presence (additional energy costs of antipredator behavior and cyclomor-
phosis). 
 

 



 
 
The latitudinal differences in body size (Bergmann's Rule) observed, for instance, by Steele and Steele 

(1975) in marine species of Gammarus, are likely bioenergetically determined. A detailed theoretical 
analysis of Bergmann's Rule (considered to be a negative relationship between latitudinal temperature 
and body size) in poikilotherms has been offered by Sukhanov (1979), who based his analysis on von 
Bertalanffy's growth model and analyzed the equations relating assimilation and respiration rates with 
respect to temperature and food conditions. His analysis supported the existence of an inverse relation-
ship between asymptotic body size (or age) and temperature, and he also suggested that the temperature 
at which the growth rate is maximized shifts higher with increasing food levels. This relationship was 
also found in young salmonids (Brett et al. 1969) and the freshwater amphipod Gammarus lacustris Sars, 
which showed a fourfold increase in asymptotic mass at the same temperature but different food levels 
(Panov 1988b). Also the isopod A. aquaticus grew much larger in a sewage ditch than in the more oligo-
trophic Neva Bay littoral zone (Panov 1988a). A correlation between food supply and adult size has also 
been shown for other invertebrates (Sweeney and Vannote 1986; Sweeney et al. 1986; Ernsting et al. 
1993; Kooijman 1993). 

These confounding relationships between temperature and food and metabolic processes can have a 
profound influence on the interpretation of both field observations and the results of laboratory growth 
experiments (Sweeney et al. 1986). Data from laboratory populations of A. aguaticus (Panov 1988a) sug-
gest that changes in the growth of adult isopods can be attributed to the direct influence of temperature, 
while the stunted growth of juveniles observed at low temperatures was most likely due to inappropriate 
food (low abundance of sessile bacteria and algae). Also, the growth rates of juvenile A. aquaticus in 
natural habitats were more affected by food than were the growth rates of adults, as were those of 
smaller bodied Asellus forbesi. Although Winberg (1987) suggested that the direct effects of temperature 
on developmental processes in poikilotherms can be properly studied only on life stages without external 
feeding, we are confident that in our experiments, food availability had no demonstrable effects on the 
growth of H. azteca and adult A. aquaticus. This supposition is supported by the ad libitum feeding regi-
men we used and by the fact that there was a good linear relationship between specific growth rates (G) 
and mean body mass (W-1/b) in these animals (r2 > 0.9). 

Food availability, then, is extremely important and may have caused difficulties with the interpretation 
of earlier results. For example, it seems likely that the decrease in size of mayflies at low experimental 
temperatures or in cold environments (Sweeney and Vannote 1978: Vannote and Sweeney 1980) may 
have been due to inappropriate feeding conditions (see Atkinson 1994). Thus, the thermal equilibrium 
hypothesis proposed by Vannote and Sweeney (1980), which suggests that there is a quasi-equilibrium 
between the positive effect of increasing temperature on size and the negative effect of increasing size on 
mass-specific metabolism, may not provide a general explanation for the evolution of a phenological 
pattern in aquatic insects (Hawkins 1986) and the latitudinal differences in size of poikilotherms. 

A negative size-temperature relationship often results in larger sizes of overwintering females in natu-
ral populations of freshwater aquatic insects (Sweeney 1978), isopods (Panov 1988a), and amphipods 
(H. azteca in this study). Because fecundity is generally positively related to body size (the relationship 
between fecundity and size for H. azteca is described by a power function), low winter temperatures 
maximize the reproductive potential of the overwintering population and lead to the production of a 
strong first generation in the early summer. 

We also suggest that the optimal thermal regime for a population (where all life-history characteristics 
are important) is different from that producing maximum individual size and fecundity (sensu Vannote 
and Sweeney 1980). As we showed above, the optimal temperature for individual growth is size-depen-
dent and defined by maximum K2. Theoretically, the largest females appear in the coldest habitats, but 
low temperatures limit the induction of reproduction and result in slow development times, so that intrin-
sic rates of population increase involve a balance between female body size and egg number on the one 
hand and reproductive periodicity and development time on the other (McLaren 1963). Thus, the geogra-
phic region where individual mass and fecundity are maximized is not necessarily the location of greatest 
subpopulation biomass, as has been hypothesized for aquatic poikilotherms by Vannote and Sweeney 
(1980). 



Sukhanov (1979) suggested from theoretical considerations that animals capable of optimizing growth 
could migrate into cooler waters as they grew. This is reminiscent of the ongoing controversy over 
whether vertical migrations provide a metabolic advantage (McLaren 1963; Shmeleva and Zaika 1973; 
Zaika 1985; Lampert 1989; Loose and Daw-idowicz 1994). Whether or not there is a metabolic advanta-
ge to be gained by migrating, benthic crustaceans do move on a seasonal basis. Mathias (1971) showed 
that large H. azteca in Marion Lake (British Columbia, Canada) migrated from the shallow littoral zone 
to 3-4 m deep habitats, and that migration occurred when the temperature in the shallow littoral zone 
increased to 20°C. 

We also saw these patterns in Mouse Lake, where H. azteca was normally restricted to the shallow 
littoral zone (depth >1 m), but large adults moved to 3.5 m depth in July, when the temperature exceeded 
25°C. In most lakes, extensive seasonal migrations of large amphipods to open, deep habitats is likely to 
be constrained by an increased risk of fish predation due to the loss of the macrophyte cover that is asso-
ciated with increasing water depth. Ranger Lake is an example. During our study, piscivore abundance 
was low (Demers 1996), pumpkinseed (Lepomus gibbosus) abundance was high, and H. azteca was not 
found in deep water. At Mouse Lake, however, piscivore abundance was high, pumpkinseed abundance 
was low, and amphipod migrations to open areas were possible. In the shallow littoral zone of both lakes, 
amphipods showed predator-avoidance behavior and concentrated in habitats with the lowest risk of fish 
predation. This behavior was associated with size-specific mortality rates that were the same at all sites 
(V.E. Panov, unpublished data). We suggest that at the comparatively low risk of fish predation in Mouse 
Lake in 1994 and in Marion Lake during Mathias' (1971) studies, temperature-induced migrations of 
large adult H. azteca in deep, cold habitats are possible. 

Aksnes and Giske (1990) concluded from a theoretical analysis of habitat profitability that increases in 
environmental temperature may be more beneficial for marine copepods than the same relative decrease in 
predation-mediated mortality risk. This analysis was based on the strong negative relationship between 
generation (development) time (T) and temperature (or a positive relationship between development rate 
(1/T) and temperature) in copepods. They suggested that in some copepods, optimal habitat choice should 
be more influenced by a relative change in temperature than an equal change in predation risk. 
 

 
 
Decreasing development rates in large ectothermic animals at high temperatures can also result in 

migration to cooler habitats despite the increasing predation risk. This may have been the case for the 
H. azteca populations from Marion and Mouse lakes (noted above). Development rates in the largest 
H. azteca (Fig. 10) in natural populations, growing from 0.60 to 0.64 mm head length, reach their 



maximum at 20cC. At temperatures above 20°C, both development rates and K2 values for this size group 
became lower and this may have caused temperature-induced migration. The optimal temperature for 
these large H. azteca is 14°C, defined by maximum K2 (Fig. 10), and similar temperatures were recorded 
at depths between 3 and 4 m in both Marion and Mouse lakes when migration of adult H. azteca from the 
shallow littoral zone occurred. 

It has recently been shown that lakes with centrarchid fish contain small-bodied H. azteca and fishless 
ponds and marshes contain large-bodied individuals. Wellborn (1994) suggested that these differences in 
sizes are most likely (according Wellborn's data) to be genetically based. The literature on H. azteca 
functional ecology, including our study, deals only with amphipods from lake populations. In future it 
would be interesting to conduct studies to assess temperature effects on the energy budgets of large-
bodied H. azteca not found in lakes. 
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