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Abstract

Growth and energy budget of marine amphipod juvenile Eogammarus possjeticus at different temperatures (20°C,
24°C, 26°C, 28°C, 30°C, 32°C and 34°C) were investigated in this study. The results showed that the cumulative
mortality  rate  increased significantly  with rising temperature (p<0.01),  and exceeded 50% after  24 h when
temperature  was  above  30°C.  With  the  temperature  increasing  from  20°C  to  26°C,  the  ingestion  rate  and
absorption rate increased, but decreased significantly above 28°C (p<0.01), indicating a decline in feeding ability
at high temperatures. The specific growth rate increased with rising temperature, but decreased significantly
(p<0.01) after reaching the maximum value at 24°C. Similarly, the oxygen consumption and ammonia emission
rates also showed a trend of first increase and then decrease. However, the O:N ratio decreased first and then
increased with rising temperature, indicating that the energy demand of E. possjeticus juvenile transferred from
metabolism of carbohydrate and lipid to protein. In the energy distribution of amphipods, the proportion of each
energy is different. With rising temperature, the ratio of the energy deposited for growth accounted for ingested
gross energy showing a trend of decrease, while the energy lost to respiration, ammonia excretion, and feces
accounted  for  ingested  gross  energy  being  showed  a  trend  of  increase.  It  seemed  that  rising  temperature
increased the metabolism and energy consumption of the amphipods and, meanwhile, decreased the energy used
for growth, which may be an important reason for the slow growth and small body size of the amphipods during
the summer high-temperature period.
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1  Introduction
Temperature directly affects survival, metabolism, growth,

and other physiological processes of animals, and, accordingly,
their population development and biodiversity (Cottin et al.,
2012). Climate warming has affected most ecosystems (Ohlber-
ger, 2013). Although climate change occurs naturally over time,
the current rate of warming is unprecedented and could seri-
ously affect many communities (Parmesan, 2006; IPCC, 2007). In
recent years, growing evidence suggests that the average body
size of many organisms in both aquatic and terrestrial environ-
ments is declining as a result of climate warming (Gardner et al.,
2011). This phenomenon has been suggested to represent a uni-
versal response to global warming that may impose significant
adverse effects on ecosystem functioning and services (Baudron
et al., 2014). Smaller mean body sizes in response to contempor-
ary climate warming have been reported for a number of organ-
isms in both aquatic and terrestrial environments (Sheridan and
Bickford, 2011), including crustaceans (Moore and Folt, 1993),

fishes (Todd et al., 2008; Genner et al., 2010; Cheung et al., 2013),
amphibians (Reading, 2007), birds and mammals (Yom-Tov and
Geffen, 2011). This indicates that negative effects of rising tem-
perature on organism body size have been observed in both eco-
therms and endotherms, but the mechanisms through which
temperature affects individual physiology and body size differ
fundamentally between the two groups. The body temperature of
ectotherms closely tracks that of their immediate surrounding
whereas endotherms maintain a constantly high core temperat-
ure (Hochachka and Somero, 1984; Atkinson and Sibly, 1997).
Therefore, temperature has more profound effects on ecto-
therms. Moreover, ectotherms constitute the vast majority of or-
ganism biomass and about 99% of all species worldwide (Millien
et al., 2006). So it is particularly important to understand how ec-
totherms respond to a warming climate. At present, most studies
on ecological responses to climate change have focused on
changes in species distribution (Parmesan and Yohe, 2003; Root
et al., 2003) and phenology (Stenseth et al., 2002; Walther et al.,  
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2002; Durant et al., 2007). So far, however, studies in the field of
the relationship between temperature and body size have been
mainly descriptive, with few researches on the interaction
between physiological mechanisms that determine body size and
the ecological environment (Ohlberger, 2013). It is well known
that body size reflects growth potential and energetics, changing
body size has implications for resilience in the face of climate
change (Gardner et al., 2011). Accordingly, this research is expec-
ted to study the effects of climate warming on physiological pro-
cess from the perspective of energy, so as to obtain more data on
the temperature regulation and metabolic response of marine or-
ganisms as well as the physiology and response to rising temper-
ature, which will increase the understanding of the potential
mechanism and physiological consequences of size change.

Amphipod is one of the crustaceans with the highest ecolo-
gical and species diversity, with more than 10 000 species, dis-
tributed in almost all aquatic environments around the world, in-
cluding ocean, freshwater, and estuarine environments (Arfianti
et al., 2018; Horton et al., 2021), especially abundant in marine
ecosystems (Bedulina et al., 2010). They occupied an intermedi-
ate trophic position, represent a key link between trophic levels,
and play a crucial role in nutrient cycles (Piscart et al., 2011;
Machado et al., 2019). Because of their large numbers, rapid re-
production, short life cycle, and sensitivity to environmental
changes (Xue et al., 2018), they are becoming increasingly im-
portant as model organisms in studies on development, regener-
ation, ecotoxicology, and evolutionary biology (Naumenko et al.,
2017; Fišer et al., 2018). Therefore, it is of great significance to
study the effects of temperature rise on the growth and energy
budget of amphipods for researching the physiological mechan-
isms of climate warming to ectotherms. The amphipod Eogam-
marus possjeticus (Anisogammaridae) is common in northern
China and is widely distributed along the coast of the Yellow Sea
and Bohai Sea (Ren, 2006). This species has a higher mortality
rate, slower growth, and smaller body size at higher temperature,
especially during summer (Xue et al., 2013); correspondingly, its
energy metabolism is likely also affected. This study focused on
the survival, growth, respiratory metabolism, and energy budget
of E. possjeticus juvenile under temperature rises. This study ex-
plored the physiological and ecological response mechanism of
amphipods to rising temperature, to provide some basic data for
the research of energy ecology of ectotherms as a consequence of
global warming.

2  Materials and methods

2.1  Amphipod collection and cultivation
Amphipods E. possjeticus were collected from the Laizhou

Bay (37°03′–37°10′N, 119°29′–119°30′E) in May 2018 using a suc-
tion sampler and were sieved through a 2 mm mesh. The animal
samples were transported to the laboratory within 3 h in three
sealed plastic bags, filled with one-third seawater (10 L) and two-
thirds of the pure oxygen.

A total of 500–600 of healthy and vigorous mating pairs were
selected and evenly distributed to five identical incubators (50 cm
long, 40 cm wide and 30 cm high) filled with 30 L of seawater in
the laboratory. The mating pairs in all the containers were
checked at 1 h or 2 h intervals until they separated from each oth-
er; and then the males were immediately removed and the ovi-
gerous females were cultured separately. After hatching, about 1 000
juveniles (4–6 mm length) from a single batch were cultured tem-
porarily in a plastic tank (50 cm long, 40 cm wide and 30 cm high)
filled with 10 L seawater at temperature of 18.8°C to 19.7°C, salin-

ity of 29 to 32, pH of 8.0 to 8.1, and dissolved oxygen of 6.3 mg/L
to 7.1 mg/L. The amphipods were cultured with a 12L:12D pho-
toperiod. The seawater was renewed every day and the amphi-
pods were fed with fresh macroalgae (Enteromorpha sp.) which
were taken from the seaside of the Fushan Bay (36°02′–36°03′N,
120°21′–120°22′E) in May 2018 once a day. The wet weight of the
macroalgae was at 150%–200% of the amphipod’s total wet body
weight. The amphipods were allowed to acclimatize to the cultiv-
ation conditions for one week before the experiments.

2.2  Experimental design and sampling

2.2.1  Cumulative mortality and median lethal temperature
This study designed seven temperatures (20°C-control, 24°C,

26°C, 28°C, 30°C, 32°C, and 34°C) and separately heated samples
to the designed temperatures in triplicates. At the beginning of
experimentation, water temperature in each treatment started at
20°C, and was increased (by temperature control system) to the
target treatment temperature by 0.5°C/h. After reaching the treat-
ment temperature, the mortality rate and median lethal temper-
ature of amphipods at 12 h, 24 h, 48 h, 72 h, 96 h, and 7 d were de-
termined. Experiments were conducted in 2 L plastic tanks filled
with 1 L of continuously aerated water. Each test tank contained
40 individuals.

Cumulative mortality rate (MR, %) was calculated by the fol-
lowing formula:

MR = (Nt/N)× , (1)

where Nt is the number of dead individuals, and N0 is the origin-
al number of individuals per treatment.

Cumulative mortality data were used to estimate median
lethal temperature (LT50) and confidence intervals (95%) for dif-
ferent treatments, using the improved Trimmed Spearman
Karber method (Huang and Xu, 2017):

LT50 = lg−
[
Xm − i

(∑
p− .

)]
, (2)

∑
p

where i is class interval (the logarithmic difference between two
adjacent temperature intervals); Xm is the logarithms of the max-
imum temperature; p is mortality of each treatment (expressed as
a decimal); and  is the sum of mortalities for all temperature
treatments.

Calculation of 95% confidence intervals for LT50 as follows:

Sx50 = i

√∑ pq
n
, (3)

LT50 = lg−(lg LT50 ± .× Sx50), (4)

where Sx50 is the standard error of lg LT50; q is survival rate for all
treatments, and equals 1−p; n is the number of amphipods in
each treatment.

2.2.2  Food ingestion and individual growth
Ingestion, growth, respiratory, and excretion were determ-

ined for each treatment at 7 d. Because juvenile survival at 32°C
and 34°C was <50% after 24 h, calculation of ingestion and growth
rates was limited to juveniles in treatments at 20°C, 24°C, 26°C,
28°C, and 30°C.
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Before experimentation, uneaten food was removed and fe-
ces were siphoned from each tank. Amphipods, 30 individuals in
each of three replicates for each treatment, were fed (0.510±
0.002) g (wet weight) of Enteromorpha sp. algae. Feces were
siphoned from the bottom of tanks into large beakers after 24 h of
feeding, and uneaten algae were carefully removed with forceps.

Ingestion (IR, mg/(g·h)), absorption (AR, %), faecal egestion
(FR, mg/(g·h)), and specific growth (SGR, %) rates per day were
calculated as follows:

IR = Wd/(Wa × t), (5)

AR = (Wd −Wf)× /Wd, (6)

FR = Wf/(Wa × t), (7)

SGR = × (lnWt − lnW)/t or

SGR = × (lnLt − lnL)/t, (8)

where Wd is the dry weight of food consumed (mg), Wa is the wet
weight of amphipods for food ingestion experiment (g), Wf is the
dry weight of feces (mg), W0 and Wt are the initial and final mean
wet weights of amphipods (g), respectively; L0 and Lt are the ini-
tial and final mean body lengths (anterior margin of the head to
posterior tip of the telson) of amphipods (mm), respectively; t1

and t2 are the food ingestion time (h) and the experimental dura-
tion (d), respectively.

2.2.3  Respiration and excretion
Respiration was calculated by comparing the dissolved oxy-

gen content of closed 1 L bottles filled with seawater containing
30 individuals to that in a reference bottle without amphipods
following 4 h incubation. Ammonia excretion was measured at
the end of respiratory experiments. No food was provided during
the respiration and excretion tests. Experiments were replicated
three times.

Oxygen consumption [OR, mg/(g·h)] and ammonia excretion
[NR, mg/(g·h)] rates were calculated based on differences in oxy-
gen consumption and ammonia excretion, as follows: O:N rep-
resents the ratio of oxygen consumption to ammonia excretion
rates. Q10 is the sensitivity of amphipod respiration to temperat-
ure. Dissolved oxygen was determined by a multi-parameter
handheld monitor (SmarTROLL-MP, in situ, USA), and ammo-
nia nitrogen was tested by sodium hypobromate oxidation (Gen-
eral Administration of Quality Supervision, Inspection and Quar-
antine of the People’s Republic of China and Standardization Ad-
ministration of the People’s Republic of China, 2008).

OR = [(D − Dt)× V] /(Wt × t), (9)

NR = [(Nt − N)× V] /(Wt × t), (10)

O : N = (OR/) / (NR/) , (11)

Q = (R/R)
/(T−T), (12)

where D0 and Dt are the dissolved oxygen contents of the control
and temperature treatment, respectively; N0 and Nt are the am-
monia nitrogen concentrations in water in the control and tem-
perature treatment (mg/L). V is the respiratory chamber volume
(L), t is the experimental duration (h), and R1 and R2 are the oxy-
gen consumption rates of amphipods at temperatures T1 and T2,
respectively.

2.2.4  Energy budget
Energy budgets were calculated using the method described

by Fang et al. (2010), and were established according to the equa-
tion:

C = G+ F+U+ R, (13)

where C is energy consumed, G is energy for growth, F is energy
loss to faeces, and U is energy lost to ammonia excretion, and R is
energy loss as respiration. Because the experimental duration
was relatively short, this study does not consider molting energy.

2.3  Data analyses
Statistical analyses were conducted using Excel and IBM SPSS

statistical software. Differences in parameters between treat-
ments were compared by one-factor ANOVA model followed by
Tukey’s test for multiple comparisons at a significance level of
0.05. Prior to statistical analyses, raw data were assessed for nor-
mality and homogeneity of variance by Kolmogorov–Smirnov
and Levene’s tests, respectively.

3  Results

3.1  Cumulative mortality and median lethal temperature
The cumulative mortality of E. possjeticus juvenile at different

temperatures was shown in Table 1. With rising temperature, cu-
mulative mortality rate gradually increased, especially above
30°C. The LT50 values and corresponding 95% confidence inter-
vals at various times were obtained using a modified Karber’s
method (Table 2). LT50 gradually decreased from 32.66°C at 12 h
to 29.32°C at 7 d. ANOVA revealed a significant effect of temper-
ature on the cumulative mortality rate (p<0.01, df=6, mean square=
6 032.14, F=71.20).

3.2  Ingestion and growth
Ingestion rates and feed absorption efficiencies first in-

Table 1.   The cumulative mortality rates of E. possjeticus juvenile under different temperatures

Temperature/°C Number/ind.
Cumulative mortality rate/%

12 h 24 h 48 h 72 h 96 h 7 d

20 40 0.00 1.25 1.25 6.25 6.88 11.25

24 40 0.00 0.63 0.63 1.88 3.13 8.75

26 40 0.00 0.00 0.00 12.50 12.50 17.50

28 40 0.00 0.63 1.25 10.63 11.25 16.25

30 40 1.88 1.88 2.50 11.25 13.13 18.13

32 40 39.38 50.00 57.50 59.38 62.50 72.50

34 40 54.38 65.63 69.38 70.00 70.63 73.13
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creased, and then gradually decreased with rising temperature
(Figs 1 and 2). Both parameters were highest at 26°C and lowest
at 30°C. The maximum ingestion rate was (23.95±2.23) mg/(g·h),
and the minimum (13.06±1.22) mg/(g·h); the maximum feed ab-
sorption efficiency was 71.75%±1.33%, and the minimum
36.60%±8.32%. The fecal egestion rate first decreased, and then
increased with rising temperature (Fig. 3). One-factor ANOVA re-
vealed significant differences in ingestion rate (p<0.01, df=4,
mean square=65.14, F=6.49), feed absorption efficiency (p<0.01,
df=4, mean square=661.15, F=15.86), and fecal egestion rate at
different temperatures (p<0.05, df=4, mean square=2.40, F=5.24).

Specific growth rate first increased, and then decreased with

rising temperature (Fig. 4). The SGR in weight (SGRw) and length
(SGRl) were highest at 24°C, with maxima 12.50%±0.50% per day
and 3.36%±0.09% per day, respectively, and lowest at 30°C, with
minima 7.53%±0.43% per day and 1.92%±0.09% per day, respect-
ively. One-factor ANOVA revealed temperature had a significant
effect on the specific growth rate (SGRw, p<0.01, df=4, mean
square=12.73, F=38.09; SGRl, p<0.01, df=4, mean square=1.22,
F=95.34).

3.3  Respiration and excretion
With rising temperature, the oxygen consumption rate first

increased and then decreased (Fig. 5); it was highest at 28°C
((1.40±0.07) mg/(g·h)), and lowest at 30°C ((1.21±0.07) mg/(g·h)).
The ammonia excretion rate also first increased, and then de-
creased with rising temperature (Fig. 6); it was highest at 26°C
((0.18±0.06) mg/(g·h)) and lowest ((0.03±0.01) mg/(g·h)) at 20°C.
One-factor ANOVA revealed significant differences in ammonia
excretion rate at different temperatures (p<0.01, df=4, mean
square=0.14, F=66.11).

O:N ratios initially decreased, and then increased with rising
temperature (Fig. 7); they were highest (38.14±5.03) at 20°C, and
lowest (6.51±1.04) at 26°C. One-factor ANOVA revealed a signific-
ant difference in the O:N ratio among treatments (p<0.01, df=4,

Table 2.   The median lethal temperature (LT50) and 95% confid-
ence interval of E. possjeticus juvenile

Time LT50/°C 95% confidence interval

12 h 32.66 32.03–33.30

24 h 31.96 31.33–32.60

48 h 31.61 31.00–32.23

72 h 30.53 29.78–31.30

96 h 30.31 29.55–31.09

7 d 29.32 28.52–30.14
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Fig. 1.     The ingestion rate of E. possjeticus  juvenile at different
temperatures. Different capital letters indicate significant differ-
ences (p<0.05) among different treatments, the same as below.
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Fig. 3.   The faecal egestion rate of E. possjeticus juvenile at differ-
ent temperatures.
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Fig. 2.   The absorption rate of E. possjeticus juvenile at different
temperatures.
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Fig.  4.     The  specific  growth  rate  of  body  weight  and  specific
growth rate of body length of E. possjeticus juvenile at different
temperatures.
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mean square=449.65, F=9.37).
The sensitivity of respiration to temperature is often ex-

pressed as a Q10 value, which reflects the relationship between
reaction rate and temperature; the higher the Q10 value is, the
greater the influence of temperature is. With rising temperature,
Q10 first increased, and then decreased (Table 3).

3.4  Energy budget
With rising temperature, the ingestion, respiratory, excretion,

and growth energies first increased, and then decreased (Table 4).
Ingestion and growth energies decreased significantly above
28°C. One-factor ANOVA revealed temperature had a significant
effect on the consumption energy (p<0.01, df=4, mean square=
73 847.41, F=8.41), excretion energy (p<0.01, df=4, mean
square=89.40, F=69.68) and growth energy (p<0.01, df=4, mean

square=74 259.68, F=9.94). The equations of energy budget of E.
possjeticus juvenile under different temperatures are shown in
Table 5.

4  Discussion

4.1  Effect of rising temperature on survival, ingestion and growth
Higher temperature increases the metabolic consumption

and turnover rate of organisms, increasing mortality even in the
absence of starvation (Kooijman, 2010; O’Connor et al., 2011).
The results showed that E. possjeticus juveniles survived longer at
(relatively) lower temperatures (e.g., higher survival rates at 20°C
and 24°C), but the mortality would be significantly increased at
higher temperatures, especially above 30°C. Moreover, as time
went on, the difference became more obvious with a significant
decrease in the median lethal temperature and 95% confidence
interval. It was similar to observations reported by Foucreau et al.
(2014) and Balloo and Appodoo (2017). With the increase of tem-
perature, the metabolic activity and consumption of organism
may increase. If food resources are limited, the survival of organ-
isms will be threatened, and the population development and
ecosystem function will be affected in the long run (Mas-Martí et
al., 2015; Galic and Forbes, 2017).

An increase in temperature within a certain range will in-
crease an amphipod’s food consumption (Foucreau et al., 2016).
Higher temperatures increase metabolism in ectotherms, reflect-
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Fig. 5.   The oxygen consumption rate of E. possjeticus juvenile at
different temperatures.
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Fig. 6.   The ammonia excretion rate of E. possjeticus juvenile at
different temperatures.
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Fig. 7.   The O:N ratio of E. possjeticus juvenile at different tem-
peratures.

Table 3.   The Q10 coefficients under different temperature inter-
vals for E. possjeticus juvenile

Temperature interval/°C Q10 coefficient

20–24 1.03

24–26 1.21

26–28 1.24

28–30 0.34

Table 4.   Short-term energy budget of E. possjeticus juvenile at different temperatures
Temperature

/°C
Consumption energy

/(J·g–1·h–1)
Respiration energy

/(J·g–1·h–1)
Excretion energy

/(J·g–1·h–1)
Fecal energy

/(J·g–1·h–1)
Growth energy

/(J·g–1·h–1)
20 605.47±122.21a 62.68±4.69ab 2.55±0.31a 78.50±8.50ab 461.74±116.94a

24 679.49±76.76a 63.46±7.83ab 3.42±0.60a 65.05±2.87a 547.57±67.77a

26 690.93±64.46a 65.95±6.78ab 15.66±1.41b 75.36±7.03ab 533.95±53.82a

28 415.13±56.98b 68.84±3.55a 6.52±0.93c 72.76±6.21ab 267.01±53.01b

30 348.54±32.51b 55.35±3.35b 3.28±0.98a 84.44±5.30b 205.47±30.57b

          Note: Different letters in the same column indicate significant differences among treatments (p<0.05).
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ing their increased energy requirements (Brown et al., 2004).
However, it suggested that such energy requirements increases
were not necessarily related to linear increases in ingestion rate.
This study obtained similar results that the ingestion rate of E.
possjeticus juvenile maintained a higher level at higher temperat-
ures, and it did not increase linearly with rising temperatures. In
poikilothermic animals, the rising temperature within the appro-
priate temperature range might positively affect assimilation, im-
proving digestive efficiency and promoting growth (Díaz Vil-
lanueva et al., 2011). Rising temperature will accelerate the
movement of food through the digestive tract of animals, and
promote digestion by increasing the activity of digestive en-
zymes; however, beyond the optimal temperature, the activity of
digestive enzymes will be significantly reduced (Zhang et al.,
2017). With rising temperature, the evacuation rate increases,
which may contribute to lower digestibility. In contrast, high wa-
ter temperature may result in rapid digestion by high digestive
enzyme activity. Therefore, higher evacuation rate, combined
with higher level of digestive enzyme activity related to temperat-
ure rises could affect feed conversion efficiency (Zhang et al.,
2017). Moreover, extreme temperatures will reduce an animal’s
performance, negatively affecting feed assimilation and absorp-
tion, slowing down the growth rate, tending to decrease body size
and even causing death (Atkinson, 1994; Daufresne et al., 2009;
Pawar et al., 2016).

4.2  Effects of rising temperature on respiratory metabolism
It is known that species have optimal temperatures at which

metabolism in physiological function is best (Pang et al., 2015).
Higher temperature will increase the metabolic rate of aquatic
animals within an appropriate temperature range, while extreme
temperature, such as exceeding the optimal temperature, will
have a negative effect, causing metabolic rates to exceed levels of
absorbed energy (Saucedo et al., 2004). Gomes et al. (2013)
demonstrated that both oxygen consumption and ammonia ex-
cretion of Gondogeneia antarctica increased with rising temper-
ature from 0°C to 5.0°C. The results are consistent with the above
conclusions. Within an appropriate temperature range, the oxy-
gen consumption and ammonia release rate of E. possjeticus in-
creased with the increasing temperature (below 26°C), while at
the more extreme temperature (such as 30°C), their respiratory
metabolism decreased significantly.

O:N values indicate the contribution of protein catabolism to
total metabolism, and the balance relationship between protein,
carbohydrate, and lipid catabolism rates in tissues (Jadhav et al.,
2012). A high O:N value (>30) indicates a body’s energy is
provided mainly from metabolism of carbohydrates and lipids,
and a low O:N value (<30) indicates a protein metabolism
(Bayne, 1976). For E. possjeticus juvenile, the O:N ratio decreased
with rising temperature (below 26°C), indicating that the energy
demand of E. possjeticus juvenile transferred from metabolism of
carbohydrate and lipid to protein. Probably, as energy demand
changes with temperature, the shifts of substrate are part of the

mechanisms used to supply energy efficiently under the specific
conditions (Gomes et al., 2013). These results suggest that the ca-
pacity of amphipods to compensate their metabolic rates seems
to be limited. The E. possjeticus is proved to alter its energetic de-
mand by increasing its oxygen consumption rate or reducing its
ammonia excretion rate, and temperature changes can greatly af-
fect its homeostasis.

The Q10 of aquatic animals varies depending on species. In
the appropriate temperature range, the minimum Q10 value ap-
pears at the optimal temperature, and Q10 value increases on
both sides of the optimal temperature. When the temperature ex-
ceeds the appropriate range, Q10 value may decrease again, that
is, Q10 value will also decrease near the limit value beyond the ap-
propriate temperature range (Ye et al., 2011; Shi et al., 2011). The
mean Q10 values for crustaceans lie between 1.47 and 1.92
(Cumillaf et al., 2016). Maybe due to different species, the mean
Q10 values for E. possjeticus juvenile ranged from 0.34 to 1.24, and
the lower Q10 values appeared twice at 20–24°C (Q10 value was
1.03) and 28–30°C (Q10 value was 0.34), respectively. These res-
ults indicate that 20–24°C is the optimum temperature range for
E. possjeticus juvenile, while 28–30°C is beyond the optimum
temperature.

4.3  Effects of rising temperature on energy budget
In estimating the energy budget, an important factor is water

temperature, which affects feeding, basal metabolism, growth,
excretion and defecation (Yuan, 2005). Cui et al. (1995) showed
that the metabolic rate of fish increased with rising temperature
within a certain range, and decreased with the further rising tem-
perature beyond a certain range. The ratio of growth energy to
food energy resulted in a bell shaped curve with the change of
water temperature in red fin puffer Fugu rubripes (Jia et al., 2008).
In addition, the percentage of growth energy and energy utiliza-
tion decreased with higher energy demand at water temperature
that were too high or low (Peres and Oliva-Teles, 1999). With
rising temperature, an individual adjusts its metabolism, which
directly impacts its adaptability, which is affected by its energy
budget (Sandersfeld et al., 2015; Huang et al., 2016). Within an
optimum temperature range, a species devotes most energy to-
wards important physiological functions and energy storage.
However, under stressful thermal conditions, the physiological
functions of organisms are negatively affected, and meanwhile
the energy allocation is seriously impacted since organisms
might not consume enough food to meet increasing metabolic
demands (Clarke and Johnston, 1999; Sandersfeld et al., 2015).
This was also confirmed in our research results. The consump-
tion energy and metabolism of E. possjeticus juvenile increased
with rising temperature, while the temperature exceeded 28°C,
feeding and growth energy significantly decreased.

Temperature also influences the partitioning of consumed
energy between tissue accretion and energy sinks such as nitro-
gen excretion and faeces (Bermudes et al., 2010). The proportion
of energy allocated to respiration, excretory, and fecal energies of
E. possjeticus juvenile all increased with rising temperature, in-
dicating an active metabolism at high temperatures. Species usu-
ally reach a smaller size at higher development temperatures, po-
tentially through thermal sensitivity of growth rates and cell size,
which represent adaptive responses to temperature with a fit-
ness advantage of being smaller in warmer environments
(Kozłowski et al., 2004; Yuan et al., 2007). On the other hand, in
warming environments, smaller-sized individuals are better able
to balance demand and uptake because of their larger surface
area to volume ratio (Pauly, 2010). The above mentioned pos-

Table 5.   Energy budget equation of E. possjeticus juvenile at dif-
ferent temperatures

Temperature/°C Energy budget equation

20 100C=10.35R+0.42U+12.97F+76.26G

24 100C=9.34R+0.50U+9.57F+80.59G

26 100C=9.55R+2.27U+10.91F+77.28G

28 100C=16.58R+1.57U+17.53F+64.32G

30 100C=15.88R+0.94U+24.23F+58.95G

         Note: C, consumption energy; R, respiration energy; U, excretion
energy; F, fecal energy; and G, growth energy.
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sibly explain the slower growth rate and smaller body size of E.
possjeticus in summer. In addition, the highest value of SGR, IR,
AR or the proportion of growth energy in the energy consumed
from food assimilation was found at 24°C in amphipods, suggest-
ing that the optimum temperature for E. possjeticus juvenile is
approximately 24°C which is higher than our previous studies
(21°C) (Xue et al., 2018). Currently lower than optimal temperat-
ures imply positive effects of warming, while currently optimal or
higher than optimal temperatures imply negative effects of rising
temperatures on individual growth performance (Ohlberger,
2013).

The results suggest that rising temperature has a measurable
impact on the feeding physiology and metabolic physiology in E.
possjeticus juvenile and affects its energy supply mode. It seemed
that rising temperature increased the metabolism and energy
consumption of the amphipods, but decreased the energy used
for growth, which may be an important reason for the slow
growth and small body size of the amphipods during the sum-
mer high-temperature period.
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