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Physiology, behavior, habitat, and morphology are used to determine the degree of adaptation to life on land
for amphipod species and systemization within the four functional groups of the family talitridae. Talorchestia
longicornis is a semi-terrestrial amphipod found in the supratidal zone of estuaries. The present study inves-
tigates the physiological adaptations of this species to life on land through measurements of osmoregulation
and respiration. Over the salinity range of 1–40‰, T. longicornis regulated its hemolymph hyperosmotically at
low salinities and hypoosmotically at high salinities. The isosmotic point was about 27‰. Analogously, hemo-
lymph chloride levels were well regulated being hyperionic at low salinities and hypoionic at high salinities.
This species is capable of respiration in both air and water. Slopes (b values) of the relationship between
weight and oxygen uptake rates ranged from 0.316 to 0.590. Oxygen uptake rates were higher in air than
water and at night versus day. Q10 values were slightly below 2.0 for respiration in air for amphipods, irre-
spective of weight. These physiological adaptations, along with its behaviors, habitat, and morphology,
place T. longicornis within the Group III sandhoppers of the Talitridae.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Amphipods of the family Talitridae have evolved to live on land
and are the only amphipod family that contains truly terrestrial spe-
cies (Hurley, 1968). In an attempt to determine evolutionary relation-
ships within the talitridae, Bousfield (1984) divided them into four
functional groups based on behavior, habitat, and morphology
(Spicer et al., 1987). These four groups are thought to be in ascending
order of evolutionary progress to life on land and correspond to the
following: (I) semi-aquatic, rarely terrestrial amphipods of estuarine
marshes and freshwater bogs; (II) non-substratum modifying, semi-
terrestrial and terrestrial beachfleas of tropical to boreal coastlines;
(III) substratum modifying, semi-terrestrial sandhoppers of tropical
to temperate sandy beaches; and (IV) terrestrial landhoppers of trop-
ical and temperate rainforests (Bousfield, 1984; Spicer et al., 1987).

The success of the talitrid land invasion is primarily limited by os-
motic and ionic regulatory constraints, in conjunction with the threat
of desiccation (Bliss and Mantel, 1968; Hurley, 1968; Truchot, 1990).
Numerous studies with talitrid amphipods have shown that the abil-
ity to regulate the osmotic and ionic content of their hemolymph var-
ies with the range of salinities they naturally encounter (Morritt,
1988, 1989; Koch, 1991; Morritt and Spicer, 1998; Calosi et al.,
2007). The estuarine habitats of Group II and III talitrids are often sub-
ject to large fluctuations in salinity as a result of rainfall and seawater
inundation. Due to their dependence upon water to regulate their
+1 252 504 7648.
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internal fluids in air and given the permeable nature of their integu-
ment, effective regulation of their hemolymph within the range of
salinities they naturally encounter is critical to their survival (Moore
and Francis, 1985; Truchot, 1990; Koch, 1991; Normant and
Lamprecht, 2006). Thus, the effectiveness of osmoregulation in a
specific habitat is indicative of the degree to which a species is
physiologically adapted to life on land (Spicer et al., 1987; Morritt
and Spicer, 1998). Group III sandhoppers are generally found to be
strong osmotic and ionic regulators over a wide range of salinities
and follow a relatively homoiosmotic pattern (Spicer et al., 1987;
Morritt, 1988, 1989; Koch, 1991; Morritt and Spicer, 1998; Calosi et
al., 2007).

Supratidal amphipods in Group III have a bimodal respiration
capability and are capable of respiring indefinitely in both air and
water, which is indicative of an incomplete adaptation to an aerial
existence (Spicer and Taylor, 1987; Spicer et al., 1987). The ability
of supratidal amphipods to take up oxygen in air or water is poor
when compared to fully terrestrial or fully aquatic amphipods
(Spicer and Taylor, 1987; Spicer et al., 1987). This is attributed to
the reduction of the gill area, and results in decreased metabolic
and respiration rates (Spicer et al., 1987). Consequently, it allows
them to compensate for higher temperature fluctuations of the supra-
tidal zone (Rao and Bullock, 1954; Spicer and Taylor, 1987). Among
intertidal invertebrates, toleration of large temperature fluctuations
results in lower Q10 values (Rao and Bullock, 1954; Newell, 1969,
1973; Bridges and Brand, 1980; Venables, 1981; Van Senus, 1985).
Thus, adaptation to life in the supratidal zone can be evaluated by
comparing the rates of oxygen consumption in air and water, along
with Q10 values (Spicer et al., 1987).
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The present study concerns the supratidal amphipod Talorchestia
longicornis (Say) which is found on sandy estuarine and coastal bea-
ches on the Atlantic coast of North America from Newfoundland to
northern Florida (Smallwood, 1903; Bousfield, 1973). This amphipod
is found in high population densities along sandy beaches in
estuaries, which are subject to fluctuating temperatures and a wide
range of salinities that vary as a result of rainwater and seawater
inundation. They inhabit shallow, nonpermanent burrows during
the day near the high water mark and emerge after sunset to actively
forage on the substratum at night until sunrise when they return to
their burrows (Forward et al., 2007). The underlying endogenous cir-
cadian rhythm in activity is entrained by temperature and light:dark
cycles (Forward et al., 2007, 2009b, 2010). If exposed on wet sand
or in water during the day, they show Y-axis orientation using the
sun, beach slope, and visual landmarks as orientation cues (Forward
et al., 2009a; Walsh et al., 2010). Hence, while the physiological adap-
tations of T. longicornis have not been studied, its semi-terrestrial
habitat, morphology, and complex behaviors, such as its circadian
rhythm in activity and Y-axis orientation, place it within the Group
III substratum-modifying sandhoppers.

This study investigates the physiological aspects of (1) hemo-
lymph osmoregulation, (2) chloride ion regulation, and (3) respira-
tion of the supratidal amphipod T. longicornis to determine its
degree of physiological adaptation to life on land. It was hypothesized
that the physiological adaptations of the amphipod T. longicornis
would demonstrate this species as highly modified for life on land
in the supratidal zone and would confirm its systemization within
talitridae as a Group III sandhopper.

2. Materials and methods

The amphipod Talorchestia longicornis was collected from the
supratidal zone of sandy beaches in the Neuse River Estuary (Pine
Cliff, North Carolina, USA) from June to August 2010. The amphipods
were exposed to the diel light:dark and temperature cycles at the col-
lection site, with summer supratidal substrate temperatures ranging
from 23 to 37 °C (Forward et al., 2010). Although normal salinities
range from 1 to 20‰ at the collection site, the amphipod occurs
throughout the estuary and can be exposed salinities from 1 to 35‰
or greater due to rainfall and evaporation. Collections were made at
night with pitfall traps filled with 5 cm of ambient seawater buried
level with the surface of the substrate above the mean high water
mark. Animals were removed from the traps the following morning
and transported to the laboratory. They were maintained in glass
aquaria filled with 10 cm of sand moistened with seawater of 19‰,
which was similar to the ambient salinity at the collection site. The
glass aquaria were positioned near a window to be exposed to the
ambient light:dark cycle and kept at a constant temperature of
about 23 °C. The amphipods were fed cellulose (Kimwipes®) and
fish flakes (Wardley®) for>24 h prior to the experiments.

2.1. Acclimation time course for osmoregulation and chloride ion regulation
experiments

The initial experiments determined the time course of osmotic
adjustment in the hemolymph of T. longicornis to new environmental
salinities. Amphipods were acclimated in 1.8 L of aerated water at
salinities of either 10 or 32‰. These acclimation salinities were used
because they were predicted to be below and above the isosmotic
point for osmoregulation in T. longicornis based upon past studies
with related species (Morritt, 1988). New acclimation water was pre-
pared and changed every two days at approximately these salinities
to prevent the buildup of metabolites. Large amphipods (>1 cm)
were tested without discrimination of sex due to the ease of hemo-
lymph extraction. Eleven to fifteen amphipods were sampled from
each of the environmental salinities after 24, 48, 96, and 144 h of
acclimation. In subsequent experiments amphipods were acclimated
to salinities of 1, 5, 10, 15, 20, 25, 30, 35, and 40‰ (accuracy≤1‰),
which corresponded to naturally occurring salinities within the
Neuse River Estuary. Since the time course experiment indicated
hemolymph osmolality stabilized within 48 h, about 12 amphipods
were sampled from each of the 9 experimental salinities after 48 h
of acclimation for the osmoregulation and chloride ion regulation
experiments.

2.2. Hemolymph osmolality measurements

Hemolymph samples were obtained by puncturing the arthrodial
membrane between the second and fifth dorsal plates and extracting
fluid using a 10 μL pipette. Great care was taken not to puncture the
gut or muscle somites during the hemolymph extraction. Osmolality
of a sample was immediately measured with a vapor pressure
osmometer (Wescor® Vapro 5520). Replicate samples from each
amphipod were averaged. Water samples were taken directly from
the acclimations solutions, and the average osmolality was calculated
from a minimum of three replicate measurements. All osmolality data
was expressed in milliosmoles per kilogram (mOsm kg−1).

2.3. Hemolymph chloride ion measurements

Hemolymph samples were obtained by puncturing the arthrodial
membrane between the second and fifth dorsal plates and extracting
fluid using a 10 μL pipette. A sample was immediately transferred to a
weigh boat and weighed on an analytical balance (Sartorius®). Each
sample was then diluted with 10 μL of distilled water, and chloride
ion concentrations were measured with a digital chloridometer
(LabConco®: units=mEq L−1). The chloride ion concentrations
were calculated using the following procedure. Previous osmolality
measurements indicated the average osmolality of the hemolymph
at the acclimation salinities. The hemolymph was assumed to have
the density of seawater at these osmolalities. Hence, the volume of
hemolymph extracted was calculated from the weight of the sample.
Since the chloridometer assumed that a 10 μL sample was being
measured, and the actual volume of the sample was used to adjust
the measured chloride level to the actual value for a 10 μL sample of
hemolymph fluid. Water samples were taken directly from the accli-
mations solutions, and the chloride ion concentration was calculated
from the average of three replicate measurements.

2.4. Respiration experiments

Oxygen uptake rates were experimentally determined using a dif-
ferential respirometer (Gilson®). Prior to experiments, amphipods
were in culture for 24 to 72 h and exposed to the ambient light:
dark cycle and a constant temperature of 23 °C. Twelve animals of
varying sizes were weighed on a top loading balance (College®:
accuracy=0.01 g) and placed in individually in respirometer flasks.
The animals were then covered with a small piece of plastic mesh to
prevent movement into the side arm of the flask, which contained
approximately 0.5 mL of 20% KOH solution. The flasks were then
attached to the respirometer and inserted into a water bath at the
experimental temperature and allowed a 15 min acclimation period.
After the acclimation period, the valves on the respirometer were
closed and oxygen uptake rates (μL of oxygen consumed) were mea-
sured over the next 30 min. After the initial measurements, the valves
on the respirometer were opened, and the flasks removed and filled
with 20‰ seawater, which was the approximate salinity used to
moisten the sand in the maintenance tanks. The flasks were then
reattached, and the amphipods were tested again following the
same procedure mentioned previously. Respiration was measured
during (1) daytime in air at 23.5 °C, (2) daytime in water at 23.5 °C,
(3) daytime in air at 28.5 °C, (4) daytime in water at 28.5 °C,



161A.P. Ramus, R.B. Forward Jr. / Comparative Biochemistry and Physiology, Part A 161 (2012) 159–165
(5) nighttime in air at 23.5 °C, and (6) nighttime in water at 23.5 °C.
These temperatures were used because 23.5 °C is a typical summer
surface temperatures at night, and the approximate temperature in
the laboratory maintenance aquaria. Alternatively, 28.5 °C is a typical
daytime temperature in the substrate during the day at the burrow
depth of the amphipods (Forward et al., 2010). Daytime measure-
ments were made between 10:00 h and 16:00 h while nighttime
measurements were made between 22:00 h and 03:00 h. Oxygen
uptake rates were converted to STP and expressed as microliters of
oxygen consumed per hour (μL h−1). The oxygen uptake rates and
wet weights for each animal were then converted to log10 values
and plotted against each other for each environmental condition.
Linear regressions were fitted for each experimental condition. The
coefficient of determination and sample size for each regression line
were used to test for significance and whether the regression could
be used in subsequent comparisons. The equations for the regression
lines were then used to calculate oxygen uptake rates for small
(0.1 g), medium (0.25 g), and large (0.4 g) amphipods at 23.5 °C and
28.5 °C in air during the day. The Q10 values were calculated from
these data using the van't Hoff equation.

3. Results

3.1. Initial time course experiment— adaptation to different environmental
salinities

Animals were collected from the same semi-terrestrial habitat and
exposed to either a high (32‰) or low (10‰) salinity environment,
corresponding to osmolalities of 935 and 310 mOsm kg−1, respec-
tively. Animals exposed to the higher salinity (32‰) regulated
hypo-osmotically (Fig. 1A), whereas animals acclimated to the
lower salinity (10‰) were hyperosmotic (Fig. 1B). This pattern of
osmoregulation was observed for the 144 h duration of the time
A

B

Fig. 1. Time course of osmotic adjustments in the hemolymph of T. longicornis exposed
to A) a high salinity environment of 32‰ or B) a low salinity environment of 10‰. The
average medium osmolalities are shown as dashed lines. Symbols represent mean
hemolymph osmolality±SE; sample sizes varied from 11–16.
course experiment. For animals transferred to the high salinity envi-
ronment, hemolymph osmolality declined after 24 h and then was
maintained in a relatively stable range of±60 mOsm kg−1 from 48
to 144 h (Fig. 1A). Mean hemolymph osmolalities were not statistically
different (t-test for comparison of means: Pb0.05) between 96 and
144 h. For animals exposed to a low salinity environment, hemolymph
osmolality decreased after 24 h and leveled off after 48 h (Fig. 1B).
Mean hemolymph osmolalities were not statistically different between
48, 96 and 144 h (Pb0.05). These data indicate acclimation to higher
salinities occurred between 48 and 96 h and between 24 and 48 h at
the lower salinity. Hence, in the subsequent acclimation experiments
hemolymph osmolality and Chloride ion concentrations were mea-
sured after 48 h of acclimation.

3.2. Osmoregulatory ability of T. longicornis

The relationship between medium osmolality and hemolymph
osmolality (Fig. 2) indicates that hemolymph osmolality ranged
between 723 and 968 mOsm kg−1 when acclimated to environments
of 90 to 1199 mOsm kg−1 (1–40‰). The isosmotic point was
825 mOsm kg−1 and corresponds to a salinity of 27.5‰. When
exposed to environments below the isosmotic point from 90 to
789 mOsm kg−1 (1–25‰), the hemolymph was hyperosmotic to
the external medium and was maintained within a narrow range
between 723 and 828 mOsm kg−1. After exposure to acclimation wa-
ters above the isosmotic point that ranged from 917 to 1199 mOsm
kg−1 (30–40‰), T. longicornis regulated hypo-osmotically with
means hemolymph values between 876 and 968 mOsm kg−1.

3.3. Chloride ion regulation in the hemolymph of T. longicornis

The regulation of hemolymph chloride ion concentration ([Cl−])
underlies hemolymph osmoregulation and supports the results of
the osmoregulation experiments. The relationship between medium
[Cl−] and hemolymph [Cl− ] (Fig. 3) indicates hemolymph [Cl− ] var-
ied from 321 to 418 mEq L−1 when acclimated to seawater [Cl− ]
from 59 to 640 mEq L−1 (1–40‰). The isoionic point was 340 mEq
L−1 and corresponds to a salinity of 21‰. At low external concentra-
tions below the isoionic point, from 59 to 327 mEq L−1 (1–20‰),
mean hemolymph [Cl− ] were mainly hyperionic and maintained be-
tween 321 to 347 mEq L−1. Higher external concentrations above the
Fig. 2. Hemolymph osmolalities upon acclimation to different external osmolalities for
T. longicornis. The 1:1 isosmotic line is the diagonal dashed line. Symbols indicate mean
hemolymph osmolality±SE at each of the 9 environmental salinities. Sample sizes
varied from 9–12.



Fig. 3. Hemolymph [Cl− ] upon acclimation to different environmental salinities for T.
longicornis. The 1:1 isoionic line is the diagonal solid line. Symbols indicate mean
hemolymph [Cl− ]±SE at each of the 9 acclimation salinities. Sample sizes varied
from 7–12.
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isoionic point from 503 to 640 mEq L−1 (25–40‰) yielded mean
hemolymph concentrations that were hypoionic, from 376 to 418 mEq
L−1.

3.4. Respiration

Respiration was measured under 6 experimental conditions:
daytime air at 23.5 °C (Fig. 4A), daytime water at 23.5 °C (Fig. 4B),
daytime air at 28.5 °C (Fig. 4C), daytime water at 28.5 °C (Fig. 4D),
nighttime air at 23.5 °C (Fig. 4E), and nighttime water at 23.5 °C
(Fig. 4F). The oxygen uptake rate was measured as μl of O2 consumed
per hour at STP, and weight was determined in grams. Since the
relationship between oxygen uptake rate and weight is generally
considered to be logarithmic for intertidal invertebrates (Newell,
1969, 1973; Van Senus, 1985; Spicer and Taylor, 1987; Williams,
1990), regression lines were fitted using the formula:

log10 oxygen uptake rateð Þ ¼ blog10 weightð Þ þ log10 yð Þ

Resultant slopes (b), y-intercepts (y), coefficients of determina-
tion (R2), and probabilities (P) are displayed in Table 1, along the
corresponding sample sizes (n). With the exception of nighttime
water at 23.5 °C (Fig. 4F), regression lines at each experimental condi-
tion were found to be significant (Pb0.05). Slope values were all less
than 1.0 and ranged from 0.590 in air at 23.5 °C during the day
(Fig. 4A) to 0.316 in 20‰ water at 23.5 °C during the day (Fig. 4B).

Oxygen consumption rates for both air and water at 23.5 °C during
the day (Fig. 5A) indicate that rates were quantitatively higher in air
than in water except for very small animals. The slopes of these two
regression lines were not significantly different (F-test for equality
of slopes: P>0.05) but the y-intercept for respiration in air was sig-
nificantly greater (F-test for equality of intercepts; F=12.43;
Pb0.0007) than the intercept in water. The oxygen uptake rates in
both air and water at 28.5 °C during the daytime (Fig. 5B) also
indicate the rates to be higher in air than in water. The slopes of
these two regression lines were not significantly different but the
y-intercept in air was significantly greater than the intercept in
water (F=47.27; Pb0.0001). These results demonstrate that T.
longicornis has bimodal respiration capabilities and can take up
oxygen effectively in both air and water, although it takes up oxygen
at a greater rate in air.
The oxygen uptake rates in air (Fig. 5C) at 23.5 °Cwere quantitative-
ly higher at night than during the day. However, the slopes of these
regression lines were not significantly different and the y-intercepts
failed to show a significant difference (F=3.24: Pb0.07). This quantita-
tively increase is expected because of the amphipods’ circadian rhythm,
in which they are active at night and in burrows during the day. Com-
parisons between day and night rates in water were not possible be-
cause the regression relationship at night (Fig. 4F) was not significant.

The temperature coefficient (Q10) values (Table 2) for respiration
during the day in air were calculated for 3 representative weights of
amphipods from the regression lines (Fig. 5C). These calculations
could be made between 23.5 °C and 28.5 °C because the slopes of
the regression line did not differ statistically but did have significantly
different y-intercepts (F=10.76; Pb0.0016). The temperature coeffi-
cients were slightly below 2.0 and decreased slightly as size increased
(Table 2). In contrast, oxygen uptake rates in water at 28.5 °C and
23.5 °C (Fig. 5D) could not be calculated because neither the slopes
nor y-intercepts of the regression lines were significantly different.

4. Discussion

Since Talorchestia longicornis occurs in the supratidal zone through-
out estuaries, it is naturally exposed to a wide range of salinities. The
relative homoiosmotic pattern determined for T. longicornis is consis-
tent with that of other supratidal amphipods, such as Talorchestia
deshayesi, Talitrus saltator, and Talorchestia ugolinii (Morritt, 1988;
Morritt and Spicer, 1998; Calosi et al., 2007). Furthermore, T. longicornis
has an isosmotic point of 825 mOsm kg−1, which is roughly equivalent
to 850 mOsm kg−1 for T. saltator (Morritt, 1988). In addition, at lower
salinities that typically occur in estuaries, their hemolymph is main-
tained hyper-osmotic at a relatively constant level (Morritt, 1988;
Koch, 1991; Calosi et al., 2007). Since T. longicornis burrows in the sub-
strate during the day (e.g. Forward et al., 2010), it is exposed to low
salinities in the substrate during rainfall events and high salinities due
to evaporation. Alternatively, if washed into the water this species will
be exposed to ambient estuarine salinities that can range from 1 to
35‰ or higher. T. longicornis is hypo-osmotic to normal seawater
(35‰) as are most semi-terrestrial sandhoppers (Spicer et al., 1987;
Morritt, 1988; Morritt and Spicer, 1998; Calosi et al., 2007). The ability
to hypo-regulate is interpreted as a pre-adaptation for terrestrial life
and is indicative of this animal's tolerance to desiccation, as desiccation
in air is comparable to prolonged exposure to hypersaline environ-
ments (Koch, 1991). This is thought to be an adaptation for desiccation
resistance because the hypo-osmotic animals have more water to lose
before their blood osmolality becomes too great through transpiration,
resulting in death (Spicer et al., 1987; Koch, 1991).

The hyper-hypo-ionic pattern observed for [Cl− ] ion regulation of
T. longicornis in water parallels that of [Na+] ion regulation for Talitrus
saltator in water (Morritt, 1989). It has been previously thought that
the regulation of the chloride ion limited species penetration into ter-
restrial habitats (Spicer et al., 1987), but Moore and Francis (1985)
provided evidence that the regulation of the sodium ion is of greater
importance. While the ions are different, blood osmolality is essen-
tially dependent upon [Na+] and [Cl−], so the concentration of the
ions should be approximately proportional to each other. The isoionic
points for [Cl−] in T. longicornis (340 mEq·L−1) was lower than the
isoionic point for [Na+] (360 mEq·L−1) in Talitrus saltator (Morritt,
1989). This difference may be expected because when crustaceans
become isosmotic to the external medium [Na+] are usually approx-
imately isoionic, but [Cl− ] are usually hypoionic (e.g. Blasco and
Forward, 1988). T. longicornis demonstrates this difference as the
isosmotic point based upon hemolymph osmolality is 27.5‰, whereas
the isoionic point for the chloride ion corresponded to a salinity of
21‰. Thus, at the isosmotic point chloride levels are predicted to be
below the level in the acclimation water, and the measured chloride
levels would correspond to a lower salinity.
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Fig. 4. Relationships between the logarithm (log10) of the oxygen uptake rate against the log10 of animal weight at each experimental condition. Regression analyses are shown as
solid lines. Oxygen rate uptake in μL·h−1 was converted to STP and weight was in g. The regression equation, sample sizes, slopes, y-intercepts, coefficients of determination, and
probabilities can be seen in Table 1. Plots correspond to the following test conditions: A) daytime air at 23.5 °C; B) daytime water at 23.5 °C; C) daytime air at 28.5 °C; D) daytime
water at 28.5 °C; E) nighttime air at 23.5 °C; F) nighttime water at 23.5 °C.

Table 1
Table of the sample sizes (n), slopes (b), y-intercepts (y), coefficients of determination
(R2), and probabilities (P) for the regression lines used in the logarithmic graphs of
oxygen consumption rate versus weight. The regression equation corresponds to:

log10 oxygen uptake rateð Þ ¼ blog10 weightð Þ þ log10 yð Þ

.

Experimental conditions n b y R2 P Figures

Day Air 23.5 °C 44 0.590 2.11 0.545 0.01 Fig. 4A
Day Water 23.5 °C 31 0.316 1.81 0.387 0.05 Fig. 4B
Day Air 28.5 °C 35 0.580 2.22 0.569 0.01 Fig. 4C
Day Water 28.5 °C 35 0.589 1.97 0.506 0.01 Fig. 4
Night Air 23.5 °C 47 0.484 2.12 0.288 0.05 Fig. 4E
Night Water 23.5 °C 48 0.072 1.61 0.049 NSa Fig. 4F

a Not significant.
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Respiration rates were found to be significantly higher in air than
water at 23.5 °C and 28.5 °C during the day, although the amphipods
still took up oxygen effectively in water. These results also illustrate
the bimodal respiration capabilities for T. longicornis which are
characteristic of Group III amphipods and indicating these animals
are well adapted to life in the supratidal zone (Spicer and Taylor,
1987; Truchot, 1990). The slopes of the regression lines (b values)
for the relationship of oxygen uptake rate and weight were all less
than 1, ranging from 0.316 to 0.590. This indicates weight increases
faster than oxygen uptake rate, which allows the animals to get larger
as is expected for ectotherms (Bridges and Brand, 1980). Alternative-
ly, slope values less than 1.0 indicated weight specific oxygen uptake
rates decrease as amphipods get larger.

A morphological change characteristic of Group III amphipods is a
reduction of the gill surface area (Spicer and Taylor, 1987; Spicer et
al., 1987). This is indicative of the animal's incomplete adaptation to
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Fig. 5. Comparative graphs showing the logarithmic relationships of the oxygen uptake rate to animal weight. All regression lines used in the comparisons are significant (Pb0.05).
Regression lines in the comparisons correspond to the following: A) air (solid) and water (dashed) at 23.5 °C during the day; B) air (solid) and water (dashed) at 28.5 °C during the
day; C) air at 23.5 °C (solid) and 28.5 °C (dashed) during the day and during the night activity phase in air at 23.5 °C (dotted); D) water at 23.5 °C (solid) and 28.5 °C (dashed)
during the day.
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aerial life but allows them to take up oxygen in both air and water,
although the rates are lower than those of animals that live strictly
in one medium (Bridges and Brand, 1980). In air at 23.5 °C, rates
during nighttime were quantitatively greater than daytime rates.
This difference shows that rates were higher during the nocturnal
activity phase (e.g. Forward et al., 2010), which is a characteristic
behavior of supratidal amphipods such as Talorchestia capensis,
Talorchestia deshayesi, Talorchestia margaritae, and Talitrus saltator
(Venables, 1981; Williams, 1982, 1990; Van Senus, 1985).

Oxygen uptake rates were expected to increase as temperature
increased. The Q10 values for metabolic processes are normally in
the range of 2 to 3 (Bridges and Brand, 1980; Spicer and Taylor,
1987). The overall lower oxygen uptake rates in supratidal amphi-
pods predict that their oxygen uptake rates would be more resistant
to temperature fluctuations (Spicer and Taylor, 1987; Spicer et al.,
1987; Truchot, 1990). The Q10 values in air for T. longicornis agree
with this prediction as they ranged from 1.68 to 1.73. While these
values were still low, they are closer to the normal values for intertid-
al invertebrates (Rao and Bullock, 1954; Newell, 1969, 1973; Spicer
and Taylor, 1987). Additionally, the Q10 values for T. longicornis are
similar to those for other Group III sandhoppers such as Talorchestia
capensis, Talorchestia deshayesi, and Talorchestia margaritae
(Venables, 1981; Van Senus, 1985; Williams, 1990). Furthermore,
Table 2
Table showing the Q10 values for small (0.1 g), medium (0.25 g), and large (0.40 g)
animals in air. Q10 values were calculated from the regression analysis using the van't
Hoff equation at 23.5 °C and 28.5 °C during the day (Fig. 5C).

Q10 Small Medium Large

Air 1.73 1.70 1.68
the Q10 values decrease with an increase in size, indicating that the
large animals are more adapted to live in a thermally unstable envi-
ronment. Typically larger amphipods occur higher up on the beach
profile above the high water line than smaller animals (Spicer et al.,
1987).

This study determined that T. longicornis has three physiological
characteristics of group III sandhopper within the Talitridae. First,
they regulate their blood osmolality and chloride ion concentrations
at relatively constant level over a salinity range from 1 to 40‰ and
have a relatively homoiosmotic pattern. Second, they can respire in
both air and water but uptake oxygen at higher rates in air. Third,
they can compensate for changes in temperature, as Q10 values for
respiration in air were less than 2.0. Therefore, their supratidal habi-
tat, complex behaviors (e.g. Forward et al., 2009a, 2010; Walsh et al.,
2010), and physiological adaptations support the hypothesis that T.
longicornis is highly modified for life in the supratidal zone and con-
firm its position within talitridae as group III sandhoppers.
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