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Abstract

Respiratory water loss (RWL) in insects showing continuous emission of CO, is poorly studied because few methodologies can
measure it. Comparisons of RWL between insects showing continuous and discontinuous gas exchange cycles (DGC) are therefore
difficult. We used two recently developed methodologies (the hyperoxic switch and correlation between water-loss and CO» emission
rates) to compare cuticular permeabilities and rates of RWL in five species of ants, the Argentine ant (Linepithema humile) and four
common native ant competitors. Our results showed that RWL in groups of ants with moderate levels of activity and continuous gas
exchange were similar across the two measurement methods, and were similar to published values on insects showing the DGC.
Furthermore, ants exposed to anoxia increased their total water loss rates by 50-150%. These results suggest that spiracular control
under continuous gas exchange can be as effective as the DGC in reducing RWL. Finally, the mesic-adapted Argentine ant showed
significantly higher rates of water loss and cuticular permeability compared to four ant species native to dry environments.
Physiological limitations may therefore be responsible for restricting the distribution of this invasive species in seasonally dry
environments.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction the spiracles when insects exchange gases during

respiration).

Water is essential for life; animals contain a high
proportion of water. Since terrestrial animals live in a
medium (air) that contains thousands of times less water
than themselves, they should possess effective mechan-
isms to prevent desiccation by passive loss of water.
Because of their large body surface area to mass ratios,
terrestrial arthropods are especially susceptible to
dehydration (Chown, 2002; Edney, 1977; Hadley,
1994). This is particularly true for water loss through
the cuticle of terrestrial insects, but other sources may
also contribute to desiccation (e.g., water loss through
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The importance of respiratory water loss (RWL) in
insects is controversial. It has been claimed in the
literature that the cuticle is the primary route of water
loss in terrestrial arthropods, and that RWL is such a
small component of total water loss that it can be
ignored (Edney, 1977; Hadley, 1994). For example in
four ant species expressing discontinuous gas exchange
cycles (DGC), the RWL rate varied between 2-8% of
total water loss (Lighton, 1992; Quinlan and Lighton,
1999). Moreover, data from more than 20 species of
insects from four different orders show that RWL is less
(and usually much less) than 20% of total water loss (see
Table 1 from Chown, 2002). As a consequence, many
authors have concluded that modulation of such a small
contribution is unlikely to represent a fitness benefit
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Table 1
Masses and catabolic flux rates
Ant species Temp. (°C) N Individual V CO, MR (pW) SMR (W) MR vs. SMR Oio
mass (mg) (Wh~'ant™)
Paired t-test
Forelius mecooki 20 6 0.274+0.052  0.2640.04 1.52+0.21 0.61+0.10 ts = 14.488, P<0.0001
30 6 0.278+0.014  0.59+0.10 3.45+0.57 1.24+0.06 ts = 9.168, P = 0.0003 2.02
40 6 0.266+0.020  1.0540.05 6.13+0.68 2.3940.16 ts = 16.291, P<0.0001
Linepithema humile 20 9 0.460+0.036  0.55+0.16 3.18+0.95 0.96+0.06 ts = 6.740, P<0.0001
30 6 0.424+0.008  0.66+0.09 3.85+0.53 1.79+0.03 ts = 9.424, P = 0.0002 1.73
40 6 0.42840.020  1.54+0.07 8.96+0.96 3.60+0.14 ts = 13.178, P<0.0001
Crematogaster 20 5 1.435+0.161  0.794+0.08 4.63+1.02 2.53+0.24 ty = 5.609, P = 0.0050
californica 30 7 1.360+0.198  1.47+0.38 8.57+2.23 4.83+0.60 te = 4.692, P = 0.0034 1.82
40 5 1.485+0.209  2.66+0.43 15.55+2.53 10.43+1.26 ty = 5.940, P = 0.0040
Dorymyrmex 20 5 0.61340.083  0.33+0.02 1.914+0.15 1.2240.14 ty = 10.019, P = 0.0006
insanus 30 6 0.579+0.025  0.674+0.06 3.94+0.37 2.33+0.09 ts = 8.964, P = 0.0003 2.25
40 6 0.57140.046  1.57+0.27 9.164+1.55 4.60+0.32 ts = 7.036, P = 0.0009
Solenopsis xyloni 20 5 0.415+0.023  0.3240.06 1.86+0.37 0.88+0.04 ty = 6.009, P = 0.0039
30 6 0.43140.012  0.76+0.09 4.42+0.51 1.814+0.04 ts = 13.094, P<0.0001 1.78
40 6 0.648+0.096 1.47+0.15 8.56+0.85 5.13+0.66 ts = 18.624, P<0.0001

Data are reported as mean+SD. N = sample size. MR = metabolic rate. SMR = standard metabolic rate predicted by the allometric equation for

inactive tracheate arthropods, using a Qo = 2 (Lighton et al., 2001).

(Lighton, 1994, 1998). However, we can speculate that
RWL is a small component of total water loss just
because it is under strong natural selection. This has
been only partially demonstrated as changes of gas
exchange patterns resulting from selection (Gibbs, 1999)
for desiccation resistance in Drosophila in the laboratory
(Williams et al., 1997, 1998). Selection to reduce RWL is
also supported by the fine control of spiracle opening
even under highly energetic activities such as flying
(Lehmann, 2001). The two main pathways of water loss
in insects, i.e., through the cuticle and the spiracles, may
both have been minimized by natural selection, but the
selective mechanisms evolved independently because
mechanisms to reduce water loss are completely
different in each case. To reduce water loss through
the cuticle the thickness or the composition of waxes
and other hydrocarbons can be modulated, while to
reduce water loss through the spiracles the morphology
of the spiracles may be altered or their degree of opening
kept to the minimum that is strictly necessary to
exchange gases, i.e., CO, and O,, without imposing a
needless RWL penalty (e.g., Lehmann, 2001).

It has been widely suggested that the DGC evolved to
reduce RWL, although other possible explanations have
recently been discussed (see Bradley, 2000; Hetz and
Bradley, 2005; Lighton, 1996; Lighton and Berrigan,
1995; and also Chown et al., 2005 for review). Only a
few comparative studies concentrate on the importance
of RWL (e.g., Chown and Davis, 2003), but RWL in
insects that show a pattern of continuous gas exchange
remain largely uninvestigated. This is not because RWL

is thought to be unimportant in insects with continuous
gas exchange, but until now distinguishing between
cuticular and spiracular water loss rates (WLRs) in
insects with continuous gas exchange was technically not
feasible (but see Gibbs and Johnson, 2004; Lighton et
al., 2004). The hyperoxic switch (Lighton et al., 2004) is
a non-invasive technique that modulates spiracular
opening by manipulating gas composition, and permits
the measurement of RWL in insects with continuous gas
exchange. This technique has the advantage that it can
be used for groups of insects. This, in turn, allows
investigators to improve the signal/noise ratio when
making measurements of WLRs in insects, ants in this
case, with a mass of an order of magnitude smaller than
has been measured by open flow respirometry, with the
concomitant advantages of this methodology, i.e., the
high temporal resolution, which allows minimization of
measurement errors and overestimates (for discussion
see Lighton and Fielden, 1996; Lighton et al., 2004).
In this study we measured physiological character-
istics of insect gas exchange such as metabolic rate,
cuticular permeability (CP), RWL and maximal rates of
RWL through diffusion (which could be an indicator of
total respiratory throughput capacity) in groups of
insects exhibiting continuous patterns of gas exchange.
To measure these parameters we applied recently
developed methodologies to measure RWL in insects
with continuous gas exchange, i.e., the hyperoxic switch
method (Lighton et al.,, 2004), and the correlation
between water-loss and CO, emission rates (Gibbs
and Johnson, 2004). We also compared these two
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methodologies and addressed the ecological hypothesis
that the mesophilic and exotic ant species Linepithema
humile (Argentine ant) will lose water more readily when
compared with four common species of xeric-adapted
ants native to the southwestern US, which compete with
the Argentine ant. We measured CO, production and
water vapor emission in groups of Argentine ants, L.
humile, and four common native ant species from
coastal southern California, i.e., Forelius mccooki,
Dorymyrmex insanus, Crematogaster californica, and
Solenopsis xyloni at three different temperatures (20, 30
and 40 °C) using open flow respirometry.

2. Materials and methods
2.1. Animals

We collected all ants used in this study from San
Diego Co., CA, USA. We collected a colony fragment of
the Argentine ant, L. humile, from Los Pefiasquitos
Canyon Preserve. Workers of D. insanus were collected
from urban edges in La Jolla. Colonies of F. mccooki,
and workers of C. californica and S. xyloni were
collected at the University of California Elliot Chaparral
Reserve. The native ants selected are among the most
common species found in xeric scrub habitats in San
Diego, and all are commonly displaced by Argentine
ants (Suarez et al., 1998; Holway, 2005).

All colonies or groups of workers were maintained in
round polyethylene nest containers (diameter 28 cm)
lined with Fluon™ to prevent ants from escaping. Each
nest container had three nest chambers (test tubes with
water reservoirs backed by cotton wool and wrapped in
aluminum foil to block ambient light). Colonies were
maintained in a temperature-controlled room (23 +1 °C)
with an ambient photoperiod for 24 weeks prior to
testing. They were fed on crickets (once a week), ca.
25% sugar solution (three times per week) and water ad
libitum.

2.2. Respirometry

We used flow-through respirometry to measure real
time water vapor emission and CO, production in
unrestrained ant workers. For all measurements we used
the high-resolution TR-2 Sable System International
(SSI; Las Vegas, Nevada, USA) flow-through respiro-
metry system (Duncan and Lighton, 1994). Briefly, air
free of CO, and H,O was drawn through low-perme-
ability, Bev-A-Line tubing (to minimize errors asso-
ciated with water vapor absorbance) and a respirometry
chamber also made of Bev-A-Line tubing with stainless
steel mesh filters at a flow rate of 20mlmin~"' controlled
by a Tylan FC-260 mass-flow control valve attached to a
SSI two-channel mass-flow controller (TR-MFC1). The

water vapor and CO, produced by the ants were
measured by a SSI RH-100 water vapor analyzer
(0.1Pa of resolution and 1% accuracy) and a Li-Cor
CO, analyzer (resolution 0.1 ppm CO,), respectively.
Specimen temperatures were controlled to +0.1°C by a
SSI's Pelt-4 temperature controller and SSI’s PTC-1
Peltier Effect cabinet with a volume of 81. The CO,
analyzer was zeroed with CO,-scrubbed outside-build-
ing air and spanned at 976 ppm with a certified span gas.
The water vapor analyzer was zeroed with nitrogen and
spanned by bubbling air through pure water at an
accurately known temperature (measured by a thermo-
couple attached to a SSI TC1000 thermocouple meter,
accuracy <0.2°C) ca. 5 °C lower than ambient. The RH-
100 was set to its dewpoint mode, and adjusting it to
read the correct water temperature, i.e., temperatures
reading from the TC1000 and RH-100 matched. See
Lighton et al. (2004) for a detailed explanation of the
setup.

2.3. Experimental procedure

Each group of ants was weighed to the nearest
0.01 mg with a Mettler AG245 balance. Meanwhile, the
start baselines for the carbon dioxide and water vapor
analyzers were recorded. After weighing the ants, and
pausing the recording, we aspirated ants directly into the
Bev-A-Line respirometry chamber, which was immedi-
ately connected to the respirometry system. The record-
ing continued until a plateau in WLR was reached. At
that point the gas flowing through the system was
changed to pure oxygen (which did not affect the water
vapor or CO, analyzers), and the recording was re-
started. After a further ca. 20min, the oxygen was
changed to pure nitrogen, and the recording continued
until the ants’ CO, production fell to near baseline
levels. Finally, the recording was paused again, the ants
were removed from the respirometry chamber, and the
end baseline was recorded. Each recording lasted about
1.5-2h, including initial and final baselines, and
consisted of a variable number of data points taken at
2-s intervals from either a group of 3 S. xyloni or C.
californica workers, or groups of 10 workers for the
other species (i.e., D. insanus, F. mccooki and L. humile).
We took 5-9 independent measurements for each species
at each of three temperatures (20, 30 and 40 °C).

2.4. Measuring respiratory water loss: the hyperoxic
switch method

Estimates of gross CP do not allow one to distinguish
between respiratory and cuticular water loss. RWL is
also difficult or impossible to measure in isolation. To
distinguish between these two components of water loss,
we developed a new and non-invasive technique that
modulates spiracular opening by gas composition
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(Lighton et al., 2004). After ants in a respirometry
chamber reach a steady state of CO, and water vapor
emission under normoxic conditions, we infuse pure O,
which causes a temporary decrease in spiracular area
and a coincident, transient drop in CO, output and H,O
vapor loss. We then measure RWL from the propor-
tional decrease of H,O vapor under hyperoxic condi-
tions, and estimate CP by subtracting RWL from gross
CP. We conservatively estimate RWL, as a percentage
of total WLRs, with Eq. (1).

CRWL = 100(AWL/WL), (1)

where CRWL is the conservative estimate of RWL rate
as a percentage of total WLR, AWL the change in WLR
across the hyperoxic switch, and WL the total rate of
water loss prior to the hyperoxic switch. In contrast, the
upper limit of RWL rate can be expressed as follows:

URWL = CRWL/(ACO,/CO,), ©)

where URWL is the upper estimate of RWL rate as a
percentage of total WLR, ACO, is the change in rate of
CO; emission (VCO»,) across the hyperoxic switch, and
CO;, is VCO, prior to the hyperoxic switch. Eq. (2)
corresponds to a transient reduction of spiracular
conductance, and thus RWL, to zero. CO, is arguably
a more reliable index of the degree of spiracular closure
than H,O vapor, because H,O vapor has extremely
sluggish kinetics compared to CO,. It is trivial to modify
Eq. (2) to allow for a less than complete reduction in
spiracular conductance across the hyperoxic switch
(equivalent to a unity numerator factor in Eq. (2)); this
assumption simply allows us to set an upper limit to the
contribution of RWL to total water loss.

2.5. Measuring respiratory water loss: the CO, emission
vs. water loss regression method

We also analyzed the data with a new technique
developed by Gibbs and Johnson (2004). Briefly, we
plotted WLR against CO, release for each individual
group of ants using the 2s time-averaged values over
0.5-1h of respiratory recording. Extrapolation to the
intercept provides an estimate of corrected cuticular
water loss, i.e., without the spiracular component. The
slope of each regression line estimates the hygric cost of
gas exchange for that recording, i.e., the incremental
increase in water loss associated with CO» release. RWL
is calculated with the equation

RWL,, = RS%CO,, 3)

where RWL,., is the RWL estimated by the regression
method (Gibbs and Johnson, 2004), RS is the slope of
the regression expressed in mg H,Oh™' plCO,h™'!, and
CO, is the VCO, in plCO, h™!. For a detailed
explanation of the method, see Gibbs and Johnson
(2004).

The CO, and water vapor signals were lag corrected
because they were slightly out of phase due to the
experimental arrangement (CO, and water vapor
detectors were arranged in series, i.e., a given bolus of
air reached the water vapor analyzer before it reached
the CO, analyzer). We excluded the first 3—5 min of the
recording in order to avoid higher values of water vapor
and CO, caused by wash-out effects in the system. The
final peaks of CO, and water vapor after infusion of
pure N, were also excluded from the analysis because
the peak of CO, requires O, for its production, but O,
was something the ants, in their case, no longer had.
This contrasts with water vapor output, which in the
short term is independent of oxygen availability. We
also excluded all defined peaks of water vapor (e.g.,
produced by grooming or excretion) that were indepen-
dent of the metabolic state of the insects.

2.6. Analysis and statistics

Data were stored in a laptop computer by Datacan V
data acquisition software with its UI-2 16-bit interface
(basic accuracy = 0.05%) and analyzed with ExpeData
data analysis software (SSI). The following corrections
and conversions were made from the recordings: (1) CO,
and H,O baselines were subtracted, (2) CO, in ppm was
converted to ulh™' (see (Lighton, 1991) for formulae),
(3) H,O vapor pressure in Pa was converted to
mgH,Oml™" (by dividing by 7T%461.5, where
T = temperature of the water vapor sensor in kelvin,
and (4) H>O concentration in mgml~' was converted to
WLR in mgh™' (by multiplying by flow rate in mlh™").

After corrections and conversions were made, the
following values were measured and analyzed from the
recording: (1) mean values of CO, and H,O plateaus
(pre-O, treatment; see below), (2) magnitude of post-O,
decline in CO,, and mean post-O, decline in H,O, (3)
the mean over a 30 s peak of maximal CO, emission and
WLR post-N,, and (4) the mean of the post-N, water
loss plateau. We saved these values in a spreadsheet for
further data manipulations as the conversion of CO,
emission rate to energy units of microwatts, assuming
the dissipative oxidative catabolism of glucose (see
Lighton, 1991). The spreadsheet also included the
calculation of the water vapor saturation deficit from
chamber temperature (formulae in Lighton and Feener,
1989), the ant surface area (Lighton and Feener, 1989)
and, thence, gross CP (i.e., combined respiratory and
cuticular water loss).

Means are accompanied by standard deviations,
except when noted, and sample sizes, and they are
compared by analysis of variance (ANOVA) or ¢-test.
Regressions are by least squares, with axis transforma-
tions where noted, and are tested for statistical
significance by analysis of variance. Regressions are
compared by analysis of covariance (ANCOVA).
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3. Results
3.1. Masses and catabolic flux rates

Our samples of ants weighed between 0.2 to 1.5mg
per ant (Table 1). The difference across species was
highly significant (F4g5 = 333.83, P<0.0001, One-way
ANOVA). However, as expected, there were no
significant differences in mass at different temperatures
(F287 =0.109, P = 0.897, One-way ANOVA).

As might be expected of groups of 3 or 10 ants in a
novel environment, the ants were active during the
recordings, except when knocked out by displacement of
oxygen (in pure nitrogen). Thus each species demon-
strated a significant increase in the catabolic flux rate
compared with the predicted value for inactive insects,
corrected for temperature assuming a Q¢ of 2 (equation
from Lighton et al., 2001; see Table 1 for comparison).

Are the catabolic flux rates of the five ant species
different? To answer this question, we divided catabolic
flux rates in uW by live mass in mg raised to the 0.856
power, which is the interspecific mass scaling exponent
for tracheate arthropods (Lighton et al., 2001). This
eliminates the mass dependence of catabolic flux rates,
allowing the five species to be directly compared. By
ANCOVA of log-transformed mass-independent cata-
bolic flux rates (log-transformed metabolic rate) vs.
temperature, the five species differed in the temperature
sensitivity of the catabolic flux rate, or slope
(Fag0 =3.49, P<0.01). The slopes correspond to Qg
from 1.73 to 2.25, which are close to the usually assumed
value of 2.0 (see Table 1). For example, F. mccooki had a
slope of 0.0306, which corresponds to a Qjy of
10(10X00300) 1 3 02, Because the mass-independent
metabolic rates (MR) of the five species significantly
differed in their sensitivity to temperature, differences
between intercepts could not be tested.

3.2. Water loss rates and gross cuticular permeabilities

A typical run is shown in Fig. 1. The relationship
between mass-independent WLRs for the five ant species
in units of (mgH,Oh '(mgant)™') and the three
temperatures tested are shown in Table 2. At high
temperatures, L. humile, per mg of ant, loses water at a far
higher rate compared to the other ant species (Table 2).
The result is a steeper slope of mass-independent WLR
vs. temperature for L. humile (ANCOVA: same slope:
F450 =10.027, P<0.0001). At 40°C, for example, L.
humile loses 0.263+0.027 (mgH,O h™'(mgant)™") in
totally dry air. In contrast, under the same conditions
and at the same temperature, the other species lost
significantly smaller amounts of water (Fig. 2; One-way
ANOVA: F4p4 = 32.712, P<0.0001); per unit of mass,
Argentine ants lose water between 19 to 158% more
rapidly compared to the other ant species (Fig. 2).

14 1 = \/CO, - 0.7
—— VH,0

- 0.6
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- 0.4
0.3
- 0.2
I AN E
2 3 Oxygen Nitrogen v 0.0
™ - 01

Start Baselines End Baselines 02

Group VCO, (ul/hr)
T
Group VH,O (mg/hr)

-2

0 20 40 60 80 100
Time (minutes)

Fig. 1. Typical recording of 10 L. humile workers at 20 °C. Switch
from normal dry air to pure O, and N, indicated by arrows. Influx of
pure O, causes a modulation of spiracular opening, resulting in a
reduction in CO, and H,O vapor emission, allowing us to distinguish
respiratory and cuticular water loss rates. Influx of pure N, causes a
sharp increase in CO, and H,O vapor emission followed by a rapid
decline of CO, to near baseline levels and a H,O vapor plateau.
Beginning and end of the recording are baselines.

Of course, these species are more fairly compared if
their cuticular permeabilities are examined. This takes
into account, the surface area of the ants, and over the
temperature range tested, CP is independent of tem-
perature. This is because the driving force for cuticular
WLR is the water vapor pressure saturation deficit,
which rises rapidly with temperature, and area-specific
cuticular  WLRs are divided by that figure. We
confirmed the expected temperature independence of
cuticular WLRs by ANCOVA (across species, no
significant correlation between CP and temperature;
Fig4 =2.195, P =0.142; Table 3). Using the “classic”
units, the gross cuticular permeabilities, i.e., with the
spiracular component included, for the different ant
species range between 15.5+4.4pgem>h~' Torr™' for
C. californica to 30.8+5.9ugem >h~' Torr™' for L.
humile. The difference across species is highly significant
(Table 3; One-way ANOVA: F4g5 = 28.44, P<0.0001);
per unit surface area, Argentine ants lose water between
25% and 99% more rapidly compared to the other ant
species (Table 3).

3.3. Respiratory water loss and corrected cuticular
permeabilities

RWL is generally considered to be a small component
of total water loss in most ant species, and it is also
extremely difficult to measure (in particular with insects
showing continuous gas exchange). The hyperoxic
switch technique causes a transient drop in carbon
dioxide output when normal air is replaced with pure O,
in the respirometry chamber (Fig. 1). The percentage of
this transient decline, relative to immediately pre-oxygen
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Table 2

Linear regressions of water loss rates vs. temperature

ANOVA

Intercept

Slope

Ant species

95.575, P<0.0001

112.98, P<0.0001
48.540, P<0.0001
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83.346, P<0.0001

15 = 55.244, P<0.0001

0.8566
0.8560
0.7639
0.7865
0.8475

18
21

(—0.1755 to —0.06545)
(—0.1762 to —0.06930)

(—0.1022 to —0.02821)

—0.1228 4 0.02555
—0.0652240.01736
—0.04809 4 0.02122

—0.1205+0.02596
—0.03896+0.01698

(0.006394-0.009935)

0.008164 +0.0008351

Forelius mccooki

(0.007328-0.01092)

0.009125+0.0008584

Linepithema humile

17
17
17

(0.002711-0.005101)
(0.003557-0.006418)

0.003906 +0.0005607

Crematogaster. californica
Dorymyrmex insanus
Solenopsis xyloni

(—0.09331 to —0.002859)
(—0.07515 to —0.002770)

0.004987 +0.0006710

(0.003757—0.006046)

0.004902 £0.0005369

Relationship between temperature (°C) and mass-independent rate of water loss (mgH,Oh™! (mgant)™!) for the five species of ant studied. The regression equation is in the form

b*temperature +a. Slope and intercept values are reported as mean+ SE and lower and upper 95% confidence interval (in parentheses).

y=

0.30

0.25 A *

0.20 f *k -

*k

0.10 A

0.05 -

Mass-independent water loss rate
(mg H,0 h™ (mg ant)™)

0.00 g T T T T
L. h. F.m. C.c D.i. S.x.

Ant species

Fig. 2. Mean (+1 SE) mass-independent rates of water loss
(mgH,Oh™'(mgant)™") at 40°C and ca. 0% relative humidity for
Linepithema humile: L.h. (hatched bar) and four native ant species
(open bars): Forelius mccooki (F.m.), Crematogaster californica (C.c.),
Dorymyrmex insanus (D.i.), and Solenopsis xyloni (S.x.). Posteriori
(Dunnett’s test after ANOVA, control group: L. humile): **P<0.01,
*P<0.05.

plateau levels, was independent of species and tempera-
ture (ANCOVA for among-species comparisons of
temperature vs. percentage CO, emission rate decline;
same slopes: F473 = 1.40; P = 0.24; F45, = 0.38; same
intercepts P = 0.18). On average, the transient decline in
carbon dioxide emission expressed as a percentage
varied from 60+ 13% to 694+18% for F. mccooki and
C. californica, respectively (Table 3). The duration of
this reduction was typically <5min for all species
assayed. The decline in carbon dioxide emission did
cause a matching, temporary decrease in WLR, which
was between 5.084+2.67% and 8.044+4.16% for C.
californica and L. humile, respectively. If we assume that
the oxygen effect reduced RWL rates by an amount
proportional to the observed proportional reduction in
carbon dioxide emission rates, then the upper limit to
the RWL for the species showing the lowest drop, i.e., C.
californica, would be approximately (5/0.7) = 7%. The
difference of upper limit to the RWL across species is
significant (Table 3; One-way-ANOVA: F4g5 = 3.433,
P<0.02).

Can the differences in RWL across the five ant species
be explained by differences in their MR? To answer this
question, we compared by ANCOVA the RWL
(mgH,Oh™") vs. catabolic flux rates (1l CO>h™"). The
five species did not differ in the MR sensitivity of the
RWL, or slope (Fsg0 = 1.657, P =0.168). The regres-
sions posses a common slope of 0.006196. However,
they differed in their intercepts (Faigs =4.147,
P <0.005). Similar results were found when we use the
area-independent RWL estimated by the regression
method (data not shown).

With the estimated RWL we can correct the values of
CP by subtracting the respiratory component of water



Table 3

Hyperoxic effects, respiratory and cuticular water loss components

Plateau WLR (%)

after N,

Peak CO, (%)

after N,

Peak WLR (%)

after N,

Corrected CP
(ugh~'em™2Torr™")

(ugh™'em™2Torr™)

Upper limit RWL  Gross CP

WLR (%)

Reduction
after O,

Reduction CO,
(%) after O,

N

Ant species

142.72+59.26 38.37+14.50 a

19.14+3.84 ¢ 146.64+57.66 ¢

21.59+431 ¢

2)a

11.12+6.57

()
M

18 60.46+13.19 6.62+4.12

21

Forelius mccooki
Linepithema

humile

33.17+14.41

150.75+84.46

61.77+31.22 a

25.6445.64 a

15.93+13.24

8.04+4.16

61.64+26.27

5)a

+5.89 a

(I)a 30.78

268.63 +60.65 70.23+28.11 ¢

14.32+4.27 ¢ 98.94+32.46 ¢

7784488 @) ¢ 15.48+4.39

4)

Q) 5.08+2.67

17 69.45+18.05

Crematogaster

californica
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250.93+94.85 28.69+21.40 a

22.10+3.41 b 46.39+22.25 a

24.2943.69 ¢

8.97+4.02 b

5.65+1.88

67.86+15.74

17

Dorymyrmex
insanus

149.39+38.84 27.95+15.82 a

21.48+3.28 b 61.67+1594 a

12.62+4.82 (3)a  24.55+3.36 ¢

M

(3)  832+3.61

17 68.00+17.92

Solenopsis xyloni

sample size. WLR = water loss rate. CO, and WLR reductions are expressed as % below the normoxic steady-state condition. CP = cuticular permeability,

Data are reported as mean+SD. N

either gross (cuticular + respiratory) or corrected by subtraction of RWL. CO, and WLR peaks as well as WLR plateau after N, are expressed as % above the normoxic steady-state condition. Note:

numbers between parentheses indicate missing values, mostly due to a small reduction of CO, or WLR after infusion of pure O,, or excretion events that corrupted WLR trace, or because we found

no steady plateau of WLR after N,. There are no missing values for corrected CP because mean values of RWL were used when needed (see text). Torr = 133.3 Pa. Posteriori (Dunnett test, control

group: L. humile): a—b, P<0.05; a—c, P<0.01; same letter do not differ significantly.

loss from the gross CP. We replace missing values of
RWL by the average for each species. Again like for the
gross CP, the difference of corrected CP across species is
highly significant (Table 3; One-way ANOVA:
F435 =17.859, P<0.0001).

3.4. Response to anoxia

When insects are exposed to anoxia (by infusing pure
N> in this case), we observed a huge peak of RWL when
the spiracles are opened to their maximum extent (Fig. 1).
Considered as a percentage increase, this figure is
independent of temperature (Fg4 = 2.459, P =0.121)
but differs significantly across the species (ANOVA:
F435 =23.747, P<0.0001; Table 3).

A large transient increase in CO, emission also
followed exposure to nitrogen (Fig. 1). Using ANCO-
VA, we observed a significant correlation between the
30-s CO, peak increase and temperature (£ g4 = 20.793,
P<0.0001). The correlation was significantly different
across species, with different slopes across species
(Fago =4.426, P=0.0028; ANCOVA), and with a
mean peak increase over normoxic, plateau levels
ranging from 143% to 269% across species.

Following the initial brief peak of water loss, there is a
lower plateau at an approximately steady state (Fig. 1).
This plateau, expressed as a percentage increase over
steady-state overall WLR in normoxia, was also
independent of temperature (F; g4 = 0.972, P = 0.3271;
ANCOVA), but highly significantly different across
species (ANOVA: Fy30 = 13.670, P<0.0001; Table 3).

3.5. Cuticular and respiratory components of water loss:
Comparison of results by the hyperoxic and the regression
method.

Fig. 3A shows the average values of corrected CP, i.e.,
without RWL, for the five different ant species
estimated with two recently developed methods. Values
of corrected CP smaller than 3pgem 2h~'Torr™! as
measured by the method of Gibbs and Johnson (2004)
were excluded from the analysis due to their doubtful
biological meaning. A total of five such values, one from
C. californica and two from F. mccooki and L. humile,
were excluded. The regression method of Gibbs and
Johnson (2004) yields values that tend to be similar or in
some cases smaller compared to those obtained using
the hyperoxic switch method (Fig. 3A). In general the
regression method showed a higher variability on the
results that could be related to the use of groups of ants.
Using the coefficient of variation or coefficient of
variability,

V=s/X, )

where V' is the coefficient of variation, which is a relative
measure without units, s the standard deviation and X
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(A) I Hyperoxic switch
30 | [ Regression method
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25 1 *kk

oo | |

Cuticular permeability (ug h™ cm? Torr™)

0.35 1
ns

(B) -
0.30 A

0.25 A
ns
0.20 A1
015 N *kk
0.10 A1
*

0.05 A i III
0.00 T T .III T T

F. mccooki L. humile C. californicaD. insanus ~S. xyloni

Respiratory water loss (mg h™' cm™®)

Ant species

Fig. 3. Mean (+1 SD) of (A) corrected cuticular permeabilities
(ugem>h~'Torr™"), and (B) respiratory water loss (mgh™'cm ™2
measured at 20, 30 and 40 °C and ca. 0% relative humidity for Forelius
mccooki, Linepithema humile, Crematogaster californica, Dorymyrmex
insanus, and Solenopsis xyloni. Comparison between the hyperoxic
switch (black bars) and the regression method (white bars).
#*P<0.0001, *P<0.005, *P<0.05, ns=not significant (paired ¢-
test).

the mean (Zar, 1984). We found that coefficients of
variation for the regression vs. the hyperoxic method
are: 0.31 vs. 0.19 for F. mccooki, 0.36 vs. 0.22 for L.
humile, 0.40 vs. 0.30 for C. californica, 0.24 vs. 0.15 for
D. insanus and 0.19 vs. 0.15 for S. xyloni.

Fig. 3B shows the average values of RWL for the five
different ant species estimated with the same two
methods. For all species, except for C. californica, an
equivalent pairing resulted from a significant correlation
using the regression method of Gibbs and Johnson
(2004). Two values of RWL for L. humile were excluded
from the analysis because they were negative (regression
method), and thus they do not have any biological
meaning.

However, when we take all the RWL data from the
five species and compare the RWL estimated by the
hyperoxic switch and regression method, we found by
ANCOVA that the area-independent RWL rates vs.
mass-independent catabolic flux rates did not differ
between methods. Data extracted using the two methods

have a common slope or sensitivity of RWL to MR
(F1,152 = 0.0391, P = 0.4), and they also share the same
intercept (F153 = 1.252, P = 0.265). Thus, for all the
data analyzed together the RWL estimated by the two
methods did not differ significantly.

4. Discussion

Our study represents a unique attempt to measure and
to compare MR and RWL in five species of insects
showing continuous gas exchange during moderate
levels of activity. We measured WLR in groups of ants
showing a higher MR (ca. double) than the expected
MR at rest or standard metabolic rate (SMR) according
to their mass. Measuring MR and WLR in groups of ant
workers is relevant since ants are social insects, which in
natural conditions spend much of their time crowded in
their nests. Previous studies have found no effect of
group size on MR of the harvester ant Pogonomyrmex
rugosus (Lighton and Bartholomew, 1988) or the
carpenter ant Camponotus fulvopilosus (Lighton, 1989).
The effect of group size on WLR remains to be tested.

As we discussed in a previous study (Lighton et al.,
2004), the reduction in CO, release after the infusion of
pure O, may not have reached 100% because we
measured groups of insects with interindividual varia-
tion in spiracular opening. This idea is consistent with
our results in which the species that displayed the largest
decrease in CO, after O, infusion were S. xyloni and C.
californica (where the measurements were made on
groups of three individuals instead of ten) with 68% and
more than 69%, respectively. Moreover, to date, Light-
on et al. (2004) found that the largest decrease in CO,
release after infusion of pure O, occurred in Pogono-
myrmex californicus (almost 90%). It is interesting to
note that these measurements were done on individuals,
rather than with groups of insects (Lighton et al., 2004).

4.1. Respiratory water loss

The percentage of RWL relative to total water loss for
ants with continuous gas exchange and that are
moderately active (MR ca. two fold the SMR; Table
1) is similar to RWL values for insects exhibiting DGC
(see Table 1 from Chown, 2002). Our results suggest that
even with continuous gas exchange the control of the
spiracles effectively retards RWL. Such control of
spiracular opening was elegantly demonstrated for flying
flies (Lehmann, 2001). Moreover, similar RWL rates
were found for P. californicus workers that showed
continuous and DGC (Lighton et al., 2004). However,
this comparison should be made with caution since it
was made with different individuals at different tem-
peratures (for discussion see Lighton et al., 2004). Taken
together, this evidence at least suggests that DGC is not
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the only evolutionary strategy that can significantly
reduce RWL.

Not surprisingly, there is a positive relation between
the RWL rates and the MR of the five ant species tested
(note that this is required in order to apply the
regression method). A similar positive relation was
previously found in species from two families of beetles;
this correlation was stronger in species from dry than
mesic environments (Zachariassen et al., 1987). More-
over, the increase in RWL with increasing metabolic
rate supports the hypothesis that species adapted to
xeric environments have a lower SMR compared to
species adapted to mesic ones, as was first demonstrated
for insects in a study on the harvester ant P. rugosus
(Lighton and Bartholomew, 1988). It also indirectly
supports the idea of RWL reduction in species with
DGC. This is because although Gibbs and Johnson
(2004) did not find a reduction of RWL per unit of CO,
released with the DGC, they found a significant
reduction of MR with that pattern of gas exchange.
Insects with DGC gas exchange patterns had signifi-
cantly lower MR (Gibbs and Johnson, 2004) with a
concomitant reduction in total RWL.

4.2. Comparison of two methods to measure RWL in
insects with continuous gas exchange

In relation to the comparison of the two new
methodologies employed to measure RWL in insects
with continuous gas exchange (Gibbs and Johnson,
2004; Lighton et al., 2004), both techniques proved to be
useful although each one has advantages and disadvan-
tages. For example, the regression method, proposed by
Gibbs and Johnson (2004), permits comparison of RWL
for insects with and without DGC, whereas the
hyperoxic switch method, proposed by Lighton et al.
(2004), can only handle the non-discontinuous case. On
the other hand, the regression method has the dis-
advantage of higher variability of the results and
sensitivity to the different flow-through kinetics of
CO, and water vapor, while the hyperoxic switch
method appears to be more accurate under the same
circumstances. The greater variability of estimates of CP
produced by the regression method is clearly evident
from the coefficients of variation, which average almost
50% higher for the regression method. It also should be
mentioned that some data were discarded from the
regression method analysis because they had no
biological meaning, e.g., negatives values of RWL.
Discarded data were solely the result of the regression
method, not the hyperoxic switch method. These errors
could be explained in part by the fact that the data were
acquired to utilize the hyperoxic switch method and
later on, the same data were analyzed by the regression
method. One might expect better results with the
regression method on recordings with wide-ranging

values of MR, because this would allow a more
statistically meaningful slope to be assigned to the
relation of CO, and water vapor emission.

4.3. Response to anoxia

In response to anoxia, all species showed a large peak
of CO, and RWL. These peaks are followed by a fast
drop in CO, emission to levels near the baseline and a
smaller drop in water vapor output until a steady-state
plateau was reached. We used the peak of water vapor as
an indirect measurement of aerobic scope because it
corresponds to maximal spiracular opening and in the
short term is independent of O, availability (see Lighton
et al., 2004 for a detailed discussion). Clearly, F. mccooki
is able to attain far higher rates of peak RWL than the
other species. We assume that this is indicative of a higher
capacity for aerobic throughput. This is, of course, a
necessary correlate to this species’ high maximum
foraging temperature in the field and concomitantly far
larger peak metabolic demands (Holldobler and Wilson,
1990). Again, the prominent peak in RWL after anoxia
found in all species suggests a stringent control of
spiracular opening, presumably to avoid excessive loss
of water. However, this novel non-invasive technique to
estimate relative tracheolar surface areas should be
verified by direct surface area measurement.

4.4. Ecological perspectives

As expected for a species adapted to mesic environ-
ments when compared with species adapted to xeric
ones, and under conditions commonly encountered by
ground-foraging ants, the exotic Argentine ant (L.
humile) experiences a higher mass specific WLR (Fig. 2)
and CP compared to ants adapted to dry environ-
ments (Table 3). The native ant species included in this
study are common species that are all displaced by
Argentine ants in southern California (Holway, 2005).
The physiological limitation that differentiates Argen-
tine ants from the native ants examined in this study,
could explain the close association between soil moisture
and Argentine ant abundance (Holway et al., 2002).
This positive association may be accentuated by the
Argentine ant’s habit of constructing short-lived,
shallow soil nests (Newell and Barber, 1913), which
provide little refuge from heat and aridity compared to
the deeper nests typically built by arid-adapted ants
(Holldobler and Wilson, 1990). Although interspecific
competition from native ants might interact with abiotic
factors to influence invasion success under some
circumstances, no published study to date has reported
any correlation (positive or negative) between native ant
diversity and community susceptibility to invasion by
the Argentine ant (Holway, 1998; Holway et al., 2002;
Sanders et al., 2003). The higher WLR through both the
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cuticle and the spiracles (Table 3) of the Argentine ants,
relative to those of the native ants studied here, suggests
that the physiological characteristics of L. humile limit
its ability to invade dry environments. A more detailed
study of the behavior and water relations in this system
will further an understanding the mechanics of Argen-
tine ant invasions.

4.5. Conclusions

Our modest contribution to the field of physiological
ecology and water relations in insects could be described
as follows: First, we showed a plausible mechanism by
which the Argentine ant (an exotic ant species that
excels as an invader) may be limited in its distribution
and spread, i.e., higher WLR and CP compared with
common native ant species. This is in agreement with the
tendency towards lower CP in xeric-adapted insects
compared to mesic-adapted ones (for review see Hadley,
1994). Second, we used two recently developed meth-
odologies to estimate RWL in insects with continuous
gas exchange (Gibbs and Johnson, 2004; Lighton et al.,
2004). We discussed the advantages and disadvantages
of these two methods. Finally, we found that RWL
estimates for groups of insects with continuous gas
exchange and moderate levels of activity are similar to
published estimates of RWL for insects with DGC. This
result suggests that DGC is not the only way to reduce
RWL, and that the control of spiracular opening under
continuous gas exchange could be as effective as the
DGC in reducing RWL. However, at present the role of
DGC is under scrutiny (see Chown et al., 2005 for a
detailed discussion of this topic) and more work should
be done in order to solve this long-standing problem.
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