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Osmoregulation is a key physiological function, critical
for homeostasis. The basic physiological mechanisms of
osmoregulation are thought to be well established. However,
through a series of experiments exposing the freshwater
mayfly nymph Austrophlebioides pusillus (Ephemeroptera)
to increasing salinities, we present research that challenges
the extent of current understanding of the relationship
between osmoregulation and mortality. A. pusillus had
modelled 96 h LC10 , LC50 and LC99 of 2.4, 4.8 and
10 g l−1 added synthetic marine salt (SMS), respectively.
They were strong osmoregulators. At aquarium water
osmolality of 256 ± 3.12 mmol kg−1 (±s.e.; equivalent
to 10 g l−1 added SMS), the haemolymph osmolality of
A. pusillus was a much higher 401 ± 4.18 mmol kg−1 (±s.e.).
The osmoregulatory capacity of A. pusillus did not break
down, even at the salinity corresponding to their LC99 , thus
their mortality at this concentration is due to factors other
than increased internal osmotic pressure. No freshwater
invertebrate has been previously reported as suffering
mortality from rises in salinity that are well below the
iso-osmotic point. Recently, studies have reported reduced
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Freshwater invertebrates have internal salinity concentrations higher than the environment in which they
live, and so have to cope with two main osmoregulatory challenges. First, large volumes of water enter
the body. For freshwater insects, this occurs via drinking [1] and/or cuticular permeability [2,3]. Second,
from a dilute environment, they need to acquire specific ions at concentrations that support metabolic
activity. Osmoregulation is the active control of intra- and extracellular ionic concentrations and volume.
It is critical to homeostasis [3,4], and thus the osmoregulatory capacity of aquatic animals places limits
on the salinity range they can inhabit [5]. The basics of osmoregulation are thought to be among the best
understood physiological processes (see [6,7]).
Aquatic animals are either osmoconformers or osmoregulators. Osmoconforming is easily defined:
internal osmotic pressure fluctuates with the external environment, so that both are similar. Animals that
osmoconform across all osmotic pressures do not occur in freshwater because their internal environment
would be too dilute to support physiological processes [8]. Osmoregulators actively regulate their
internal media at a constant osmotic pressure that is different to that of their external environment. There
are, however, various complexities to osmoregulation.
Freshwater osmoregulators maintain internal media at a higher osmotic pressure than their external
salinity [4]. When these organisms are exposed to increasing salinity, they continue to regulate their
internal media. When the external osmotic pressure rises to such an extent that internal and external
osmotic pressures are equal, this is termed the iso-osmotic point. Past this point freshwater animals either
continue to regulate their internal media at the same osmolality (which will now be less than the external
environment) or osmoregulation breaks down [4], and they start to osmoconform. Freshwater animals
that osmoconform at salinities above the iso-osmotic point must be capable of tolerating the increased
salinity or they will die [8–11].
Critically, at external salinities below the iso-osmotic point, freshwater animals should not suffer
adverse effects from increasing salinity because they need to spend less energy on ion regulation. Studies
have found increased growth and/or reproduction of freshwater invertebrates [12,13] and fish [14] at
intermediate salinities, presumably owing to relatively high osmoregulation costs at low salinities. So
osmoregulatory theory would suggest, and the published literature concurs, that freshwater animals
should not suffer from an increased external salinity that is below their iso-osmotic point.
Here, we report the findings of a series of experiments to link osmoregulation and mortality in the
freshwater mayfly nymph Austrophlebioides pusillus Harker (Ephemeroptera: Leptophlebiidae) where
findings contrast with the theory described above.

2. Material and methods
2.1. Field collection, acclimation and general experimental conditions
Austrophlebioides pusillus nymphs were collected from the Hunter River at Moonan Flat, New South
Wales (NSW), Australia (S 31°55 529 E 151°14 235 ). Mean salinity measured as electrical conductivity
(EC) was 0.211 mS cm−1 (±0.085 s.d.), range 0.123–0.314 mS cm−1 , n = 5) at 25°C. Salinity in the Hunter
River catchment includes ionic composition similar to that of sea water [15]. In the laboratory, nymphs
were randomly allocated to aquaria containing 3 l of aerated copper-free water (Sydney tap water treated
with activated carbon filtration, and a 1 µm sediment filter and UV treatment) and were acclimated to
17°C in a temperature-controlled test room for 3 days. A. pusillus with wing buds were excluded from
all tests. A. pusillus were fed crumbled fish flakes up to 24 h prior to experimentation, but were not
fed during the experiments. Throughout acclimation and during all experiments, aquaria were checked
daily for emergence and mortality. Exuviae and dead nymphs were removed. Aquaria were covered
to reduce evaporation. Three series of experiments were conducted, exposing A. pusillus to increasing
concentrations of synthetic marine salt (SMS; for measured ionic proportions of Ocean Nature, see
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abundance/richness of Ephemeroptera with slightly elevated salinity. Given that salinization is an
increasing global threat to freshwaters, there is an urgent need for studies into the osmophysiology
of the Ephemeroptera to determine if their loss at locations with slightly elevated salinity is a direct
result of external salinity or other, possibly physiological, causes.
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[16–18]; Ocean Nature, Aquasonic, Wauchope, NSW) as the most common inland saline waters in
Australia have ionic proportions similar to sea water [19].

2.3. Series 2: osmoregulation and direct transfer
The next experiment involved directly transferring A. pusillus to aquaria containing 1, 2 and 4 g l−1 added
SMS, chosen because 10% (at 2 g l−1 ) and 50% (at 4 g l−1 ) of the population incurred mortality over 96 h
in the series 1 mortality test. We were also interested in whether or not osmoregulation was affected
by lower salinity levels (1 g l−1 ). Nymphs were collected during January (summer). For each treatment,
there were three replicate aquaria each containing 100 individual A. pusillus nymphs. As a procedural
control, A. pusillus were also transferred to a replicated control treatment with no added SMS (n = 2
aquaria). pH was measured daily and ranged from 7.75 to 7.93 in control aquaria, 7.68 to 7.99 in 1 g l−1
SMS, 7.76 to 7.94 in 2 g l−1 SMS and 7.83 to 7.98 in 4 g l−1 SMS. Osmolality of the aquarium water and the
haemolymph of A. pusillus were measured. The total number of A. pusillus initially allocated to aquaria
was 1100, and haemolymph osmolality measurements were obtained using 639 individuals.

2.4. Measuring osmolality
Osmotic pressure was measured as osmolality (mmol kg−1 ) using a Vapro 5520 vapour pressure
osmometer equipped with a 2 µl sample chamber (Wescor, UT, USA). Osmolality is an expression of
the total number of solute particles dissolved in 1 kg of solvent. The osmolality of the external water
(hereafter aquarium osmolality) was measured three times per replicate aquarium per exposure period.
At each exposure period, five replicate haemolymph osmolality measurements were taken for A. pusillus
per treatment. On average, two individual A. pusillus were required to obtain sufficient volume for a
measure of haemolymph osmolality. To extract haemolyph, A. pusillus were placed in a plastic weighing
tray on ice, to depress rapid movement. Immediately prior to haemolymph extraction, nymphs were
quickly dipped in deionized water to remove any external salt, and allowed to move around on lint-free
tissue to dry. Individual nymphs were then enclosed in Parafilm (Pechiney Plastic Packaging, Chicago,
IL, USA) with pre-punched filter paper (Whatman #1) placed under the middle of the abdominal
segments. A thin needle was used to puncture an abdominal segment above the filter paper. Pressure
was applied along the side of the nymph to encourage haemolymph bleeding onto the filter paper.
Haemolymph osmolality was measured only on surviving nymphs.

2.5. Series 3: osmoregulation, mortality and a ramp increase in salinity
Mortality and osmoregulatory effects from gradually increasing salinity (a ‘ramp’ increase) over 72 h
were compared with direct transfer effects. The experiment consisted of controls and a treatment
replicated three times. Salinity in treatment aquaria was gradually increased from 0 to 10 g l−1 SMS
(0.194–14.2 mS cm−1 ) over 72 h, and then maintained at this concentration for a further 48 h. Salinity
was gradually increased, using a peristaltic pump to pump in saline water; the water exchange rate was
calculated using the formula number 3 from Kraul et al. [20]. Water was homogenized within the aquaria
by situating the incoming saline water line next to the aeration stone. A data logger was used to record
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To establish the relationship between salinity and mortality in A. pusillus, we conducted three standard
96 h toxicity bioassays where mortality was the response variable. For these tests, A. pusillus were directly
transferred from the acclimation water to experimental waters. Nymphs were collected over two seasons
during March (autumn), September and October (spring). In each of these experiments, the nymphs were
exposed to 10 salinity treatments, ranging from 0.001 to 20 g l−1 of added SMS (EC = 0.200–28.4 mS cm−1 ),
and control treatments with no added SMS. Depending on the seasonal abundance of the field collected
nymphs, these experiments used a minimum of 17 and a maximum of 70 A. pusillus per aquarium, with
a total of 1278 A. pusillus used in all experiments. One aquarium was used per treatment and two for the
control within each run, with replication provided by repeating the experiment three times. Results of
the three temporal replicates were pooled to produce a single dose–response curve. These experiments
provided baseline constant salinity dose–response data, and concentrations for subsequent experiments
were estimated from this dataset.
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Figure 1. Dose–response curve for the mayfly nymph Austrophlebioides pusillus exposed to increasing salinity for 96 h.

Table 1. Modelled salinity concentrations (95% confidence limits) lethal to the mayfly nymph Austrophlebioides pusillus (LCx ). Salinity
given as g l−1 added SMS.
time (h)
72

LC10
3.2 (2.2–3.9)

LC50
6.5 (5.8–7.2)

LC99
12 (11–14)

96

2.4 (1.4–3.1)

4.8 (4.2–5.5)

10 (8.6–12)

.........................................................................................................................................................................................................................
.........................................................................................................................................................................................................................

EC every 10 min. pH was measured daily and ranged from 7.96 to 8.03 in the treatment aquaria. Each
replicate aquarium contained 111 ± 3 A. pusillus.

2.6. Statistical analysis
The dose–response curve generated from the series 1 experiments was analysed using logistic regression
(SPSS STATISTICS 17.0) to estimate the concentrations lethal to 10%, 50% and 99% of the population
(LC10 , LC50 , LC99 ). For the series 2 experiments, two factor analysis of variance (ANOVA) was used to
compare treatments (SPSS STATISTICS 17.0), using the data variables haemolymph osmolality, treatment
and time (because these experiments were destructive, repeated measures ANOVA was inappropriate).
Where there were significant interactions, multiple comparisons were done within levels of a factor using
Tukey simultaneous tests (MINITAB 15).

3. Results
3.1. Series 1: mortality
At 96 h exposure, there was negligible mortality at salinity concentrations below 2 g l−1 SMS (figure 1).
At the same exposure period, near complete population mortality occurred at a salinity of 10 g l−1 SMS
(table 1).

3.2. Series 2: osmoregulation and direct transfer
Austrophlebioides pusillus directly transferred to 4 g l−1 SMS maintained haemolymph osmotic pressure
within the range of those in the control treatment (table 2), despite this salinity leading to 52% mortality
(figure 1). After 96 h exposure, mean haemolymph osmolality of control A. pusillus was 326 mmol kg−1
(±s.e. 0.80), with a corresponding aquarium osmolality of 11 mmol kg−1 (±s.e. 1.30). At the same
exposure period, haemolymph osmolality of A. pusillus in 4 g l−1 SMS was 312 mmol kg−1 (±s.e. 6.48)
(figure 2), despite the aquarium osmolality of 4 g l−1 being almost an order of magnitude higher than
that of the control (104 mmol kg−1 , ±s.e. 2.23).

................................................

0.75

rsos.royalsocietypublishing.org R. Soc. open sci. 4: 160520

proportion mortality

1.00

Downloaded from http://rsos.royalsocietypublishing.org/ on July 23, 2017

5

350
control
1 g l–1
2 g l–1
4 g l–1

325

300

275
1

24

48
time (h)

72

96

Figure 2. Temporal variability in mean haemolymph osmolality (±s.e.m., n = 3) of the mayfly nymph Austrophlebioides pusillus
at constant salinities of 1, 2 and 4 g l−1 added SMS.

Table 2. Haemolymph and aquaria osmolality (mmol kg−1 ) and salinity (measured as electrical conductivity (mS cm−1 at 25°C) pooled
for all exposure periods, during direct transfer experiments exposing Austrophlebioides pusillus to elevated salinity.

mean (±s.e.)

control (n = 2)
316 (±6.91)

1 g l−1 (n = 3)
330 (±6.28)

2 g l−1 (n = 3)
330 (±6.21)

4 g l−1 (n = 3)
323 (±7.53)

range

298–357

284–378

297–364

293–385

aquaria

mean (±s.e.)

8.5 (±1.0)

29 (±0.9)

54 (±1.0)

104 (±0.7)

EC

mean (±s.d.)

0.26 (±0.002)

1.90 (±0.032)

3.42 (±0.053)

6.40 (±0.121)

haemolymph

......................................................................................................................................................................................

.........................................................................................................................................................................................................................
.........................................................................................................................................................................................................................
.........................................................................................................................................................................................................................

The range of haemolymph osmolality was similar across all treatments including the control (table 2
and figure 3), and there were no detectable differences when the haemolymph osmolality was pooled by
treatment across all time points (p = 0.396). There was a statistically significant interaction between time
and treatment (p = 0.002). However, out of a total of 190 multiple (pairwise) comparisons, only eight were
statistically different, and there were no consistent patterns between time and treatment. Importantly,
despite this interaction, haemolymph osmolality was always much greater than aquarium osmolality
(table 2).

3.3. Series 3: osmoregulation, mortality and a ramp increase in salinity
When salinity was ramped up to 10 g l−1 SMS over a period of 72 h, mortality was halved (42% mortality)
compared with mortality in the series 1 experiments (86% mortality at 10 g l−1 SMS after 72 h; figure 4).
However, when 10 g l−1 SMS was maintained (after the completion of the ramp increase), mortality
increased to 81% after a further 24 h, and 100% after an additional 24 h (or 120 h since the start of the
ramp; figure 4).
Austrophlebioides pusillus exposed to a ramp increase in salinity maintained similar haemolymph
osmolality to that of the control animals (figure 5). At 72 h exposure to a ramp increase in salinity,
mean haemolymph osmolality was 413 mmol kg−1 (±s.e. 14.1, n = 3) whereas the mean aquaria salinity
was 248 mmol kg−1 (±s.e. 3.02, n = 3). The corresponding mean haemolymph osmolality for the control
was similar (390 mmol kg−1 ± s.e. 17.7, n = 3) despite the much lower osmolality of the control water
(9.33 mmol kg−1 ± s.e. 0.33, n = 3). Results after salinity was maintained at 10 g l−1 SMS for 24 h were
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Figure 3. Osmoregulation of the mayfly nymph Austrophlebioides pusillus at constant salinities of 1, 2 and 4 g l−1 added SMS. Salinity is
measured as osmolality. Box = 25th to 75th percentile. Whiskers, minimum and maximum values; central line, median; dot, outlier.
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Figure 4. Comparison of mortality for Austrophlebioides pusillus under direct transfer (series 1) and ramp increase (series 3) salinity
exposures. Series 1 = A. pusillus in aquarium salinity of 10 g l−1 SMS. Series 3 = A. pusillus as aquarium salinity is gradually increased
to 10 g l−1 SMS over a 72 h period and maintained at this concentration for a further 48 h. Data are means ± s.e.m., n = 3.

similar to those at the completion of the ramp: A. pusillus was strongly osmoregulating with the aquarium
osmolality at 10 g l−1 (256 mmol kg−1 ± s.e. 3.12, n = 3), which was still much lower than the haemolymph
osmolality of A. pusillus in this treatment (401 mmol kg−1 ± s.e. 4.18, n = 3). No A. pusillus survived 48 h
after the ramp at 10 g l−1 SMS.

4. Discussion
Ephemeroptera are typically known for their salinity sensitivity under laboratory conditions relative to
other stream macroinvertebrates, including acute and chronic exposures to artificial sea water [21–23],
and exposures to other salts [24]. The 72 h LC50 of 6.5 g l−1 SMS obtained for A. pusillus in this study
corresponds to the only other published 72 h LC50 for Austrophlebioides spp.: 6.9 g l−1 [25]. Furthermore,
recently field studies have shown loss of Ephemeropteran or combined Ephemeroptera, Plecoptera and
Trichoptera (EPT taxa) richness or abundance at surprisingly low salinities, ranging from 0.1 to 0.7 g l−1
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Figure 5. Comparison of mean osmoregulation (measured as osmolality, ±s.e.m., n = 3) for Austrophlebioides pusillus under control
conditions and as aquarium salinity is gradually increased to 10 g l−1 SMS over a 72 h period and maintained at this concentration for
a further 24 h.

(or 0.149–0.997 mS cm−1 ) [26–28]. While these field studies did not measure haemolymph osmolality, the
haemolymph of aquatic insects is in the range of 250–400 mmol kg−1 [29] which exceeds 10 g l−1 , with an
ionic composition similar to sea water. Thus, Ephemeroptera or EPT taxa are being lost at salinity levels
corresponding to an order of magnitude lower than the osmolality of their haemolymph.
Salinity-induced mortality in A. pusillus nymphs was not related to a breakdown in osmoregulatory
capacity. A. pusillus were able to osmoregulate in salinities that were associated with near complete
population mortality. They are strong regulators and it is clear that there is no increase in haemolymph
osmolality relative to increases in aquaria osmolality. A. pusillus may have experienced changes in the
internal concentrations of particular ions, internal pH or membrane integrity without the breakdown of
osmoregulation. In the absence of data on such phenomena, we will not speculate further.
There were some minor but statistically significant interactions between haemolymph osmolality and
exposure time. However, only eight out of a total of 190 multiple pairwise comparisons were statistically
different, and there were no consistent patterns between treatment and time. These results are thus
consistent with random (type 1) errors. The temporal variability in haemolymph osmolality seen in some
treatments was minimal, and showed no evidence for a breakdown in osmoregulation with the changes
in internal osmolality not mirroring changes in the external environment.
The biological relevance of the statistically significant interaction between treatment and exposure
period is negated by the fact that this species could not withstand environmental salinities nearing
internal osmolality. The haemolymph osmolality of A. pusillus was always higher than (or hyperosmotic
to) aquarium osmolality, and we made no observations of haemolymph osmolality which suggested that
osmoregulation had ceased; even at 10 g l−1 SMS (the 96 h LC99 ), the osmolality of the aquarium was
still less than that of the haemolymph. This leads us to conclude that a breakdown in osmoregulatory
capacity resulting from high salinity is not the reason for mortality in the nymphs of A. pusillus.
This conclusion is surprising, because mortality and osmoregulatory breakdown have been
clearly linked, and causality is regarded as a long standing principle, and in no other species has
substantial salinity-induced mortality been observed well below the iso-osmotic point. For example,
the plecopteran Paragnetina media incurred no mortality and osmoregulated up to the iso-osmotic point
(297 mmol l−1 ), incurring high mortality beyond this point [30]. At salinities that cause high mortality,
haemolymph salinity was only slightly hyperosmotic to the medium. Likewise for the (salinity tolerant)
ephemeropteran Hexagenia limbata, osmolality increased with increasing salinity up to the iso-osmotic
point (8 g l−1 ) [31]. H. limbata lost the ability to osmoregulate, began to osmoconform and died under
the increasing salinity exposures. Although a breakdown in osmoregulation was evident for both of the
above species, H. limbata was the only species where the true isotonicity occurred.
Generally, haemolymph osmotic pressure increases with increasing external salinity, but remains
slightly hyperosmotic to the external salinity [32,33]. However, there are differences in osmoregulatory
strategies among freshwater insects. For example, Wigglesworth [34] showed stages of osmoregulation
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Salinity causes mortality in the mayfly A. pusillus, but a breakdown in osmoregulation does not precede
death. Furthermore, mortality of 99% of the population occurred at an external salinity which was
considerably less than the haemolymph osmolality. Although research has demonstrated a diversity
of osmoregulatory responses to increasing salinity, the results of our study challenge the extent of our
understanding of the relationship between osmoregulation and mortality in freshwater invertebrates.
Ethics. No special collecting permit or animal care protocol was required to carry out this research. No animal ethics
were required for this research.
Data accessibility. Data are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.dk34h [44].
Authors’ contributions. Overall project design: R.D., B.J.K. and C.G.P.; experimental design: R.D. and B.J.K.; data collection
R.D. and K.H.; statistical analysis: R.D. and F.T.; interpretation of results: R.D. and B.J.K.; drafted manuscript: R.D.;
edited manuscript and approved final version: all.
Competing interests. The authors declare no competing interests.
Funding. This project has been assisted by funding from the New South Wales Government through its NSW
Environmental Trust (Reference number 2006/RD/0027).
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breakdown for two freshwater mosquitoes, Aedes aegypti and Culex pipiens (Diptera). For both these
species, osmotic pressure remained constant up to a threshold at which osmoregulation broke down, and
the animals began to osmocomform (although their haemolymph always remained slightly hypertonic
to the medium). At higher salinity concentrations haemolymph chloride levels rose, and the nymphs
died. Likewise, in the nymph Sialis lutaria (Megaloptera), there was no change in haemolymph osmotic
pressure, rather osmoregulation was affected by increasing salinity via an increase in haemolymph
chloride levels [35]. Investigations on seven species of dipteran larva found diversity in ion regulation
between species, and evidence of phenotypic plasticity and differences in ion uptake within different
populations of the same species at extremely low salinities (e.g. 6–8 mmol l−1 NaCl) [36,37]. While we
did not measure individual ions, mortality could have been caused by a change in the regulation of
single ions [33,38–40].
Below the iso-osmotic point, osmoregulatory theory suggests that freshwater animals should not
be disadvantaged by increased salinity. Indeed, they may be at an advantage because they need to
spend less energy on osmoregulation [12–14]. Patrick et al. [30], however, found that Ae. aegypti, a
strongly osmoregulating freshwater mosquito, maintained constant uptake of Na+ and Cl− over some
of the salinity range. Similarly, sodium uptake in the mayfly Maccaffertium sp. increased with increasing
external sodium concentration, despite constant sodium body burdens [41]. These studies suggested
that this would be a result of high influx and efflux of the external medium, and therefore this could
be energetically costly in mediums of increasing salinity (but below the iso-osmotic point). Irrespective
of differences in osmoregulatory strategies and theories on energy expenditure, no freshwater
invertebrate has been previously reported to suffer mortality from rises in salinity well below the
iso-osmotic point.
The osmoregulation of crustaceans and dipterans, both of which are generally salinity tolerant orders
relative to EPT [23], has been extensively studied. Studies on the osmoregulation of salinity sensitive
taxa, such as EPT, are much rarer. Furthermore, species with high haemolymph osmolality tend also to be
the species that can adapt to elevated salinity [8]. In this study, the haemolymph osmolality of A. pusillus
exceeded the upper range of 400 mmol kg−1 reported for freshwater insects [29], but we show this species
to be very salt sensitive: 72 h LC50 of 6.5 g l−1 SMS compared with a mean 72 h LC50 of 38 g l−1 , n = 377
species [23]. We do not know whether the osmoregulatory–mortality response of A. pusillus is common in
other species. Given the rarity of studies of EPT species [40], the possibility of such a response occurring
in other such species cannot be excluded, particularly for animals that have a large surface area for ion
and water exchange and the dissolved oxygen breathers [42,43].
Anthropogenic or secondary salinization of freshwaters results from a range of sources including
agriculture, mining and from climate change, and is a growing concern throughout the world [10];
EPT taxa appear to be particularly at risk from salinization. Although there is scant information on
their osmoregulation [40], consideration of the salinity at which their richness or abundance declines,
cf 0.1–0.7 g l−1 [26–28], in the field suggests that they are declining below their likely iso-osmotic
point. To establish whether these population declines in the field are directly caused by salinity, there
is an urgent need for further studies on the osmoregulation of other apparently salt-sensitive EPT
species.

Downloaded from http://rsos.royalsocietypublishing.org/ on July 23, 2017

References

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

brackish water. Florida Entomol. 85, 650–651.
(doi:10.1653/0015-4040(2002)085[0650:SAWBIH]
2.0.CO;2)
Ramsay J. 1950 Osmotic regulation in mosquito
larvae. J. Exp. Biol. 27, 145–157.
Sutcliffe D. 1961 Studies on salt and water balance
in caddis larvae (Trichoptera). II. Osmotic and ionic
regulation of body fluids in Limnephilus stigma
Curtis and Anabolia nervosa Leach. J. Exp. Biol. 38,
521–530.
Wigglesworth V. 1938 The regulation of osmotic
pressure and chloride concentration in the
haemolymph of mosquito larvae. J. Exp. Biol. 15,
235–247.
Beadle L, Shaw J. 1950 The retention of salt and the
regulation of the non-protein nitrogen fraction in
the blood of the aquatic larva, Sialis lutaria. J. Exp.
Biol. 27, 96–109.
Patrick M, Ferreria R, Gonzalez R, Wood C, Wilson R,
Bradley T, Val AL. 2002 Ion regulatory patterns of
mosquito larvae collected from breeding sites in the
Amazonian rainforest. Physiol. Biochem. Zool. 75,
215–222. (doi:10.1086/342004)
Patrick M, Gonzalez R, Wood C, Wilson R, Bradley T,
Val A. 2002 The characterization of ion regulation in
Amazonian mosquito larvae: evidence of
phenotypic plasticity, population-based disparity
and novel mechanisms of ion uptake. Physiol.
Biochem. Zool. 75, 223–236. (doi:10.1086/
342002)
Sutcliffe D. 1961 Studies on salt and water balance
in caddis larvae (Trichoptera). I. Osmotic and ionic
regulation of body fluids in Limnephilus affinis
Curtis. J. Exp. Biol. 38, 501–519.
Sutcliffe D. 1967 Sodium regulation in the amphipod
Gammarus duebeni from brackish-water and
fresh-water localities in Britain. J. Exp. Biol. 46,
529–550.
Griffith M. 2016 Toxicological perspective on the
osmoregulation and ionoregulation physiology of
major ions by freshwater animals: teleost fish,
Crustacea, aquatic insects, and Mollusca. Environ.
Toxicol. Chem. (doi:10.1002/etc.3676)
Scheibener S, Richardi V, Buchwalter D. 2016
Comparative sodium transport patterns provide
clues for understanding salinity and metal
responses in aquatic insects. Aquat. Toxicol. 171,
20–29. (doi:10.1016/j.aquatox.2015.12.006)
Buchwalter D, Jenkins J, Curtis L. 2002 Respiratory
strategy is a major determinant of [3H]water and
[14C]chlorpyrifos uptake in aquatic insects. Can. J.
Fish. Aquat. Sci. 59, 1315–1322. (doi:10.1139/
f02-107)
Poteat M, Buchwalter D. 2014 Calcium uptake in
aquatic insects: influences of phylogeny and metals
(Cd and Zn). J. Exp. Biol. 217, 1180–1186. (doi:10.1242/
jeb.097261)
Dowse R, Palmer CG, Hills K, Torpy F, Kefford BJ. 2017
Data from: The mayfly nymph Austrophlebioides
pusillus Harker defies common osmoregulatory
assumptions. Dryad Digital Repository.
(doi:10.5061/dryad.dk34h)

................................................

19.

from a coalmine. Aquat. Toxicol. 177, 425–432.
(doi:10.1016/j.aquatox.2016.06.014)
Herczeg A, Dogramaci S, Leaney F. 2001 Origin of
dissolved salts in a large, semi-arid groundwater
system: Murray Basin, Australia. Mar. Freshw. Res.
52, 41–52. (doi:10.1071/MF00040)
Kraul S, Szyper J, Burke B. 1985 Practical formulas
for computing water exchange rates. Prog.
Fish-culturist 47, 69–70. (doi:10.1577/1548-8640
(1985)47<69:PFFCWE>2.0.CO;2)
Kefford B, Papas P, Nugegoda D. 2003 Relative
salinity tolerance of macroinvertebrates from the
Barwon River, Victoria, Australia. Mar. Freshw. Res.
54, 755–765. (doi:10.1071/MF02081)
Hassell K, Kefford B, Nugegoda D. 2006 Sub-lethal
and chronic salinity tolerances of three freshwater
insects: Cloeon sp. and Centroptilum sp.
(Ephemeroptera: Baetidae) and Chironomus sp.
(Diptera: Chironomidae). J. Exp. Biol. 209,
4024–4032. (doi:10.1242/jeb.02457)
Kefford B et al. 2012 Global scale variation in the
salinity sensitivity of riverine macroinvertebrates:
eastern Australia, France, Israel and South Africa.
PLoS ONE 7, e35224. (doi:10.1371/journal.pone.
0035224)
Palmer C, Muller W, Gordon A, Scherman P,
Davies-Coleman H, Pakhomova L et al. 2004
The development of a toxicity database using
freshwater macroinvertebrates, and its application
to the protection of South African water resources.
South Afr. J. Sci. 100, 643–664.
Dunlop J, Horrigan N, McGregor G, Kefford B, Choy
S, Prasad R. 2008 Effect of spatial variation on
salinity tolerance of macroinvertebrates in eastern
Australia and implications for ecosystem protection
trigger values. Environ. Pollut. 15, 621–630.
(doi:10.1016/j.envpol.2007.03.020)
Pond G. 2010 Patterns of Ephemeroptera taxa loss in
Appalachian headwater streams (Kentucky, USA).
Hydrobiologia 641, 185–201. (doi:10.1007/s10750009-0081-6)
Kefford B, Marchant R, Schäfer R, Metzeling L,
Dunlop J, Choy S, Goonan P. 2011 The definition of
species richness used by species sensitivity
distributions approximates observed effects of
salinity on stream macroinvertebrates. Environ.
Pollut 159, 302–310. (doi:10.1016/j.envpol.2010.
08.025)
USEPA. 2011 A field-based aquatic life benchmark for
conductivity in Central Appalachian streams.
Washington, DC: United States Environmental
Protection Authority.
Harrison J, Authur Woods H, Roberts S. 2012
Ecological and environmental physiology of insects.
Oxford, UK: Oxford University Press.
Kapoor N. 1979 Osmotic regulation and salinity
tolerance of the stonefly nymph, Paragnetina
media. J. Insect. Physiol. 25, 17–20. (doi:10.1016/
0022-1910(79)90031-3)
Chadwick M, Hunter H, Feminella J, Henry R. 2002
Salt and water balance in Hexagenia limbata
(Ephemeroptera: Ephemeridae) when exposed to

rsos.royalsocietypublishing.org R. Soc. open sci. 4: 160520

1. Sutcliffe D. 1980 Studies on salt and water balance
in caddis larvae (Trichoptera). III. Drinking and
excretion. J. Exp. Biol. 39, 141–160.
2. Sanguinetti M. 1980 Osmoregulation and ionic
balance in Trichocorixa reticulata
(Guerin-Meneville). Comp. Biochem. Physiol. A 65,
477–482. (doi:10.1016/0300-9629(80)90061-4)
3. Bradley T. 2009 Animal osmoregulation. Oxford, UK:
Oxford University Press.
4. Williams D, Feltman B. 1992 Aquatic insects.
Wallingford, UK: CAB International.
5. Macan T. 1961 Factors that limit the range of
freshwater animals. Biol. Rev. 36, 151–198.
(doi:10.1111/j.1469-185X.1961.tb01582.x)
6. Knox G. 2007 Biology, 2nd edn. London, UK: CRC
Press.
7. Campbell N, Reece J. 2012 Campbell biology, 9th
edn. Frenchs Forest, NSW, Australia: Pearson
Australia Group.
8. Hart B, Bailey P, Edwards R, Hortle K, James K,
McMahon A, Meredith C, Swadling K. 1991 A review
of the salt sensitivity of the Australian freshwater
biota. Hydrobiologia 210, 105–144. (doi:10.1007/
BF00014327)
9. Wigglesworth V. 1965 The principals of insect
physiology, 6th edn. London, UK: Methuen.
10. Cañedo-Argüelles M, Kefford B, Piscart C, Prata N,
Schäfer R, Schulze C-J. 2013 Salinisation of rivers: an
urgent ecological issue. Environ. Pollut. 173,
157–167. (doi:10.1016/j.envpol.2012.10.011)
11. Beadle L, Cragg J. 1940 Studies on adaptation to
salinity in Gammarus spp. 1. Regulation of the blood
and tissues and the problem of adaptation to
freshwater. J. Exp. Biol. 17, 153–163.
12. Kefford B, Nugegoda D. 2005 No evidence for a
critical salinity threshold for growth and
reproduction of the freshwater snail Physa acuta.
Environ. Pollut. 54, 377–383. (doi:10.1016/j.envpol.
2004.09.018)
13. Kefford B, Zalizniak L. 2006 Growth of the damselfly
Ischnura heterosticta is better in saline water than
freshwater. Environ. Pollut. 141, 409–419.
(doi:10.1016/j.envpol.2005.08.064)
14. Boeuf G, Payan P. 2001 How should salinity
influence fish growth? Comp. Biochem. Physiol. C
130, 411–423.
15. Krogh M, Dorani F, Foulsham E, McSorley A, Hoey D.
2013 Hunter catchment salinity assessment final
report. Sydney, NSW, Australia: State of NSW and
Environment Protection Authority.
16. Zalizniak L, Kefford B, Nugegoda D. 2006 Is all
salinity the same? I. The effect of ionic compositions
on the salinity tolerance of five species of
freshwater invertebrates. Mar. Freshw. Res. 57,
75–82. (doi:10.1071/MF05103)
17. Riek E. 1969 The Australian freshwater crayfish
(Crustacea: Decapoda: Parastacidae) with
descriptions of new species. Austr. J. Zool. 17,
855–918. (doi:10.1071/ZO9690855)
18. Sauer F, Bundschuhb M, Zubrodb J, Schäfer R,
Thompsond K, Kefford B. 2016 Effects of salinity on
leaf breakdown: dryland salinity versus salinity

9

