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“Capsule”: Acute laboratory salinity tolerances relate to maximum salinity where organisms occur in nature.

Abstract

The degree to which laboratory derived measures of salinity tolerance reflect the field distributions of freshwater biota is uncertain.
In this paper we compare laboratory-derived acute salinity tolerance (LCsqy values) of freshwater macroinvertebrates (range 5.5-76
mS/cm) and fish (range 2.7-82 mS/cm) from southeastern Australia with the salinity from which they have been collected in the
field. Only 4% of the macroinvertebrates were collected at salinity levels substantially higher than their 72-h LCs, obtained from
directly transferring animals from low salinity water to the water they were tested (direct transfer LCsg). This LCs, value was cor-
related with the maximum salinity at which a species had been collected. For common macroinvertebrates, the maximum field
salinity was approximated by the direct transfer 72-h LCs,. For adult freshwater fish, 21% of species were collected at salinities
substantially greater than their acute direct transfer LCsy and there was a weak relationship between these two variables. Although
there was a weak correlation between the direct transfer LCs, of early life stages of freshwater fish and the maximum field salinity,
58% of the field distribution were in higher than their LCs, values. In contrast, LCsy determined from experiments that acclimated
adult fish to higher salinity (slow acclimation) provided a better indication of the field distribution: with only one fish species (7%)
being in conflict with their maximum field salinity and a strong positive relationship between these variables. This study shows that
laboratory measures of acute salinity tolerance can reflect the maximum salinity that macroinvertebrate and fish species inhabit and
are consistent with some anecdotal observations from other studies.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction at which a species can sustain itself in nature. Deter-
mining this is, however, difficult and is rarely done.

Increasing salinity in rivers and wetlands is recognized

as a serious environmental problem in all inhabited
continents (Williams, 1987). In order to consider
the likely effects of salinity increases the maximum
salinity that freshwater organisms can withstand (their
salinity tolerance) must be measured. Such measures
of salinity tolerance should indicate the maximum salinity

* Corresponding author. Tel.: +61-3-9925-7126; fax: 61-3-9925-
7110.
E-mail address: ben.kefford@rmit.edu.au (B.J. Kefford).

0269-7491/§ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.envpol.2003.12.005

1.1. Salinity tolerances—the issues

A number of studies report the maximum field salinity
at which particular taxa have been collected (Ettershank
et al., 1966; Scudder and Mann, 1968; Knowles and
Williams, 1973; Aladin, 1991; Kefford, 1998a; Williams
and Williams, 1998; Bailey and James, 2000; Bailey et
al.,, 2002). Such observations indicate that a species
survives in the field at those salinities. There are, however,
several reasons why they may not necessarily be the
maximum salinities that can be tolerated: there may be
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limited survey effort or lack of suitable habitat at higher
salinity sites; the geographic distribution of the species
might be restricted to areas that currently have lower
salinities; or, high salinity may co-occur with changes in
other factors (that might restrict a species’ distribution).
Additionally, the presence of a species at a particular
salinity does not necessarily indicate that it can complete
its life-cycle at that salinity. Due to their observational
nature, field observations do not provide a causal
link with the salinity tolerances of organisms (see
Underwood et al., 2000).

The most common laboratory measure of salinity
tolerance is the concentration that is lethal to 50% of
individuals (the LCsy value) over an arbitrary period
(usually 48-96 h). Such determinations are experimental
and thus establish a causal link between salinity and
mortality. They do not, however, take into account
other changes in the natural environment that may co-
occur with increased salinity (Kefford, 1998b, 2000a,b)
including ionic proportions. They are usually conducted
at constant temperatures and without other stressors,
which is clearly not the case in natural ecosystems.
Hence, survival in laboratory experiments may not predict
survival in nature, let alone the maximum salinity that
could support a self-sustaining population. Although
laboratory measurements of sub-lethal effects (e.g.
physiological measures, growth and reproduction) are
also possible, they are more resource-intensive and can
be difficult to relate to the salinity at which a species
can maintain a self-sustaining population (Brinkhurst et
al., 1983). Inter-specific interactions can also be measured
(Galat et al., 1988) but they are often unstable (Graney
et al., 1995; Connell et al., 1999) and controversial
(Carpenter, 1996, 1999; Drenner and Mazumder, 1999;
Huston, 1999).

While there is room for criticism of particular
approaches, all have advantages and there is a need for
multiple approaches (Kefford et al., 2002). In this paper
we compare the laboratory measured lethal salinity
tolerance of freshwater macroinvertebrates and fish
from southeastern Australia to the maximum salinity at
which they have been recorded in nature or maximum
field distribution (MFD). This was done to assess the
validity of these alternative measures of salinity tolerance.
If these two measures are related, then either method
can be reliably used to estimate salinity tolerance.

2. Materials and methods
2.1. Macroinvertebrates

Laboratory toxicity data for macroinvertebrates were
obtained from Kefford et al. (2003). This data set con-

tains LCso values (which ranged from 5.5 to 76 mS/cm)
for a range of macroinvertebrate taxa collected from the

Barwon Catchment in southwestern Victoria. LCs,
values were measured at 72-h with the exception of
Cricotopus (Diptera: Chironomidae) which was deter-
mined at 48 h. The toxicity experiments were conducted
by directly transferring the macroinvertebrates to various
salinity concentrations prepared with an artificial sea
salt, Ocean Nature, which has the same ionic proportions
as sea water. These ionic proportions are common in
Australian inland waters (Bayly and Williams, 1973: 1).
All experiments were conducted at 20°C. Four of the
taxa tested by Kefford et al. (2003) were composites of a
number of species and, with the exception of Crico-
topus, were not considered here due to uncertainty of
their identity. Cricotopus was the dominant taxon pre-
sent in a mix of Chironomidae tested. For taxa identi-
fied to levels other than species, they were compared to
field data from the same taxonomic level.

The LCso values were compared to MFDs obtained
from a number of sources: the Victorian Environmental
Protection Authority (EPA) macroinvertebrate data-
base, the Arthur Rylah Institute (ARI) Aquatic Fauna
Information System (DSE, 2002), Ryan and Davies
(1996) and the salt sensitive database (Bailey et al., 2002).
The EPA database consists of standardized qualitative
macroinvertebrate samples (Davies, 2000) and associated
environmental data, including electrical conductivity
(EC) collected from pool/edge and riffle habitats in
flowing water from about 4000 samples from 1050 sites
throughout Victoria and identified to lowest practical
level (Tiller and Metzeling, 1998). Samples were col-
lected in the spring (October—December) and autumn
(March-May). Data from the EPA database has been
previously published (Marchant et al., 1997, 1999). The
DSE (2002) database contains macroinvertebrate
records from Victoria and southeastern New South
Wales (NSW) mostly collected using the same methods
as those from the EPA database but at fewer sites (a
total of 894 samples). Ryan and Davies (1996) and Bai-
ley et al. (2002) are reviews and contain values from
various published and unpublished Australian studies.
The maximum salinity that each taxon was recorded at was
defined as its MFD. A total of 49 macroinvertebrate taxa
were available with laboratory LCs, and MFD (of which
Coleoptera accounted for 12%, Diptera 2%, Gastropods
12%, Ephemeroptea 6%, Hemiptera 12%, macro-
crustaceans 8%, Odonata 12%, other non-arthropods
6%, Plecoptera 6% and Trichoptera 24%).

2.2. Freshwater fish

Clunie et al. (2002) recently reviewed the salinity
tolerance of native and introduced freshwater fish in
Australia and their summary of laboratory derived
LCso values was used in this paper. This information
comes from studies conducted mostly in the Murray-
Darling Basin with fewer studies elsewhere in mainland
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southeastern Australia. There were three broad methods
from which the LCsq of fish were determined. (1) Direct
transfer of adults from their control water to the salinity
in which they are tested (referred to as direct transfer or
direct LCsy) and conducted over a period that considers
acute toxicity (96 h in most cases). (2) Slowly increasing
the salinity (over a period of days) and allowing the
adult fish time to acclimatize to the increase before they
were subject to potentially lethal levels (referred to as
slow acclimation or slow LCsg). (3) Direct transfer of
the early life-stages (eggs, sperm or larva) from the
control salinity to their test salinity (referred to as early
life-stage or early LCsg). Due to the large differences in
LCsy values between these methods (ranges of 9.8-78,
21-82 and 2.7-26 mS/cm, respectively), they were
investigated separately (see Hart et al., 1990; Ryan and
Davies 1996; Bailey and James, 2000; Clunie et al., 2002
for discussion about differences in tolerance from these
test methods). Where multiple early life-stage LCsq
values for a species were available, the minimum was
used because we wished to consider the most sensitive
stage. Where a species had several direct transfer or
slow acclimation LCs values, the maximum was used to
give an upper estimate of its laboratory tolerance.

The MFD for each species was obtained from Ryan
and Davies (1996), Clunie et al. (2002), DSE (2002),
Bailey et al. (2002) and NSW Fisheries database.
Records for fish on DSE (2002) were spread throughout
Victoria and produced 876 samples with fish and EC
records. The NSW Fisheries database contained similar
data with a total of 768 suitable samples. The maximum
value at which any life stage had been recorded alive in
nature was defined as the MFD.

2.3. Measures of salinity and data comparability

While MFD values are based on one off spot reading,
such reading can be reflective of the past salinity at a
site (Kefford, 2001). In this paper, salinity was expressed
in terms of EC (mS/cm) at 25°C, as most of the avail-
able data used this measure of salinity. EC is the most
common measure of salinity and is accurately, rapidly and
easily measured. Records expressed in EC at ambient
temperature (°C) were adjusted to 25 °C with the formula:
ECy5=ECam/[(1+0.025)(Ambient  temperature—25)]
(Williams and Sherwood, 1996). Records expressed in
total dissolved solids (TDS, in g/L) were converted using
the formula EC=0.754 TDS (Kefford et al., 2003).

EC values that were considered unlikely for their
geographic location (too high or low) were queried with
the manager of the respective database. Where possible, the
collectors of the data were contacted or original records
checked and corrected when errors were detected.

Statistical tests were considered significantly different
with a P level <0.05 and marginally significant if P was
between 0.05 and 0.1.

3. Results
3.1. Macroinvertebrates

Eight out of 49 macroinvertebrate taxa (16%) had an
MFD > their LCsq (Fig. 1), 3 of these 8 had censored
(see Smith, 2002) LCs, values so their ‘real’ LCs values
are higher than indicated and may not be in conflict
with their MFD. These taxa were thus excluded in the
following analysis. Of the 5 remaining taxa with MFD
values > their LCs, 3 (Cricotopus, Baetid Genus 1, sp 5
[Ephemeroptera: Baectidae] and Cloeon/Centroptilum
[Baetidae]) had LCs, values not greatly lower than their
MFD (<2.8 mS/cm). Given statistical and other poten-
tial errors in estimation of LCsg, their LCs, values are
not in serious conflict with their MFD. Thus only 2 of
46 taxa (4.3%) had a MFD substantially > their LCs.
MFD values of both, Austrochiltonia (Amphipoda:
Ceinidae) and Agraptocorixa eurynome (Hemiptera:
Corixidae), come from saline lakes (Bailey et al., 2002).
Additionally, 4. eurynome has aerial adults, it thus might
accidentally be found out of its usual salinity range. If
distribution records are restricted to those from flowing
water the MFD values are not in conflict with the LCsy.

Excluding censored LCsy, there was a statistically
significant correlation between LCso and MFD (r=0.37,
P=0.033, n=32) for all taxa. Considering common
taxa, defined as those where =50 individuals collected
on at least one occasion, (Fig. 2) this correlation was
considerably stronger despite a reduced sample size
(r=0.87, P=0.003, n=11). The line of best fit was
similar to the one to one relationship (Fig. 2). The
removal of the outlier caused by Austrochiltonia did not
alter the significance of this relationship (r=0.78,
P=0.009, n=10) and its removal makes the relationship
closer to the one to one. In contrast, there was no
evidence of any relationship for the rare taxa, defined as
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Fig. 1. Relationship between the direct transfer LCsy values of the
macroinvertebrate tested by Kefford et al. (2003) and their MFD.
Where “p” refers to point estimates of the LCsy and ““>"" indicated
the LCso not reached in the laboratory test; thus EC at which 50%
mortality occurs is greater than specified (i.e. censored data [Smith,
2002]). The straight diagonal line is the one to one relationships.
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Fig. 2. Relationship between the MFD and 72-h direct transfer LCsq
values of the common macroinvertebrate taxa tested by Kefford et
al. (2003). Where A= Physa acuta, B= Austrochiltonia, C= Paratya
australiensis, D= Cricotopus, E=Baetid Genus 1, sp 5, F= Cloeon/
Centroptilum, G = Micronecta annae, H= Dinotoperla thwaitesi,
1= Anisocentropus, J = Notalina spira and K = Triplectides australicus.
The dashed diagonal line is the one to one relationship and the solid
lines are the least squares regression line + its 95% confidence initials
(CD).

those taxa where all collections were <50 individuals
(r=0.27, P=0.26, n=21).

Species that are rare at one site are often also found in
low abundances elsewhere, and such species may tend to
have restricted geographical and habitat distribution
(Gaston, 1994; Gaston and Blackburn, 2000). This was
the case with macroinvertebrates from the Barwon
Catchment. Thus the MFD for rare taxa may be seriously
underestimated compared with common taxa. We can
also define rarity in terms of the number of occurrences
of a taxon in EPA samples. A stronger relationship
between MFD and LCs, values exist for taxa with
about 100 or more occurrences in EPA samples (Fig. 3).

If LCsy values represent at least relative salinity
tolerance then they should be rank-correlated with
MFD. This was the case for all taxa (r=0.55, n=232,
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Fig. 3. The strength of the correlation between the MFD and 72-hour
direct transfer LCs, values for macroinvertebrate taxa at various levels
of rarity. The x-axis is the cut-off for inclusion of taxa in the corre-
lation. An x-value of 100, for example, indicates that for taxa to be
included they have to been recorded in >100 EPA samples.

P=0.001), common taxa (r=0.61, n=11, P=0.0458)
and rare taxa (r=0.59, n=21, P=0.005).

As previously stated, the MFD may not indicate the
maximum salinity at which a population can maintain
itself in the field. So we considered only sites where a
particular taxon occurred regularly. A list of EPA sites
where each taxon had been recorded on >3 occasions
was compiled. As most of the rare taxa were recorded in
few EPA samples, only the common taxa and non-
censored rare taxa recorded in >99 EPA samples were
used. For each taxon, the mean EC for each site was
calculated and from this the maximum mean EC values
were determined. These give an indication of the max-
imum EC that can regularly support taxa. There was a
significant relationship between the maximum mean EC
and the LCso (r=0.67, n=17, P=0.003). This relation-
ship was significantly different (P <0.05) from the one
to one relationship and in all cases the maximum
mean EC was < the LCsy indicating that the
maximum mean EC of taxa may approach their LCs,
values but not exceed them.

3.2. Freshwater fish

Direct transfer LCs, values for freshwater fish were
substantially (>2.1 mS/cm) lower than their MFD in 4
out of 19 (21%) of species (Fig. 4a). Early life-stage
LCso were in conflict with their MDF in 7 of 12 species
(58%) (Fig. 4b). In contrast, out of 14 species, only the
slow acclimation LCs, for Macquaria ambigua (Golden
perch) was in conflict with its MDF (7.1%) (Fig. 4c) and
only by a relative small amount: 3.1 mS/cm.

The relationship between MFDs and laboratory data
for the fish was a marginally significant correlation with
direct transfer LCsy (r=0.43, P=0.063, n=19, Fig. 4a)
and early life-stages LCsy (r=0.51, P=0.086, n=12,
Fig. 4b). There was, however, a stronger and highly
significant correlation between MFD and the slow
acclimation LCsy (r=0.69, P=0.006, n=14, Fig. 4c).
There was also a strong correlation between the direct
transfer and slow acclimation LCso (r=0.93, P<0.001,
n=13) but not the direct transfer and early life-stage
(r=-0.36, P=0.34, n=9) or slow acclimation and early
life-stage (r=—0.40, P=0.29, n=9) LCs, values.

4. Discussion

Although lethal laboratory toxicity testing is commonly
conducted, and many standard methods have been
widely accepted (OECD, 1996; ASTM, 1998), there has
been controversy as to its value in predicting field
occurrences of taxa. Furthermore, there have been few
field validations of laboratory toxicity data (Connell et al.,
1999: 98). There are many criticisms that can be leveled
at acute tolerance testing, for example: unrealistic
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Fig. 4. Relationship between laboratory LCsy and MFD in Australian freshwater fish (a) direct transfer, (b) early life-stages and (c) slow
acclimation. Where A = Bidyanus bidanus (Silver perch), B= Craterocephalus fluvatilis (Unspecked hardyhead), C= Gadopsis marmoratus (River
blackfish), D = Galaxias maculatus (Common galaxias), E = Hypseleotris klunzingeri (Western carp gudgeon), F = Leiopptherapon unicolor (Spangled
perch), G= Maccullochella peelii peelii (Murray cod), H= Macquaria ambigua (Golden perch), 1= Macquaria australasica (Macquarie perch),
J = Melanotaenia fluviatilis (Crimson-spotted rainbow fish), K= Mogurnda adspersa (Purple-spotted gudgeon), L= Philiynodan grandiceps
(Flat-headed gudgeon), M = Retropinna semoni (Australian smelt), N = Tandanus tandanus (Freshwater catfish), O = Carassium auratus (Gold
fish), P= Cyprinus carpio (European carp), Q = Gambusia holbrooki (Mosquito fish), R = Perca fluviatilis (Redfin), S= Salmo gairdneri (Rainbow
trout), T=Salmo trutta (Brown trout), U= Macquaria novemaculeata (Australian bass), V= Prototroctes maraena (Australian grayling) and
W = Psudaphiritus vrvilli (Tupon/Congoli). The straight diagonal lines are one to one relationships.

laboratory conditions and no consideration of
sub-lethal effects or interactions between species.

The current study has shown that for salinity the
MFD of freshwater macroinvertebrate taxa and their
acute (72-h) LCsy values were correlated. For common
macroinvertebrates, which should have relatively good
estimates of their MFD (because they tend to be fre-
quently recorded in the field) their LCs, values were
similar to their MFD. The lack of relationship between
LCs9 and MFD for rare taxa may be an artifact caused
either by poor estimates of the actual maximum or
restricted geographic distributions. The relationship
with the ranked data, however, suggests 72-h LCsq
values are useful for assessing the relative salinity
tolerance of macroinvertebrates regardless of their rarity.
MFD are, however, only useful indicators of salinity
tolerance of commonly collected taxa. The positive
relationship between the maximum mean EC and LCsq
values suggest that LCs, values are useful in assessing
upper salinity levels for sites that typically support a
species.

Our results are in accordance with Scudder and Mann
(1968) who recorded an LCsy between 1.232 and 1.25
mS/cm for the leech Nephelopsis obscura and found it in
lakes up to 1.13 mS/cm. Similarly, in a large estuary the
amphipods Melita zeylanica and Paracorophium sp.
were generally found at salinities less than 70 mS/cm
but were sporadically recorded up to 83 mS/cm which is
similar to their LCsq at optimum temperature of 78 and
79 mS/cm, respectively (Kangas and Geddes, 1984).

There may be changes in other water quality variables,
including ionic proportions, and other stresses at par-
ticular sites that when combined with elevated salinity
result in salinity tolerances different to those indicated
by LCsq values. Likewise, at certain sites, salt tolerant
taxa may still be affected by salinity indirectly by salinity
affecting their habitat or more sensitive prey, predators,
competitors or parasites. This study suggests that when
a broad range of sites are considered, such phenomena
are not important in determining the relationship
between LCs, value for commonly occurring macro-
invertebrates and their MFD.
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Two macroinvertebrate taxa were recorded from saline
lakes at salinities substantially greater than their LCs
value. However, the field distributions from flowing
water were not in conflict with their LCsq values. While
the salinity of a saline lake in southeastern Australia
fluctuates, it tends to be high, whereas salinity in a river
can be both fresh and saline. There is, therefore, more
potential for adaptation and acclimation to high salinity
in lentic waters. In southwestern Australia, an area with
historic salinization, many macroinvertebrate families
occur in rivers with salinity levels considerably higher
than LCsy and MFD values for members of those
families reported here (Kay et al., 2001). Exposure to
high salinity levels over generations may lead to adap-
tations that increase the salt tolerance of freshwater
macroinvertebrates (Kay et al., 2001). Regional differ-
ences thus appear likely and caution, therefore, should
be exercised when extrapolating results from laboratory
experiments to field settings that substantially differ
from those where the organisms were collected.

Relative to macroinvertebrates, direct transfer LCs
values from freshwater fish provided a poorer estimate
of the MFD values. Likewise, Clemens and Jones (1954)
found several freshwater fish in chloride concentrations
higher than they could withstand in direct transfer
laboratory experiments. As with this paper, they found
that LCsq values for two invertebrates approximated the
maximum chloride concentrations that they were collected
from. In the current study, slow transfer LCsy did, how-
ever, provide a better estimate of the MFD for freshwater
fish. In contrast, the LCs, for early life-stages of freshwater
fish provided a poor prediction of their MFD. Changes in
the salinity at a site are often slow (Kefford, 2001). Thus
for a short-lived species many individuals may not
experience large changes during their life. The longer life
spans and increased mobility of many fish, compared to
macroinvertebrates, may allow adult fish to survive in
or move into areas where salinity levels would be lethal
in their early life-stages. In many natural circumstances,
changes in salinity that fish experience would be gradual
and this would appear to permit some fish species to
tolerate higher salinity than indicated by their direct
transfer LCs. The relative low salinity tolerance on young
life-stages of freshwater organisms is well known (Hart et
al., 1991; Ryan and Davies, 1996; Bailey and James, 2000;
Clunie et al., 2002; Kefford et al., in press). The current
study does not indicate that fish populations are capable
of self sustaining at salinity levels above the tolerance of
their most sensitive life stage indefinitely. It does, however,
suggest that the salinity tolerance of the young stages
may not have yet limited the large scale distribution of
freshwater fish with respect to salinity. The protection
of freshwater fish from rises in salinity will likely require
consideration of the rates of change in salinity, seasonal
changes in salinity, their life-cycles and the salinity
tolerance of each life-stage.

This paper suggests that populations of southeastern
Australian macroinvertebrates and fish will mostly be
eliminated if salinity levels exceed their direct transfer
72-h LCsy value and slow acclimation LCsy value,
respectively. No assessment was made of the sustain-
ability of populations at their MFD and thus the current
study cannot suggest what salinity levels are required
for the protection of species.

Macroinvertebrate community structure is often related
to salinity (Short et al., 1991; Metzeling, 1993; Marchant
et al., 1997, 1999; Kefford, 1998a, 2000b). Yet it is not
known whether salinity causes these patterns, as increases
in salinity can co-occur with changes in other factors
(Kefford, 1998b, 2000a,b). It would seem unlikely that
factors confounded with salinity would eliminate taxa at
the same salinity as their laboratory-measured tolerance.
Therefore, the similar LCs, and MFD values for
common macroinvertebrates suggest that the MFD is
the direct result of short-term mortality. The relation-
ship between the maximum mean EC and LCs
acknowledges that salinity may affect the distribution of
taxa at levels below their acute lethal tolerance. The
current study suggests that acute lethal effects of salinity
impose an upper level on the distribution of macro-
invertebrate taxa. Below this upper limit other effects
(such as sub-lethal, indirect and effects of low salinity
[BJK unpublished]) may influence macroinvertebrate
distribution further.

Laboratory measured toxicity of pollutants other
than salinity (e.g. metals, pesticides, oils, etc), are
usually seen as comparative rather than predictive
(Graney et al., 1995). A positive relationship has been
observed between copper toxicity and organism field
distribution with respect to copper contaminated sedi-
ments, yet acute toxicity alone could not explain this
relationship (Malueg et al., 1984). Geckler et al. (1976)
concluded that laboratory derived toxicity data under-
estimated the effects of copper on fish in the field because of
avoidance of areas with high copper concentration. These
studies contrast with the one to one relationship observed
here with common macroinvertebrates. Salinity and its
component ions are conservative, and bioaccumulation,
biotransformation and bioavailability are probably not
issues, as they are with many other toxins.
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