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Elevated major ion concentrations in streams are commonly observed as a
consequence of resource extraction, de-icing and other anthropogenic activi-
ties. Ecologists report biodiversity losses associated with increasing salinity,
with mayflies typically being highly responsive to increases of different
major ions. In this study, we evaluated the performance of the mayfly
Neocloeon triangulifer reared for its entire larval phase in a gradient of sulfate
concentrations. Two natural waters were amended with SO, as a blend of
CaS0O, and MgSO, and exposures ranged from 5 to 1500 mg 1! SO, Survi-
val (per cent successful emergence to the subimago stage) was significantly
reduced at the highest SO, concentration in both waters, while development
was significantly delayed at 667 mg 1~ SO,. Final sub-adult body weights
were consistent across treatments, except at the highest treatment concen-
tration. Despite evidence for sulfate uptake rates increasing with exposure
concentrations and not being saturated at even extremely high SO, concen-
trations, total body sulfur changed little in subimagos. Together, these
results suggest that elevated SO, imposes an energetic demand associated
with maintaining homeostasis that is manifested primarily as reduced
growth rates and associated developmental delays. We identified two
genes related to sulfate transport in N. triangulifer.

This article is part of the theme issue ‘Salt in freshwaters: causes, ecologi-
cal consequences and future prospects’.

1. Introduction

Freshwater salinization has emerged as a major issue in freshwater ecosystems
throughout the world [1-6]. Anthropogenic causes of salinization include road
salting [7,8], irrigation of arid lands [9,10], urbanization [11,12], natural gas
extraction and associated brine spills [13,14] and mountaintop removal/
valley fill mining [6]. Climatic related changes in freshwater salinities include
altered precipitation patterns and drought [15] and seawater intrusion from
rising sea levels. These diverse causes of salinization occur in different geologies
and result in a wide variety of salinity signatures. It is important that we signi-
ficantly improve our understanding of how different salinity regimes affect
aquatic life and how they might be mitigated.

Surface coal mining in many parts of the world can result in rather unique
stream chemistries marked by dramatic increases in sulfate, bicarbonate, cal-
cium and magnesium [6]. These streams are often low in the concentrations
of other ions (e.g. Na and Cl) commonly observed to be elevated in other
anthropogenic causes of increased salinity. Ecological responses to sulfate-
dominated increases in salinity include the loss of mayflies and other taxa
[6], which may be locally adapted to dilute habitats.

Because mayflies are important players in freshwater ecosystems and are
responsive to environmental changes, several laboratories have begun working
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with Neocloeon triangulifer (formerly Cloeon triangulifer and
Centroptilum triangulifer) as a mayfly model to explore
responses to elevated salinity. Neocloeon triangulifer is one of
a very few mayfly species that has been cultured successfully
in the laboratory. Sweeney and co-workers [16,17] were
the first to culture this species and use it in a bioassay context.
Decades later, studies by Xie and co-workers [18,19], Conley
et al. [20-23] and Kim et al. [24] demonstrated the use of this
species to study trace metal accumulation and trophic
exposures through periphytic biofilms. Other laboratories
soon followed suit [25-27], and the United States (US) Environ-
mental Protection Agency (EPA) began work to standardize
rearing conditions so that the species could be used in different
laboratories with established rearing protocols [28,29].

Scheibener et al. [30] was the first to study sulfate transport
kinetics in N. triangulifer and other stream insects, and demon-
strated that increasing sodium (Na) concentrations resulted in
reduced sulfate uptake from solution, which corresponded
with reduced sulfate toxicity on an acute basis. This finding
was important, because the use of sodium sulfate to asses sul-
fate toxicity is the most standard practice in major ion toxicity
studies, e.g. [27,31]. However, Scheibener’s observation sug-
gests that the use of sodium sulfate to assess sulfate toxicity
may not appropriately reflect sulfate toxicity in the low Na
environments common to coal mining impacted streams.

In this study, we assessed the toxicity of sulfate in two
dilute natural waters characterized by low Na (<2.5mg .
A gradient of sulfate concentrations was prepared by spiking
these natural waters with a blend of CaSO4 and MgSO,, main-
taining a Ca:Mg mass ratio of 2.4:1, which was the ratio
observed at site A, while site B had a ratio of 2.8:1. Newly
hatched larvae were reared to the subimago stage across
these sulfate gradients, and the percentage of larvae to success-
fully emergence, time to emergence and subimago weights
were recorded. Total body sulfur (S) was measured in subima-
gos across treatments. Companion studies assessed the effect
of sulfate and other major ion concentrations on mRNA
expression levels using real time-quantitative polymerase
chain reaction (RT-qPCR). We provide primer sequences for
two genes associated with ion transport in N. triangulifer for
the growing N. triangulifer research community.

2. Material and methods

(a) Test organisms and water preparation

The parthenogenetic mayfly N. triangulifer (clone WCC-2) was
originally obtained from Stroud Water Research Center (Avon-
dale, PA). Larvae were hatched in a modified artificial soft
water (ASW) (mM: CaSO,-2H,0=0.10, Na,HCO; = 0.69,
MgS0O, - 7H,O = 0.14, CaCl, =0.20 and K,HCO; = 0.03). This
recipe was obtained from the US EPA (D. Mount 2017, personal
communication) based on a meta-analysis of surface waters
throughout the conterminous USA.

The base waters for the life cycle bioassay were collected
from two different waterbodies at a metallurgical coal mine
site in British Columbia (BC), Canada, where there was an inter-
est in establishing a suitable limit for sulfate concentration
in order to protect aquatic life. Concentrations of major ions in
the waters, prior to amending with sulfate, are shown
in table 1. The waters were amended with nominal concentration
of 296, 444, 667, 1000 and 1500 mg 17! sulfate using CaSOy -
2H,0 and MgSO, - 7H,0 (at a 2.4:1 mass ratio, or 1.45 molar
ratio of Ca:Mg), which is consistent with the site A ratio.

Table 1. Major ion composition of the two site waters used as the base [JEJ]

water for SO, exposures.

ion site A (mg 17") site B (mg 17")
@a 23.0 13.9

Mg 93 50

Na 25 0.4

K 0.7 0.4

HCO, 74.5 59.8

50, 30.1 56

a <05 <05

DS 119 70

Concentrations of sulfate in the test solutions at the start of the
test were measured by ALS Environmental (Burnaby, BC,
Canada) by ion chromatography (table 2) with a subset of
samples verified by inductively coupled plasma-mass spec-
trometry (ICP-MS) at North Carolina State University (NCSU).
At the termination of the experiment, the SO, concentrations
were measured by ICP-MS in a single sample each treatment
group and all were within 9% of the initial (table 2) values.

(b) Life cycle bioassay

Treatment solutions were aliquoted into replicate 1.8 1 Ball"™™ glass
jars with 1.75 1 of water in each jar (three replicates per treatment).
In addition to stream base water controls, a modified ASW control
(see above for chemistry) (1 =4) was also included. Newly
hatched larvae were provided a diet of natural periphyton to
ensure survivorship for the first 24 h post-hatch until the start of
the experiment. Upon the start of the experiment, mayflies (1-2
days old) were transferred to rearing jars provisioned with acrylic
plates (6.5 x 23 x 0.15 cm) colonized by an assemblage of natural
periphyton (a mixture of algae, diatoms, microbiota and detritus).
Periphyton plates were produced at Stroud Water Research Center
by allowing stream water (White Clay Creek, PA) to flow con-
tinuously over plates contained in a greenhouse as described
previously [20,21]. Plates were shipped overnight to NCSU and
upon reception; one plate was placed into each replicate jar, 1
day prior to the introduction of mayfly larvae. A second plate
was placed 15 days after the start of the experiment to ensure ade-
quate food supply throughout life cycle. Water was not changed
during the experiment.

Each replicate was aerated and Parafilm™ was used to
reduce evaporative loss, and deionized water was added to
marked ‘fill” lines on each vessel as needed. Conductivity, pH
and dissolved O, were measured approximately 3 days per
week in a minimum of two replicates per treatment. Conduc-
tivities were relatively stable for the duration of the experiment
(electronic supplementary material, figure S1). pH measures
(n = 390) averaged 8.13 + 0.25, with the 7.57 and 8.86 being the
extreme low and high measures recorded, respectively. Dissolved
oxygen measures (11 =390) averaged 7.7 + 0.7 mg 1! through
the duration of the experiment, with 5.6 mg 1~ ' being the lowest
value recorded. A Hobo™ temperature probe monitored tempera-
ture every hour for the entirety of the experiment and varied
between 23.3 and 24.8°C. After approximately 2.5 weeks, mesh-
lined collection lids were placed on top of each jar. Subimagos
emerged in late afternoon/evening and were collected in 1.5 ml
centrifuge tubes and placed in a —20°C freezer overnight. The
mayflies were removed from the freezer, dried overnight at 60°C
and weighed dry to the nearest 0.001 mg using a Sartorius
CPA2P microbalance.
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Table 2. Measured sulfate concentrations and total dissolved solids as sum of major ions.

measured S0, (mg 1~")

nominal S0, addition (mg () site A site B
+296 330 312
+444 475 456
1667 B o6 678
1000 1070 1050
+1500 ' ' 1640 1580

Dried subimagos were taken for whole body S concentrations
across treatments from each water type. We also obtained dried
subimagos from sulfate exposures conducted at the Stroud
Water Research Center to assess variability in whole body
S. Three individuals were composited to form a replicate and
were microwave-digested (CEM MARSXpress) in 1 ml Omni-
trace Ultra High Purity Nitric Acid (EMD Chemicals,
Darmstadt, Germany). Filtered water samples (14 ml) were
taken for each treatment pre- and post-test. Samples were filtered
through 0.45 pm nylon syringe filters. Each sample was then
acidified with 1 ml of Omnitrace Ultra High Purity Nitric Acid
(EMD Chemicals, Darmstadt, Germany). Subimago digests and
water samples were processed by the Environmental and Agri-
cultural Testing Services Laboratory (Department of Soil
Science, North Carolina State University, Raleigh, NC, USA)
for quantification of major ions (Na, Ca, Mg, K, Cl and S) via
ICP-OES. Quality control blanks were below detection limits.
Standard reference material (NIST 2976 mussel tissue (freeze-
dried)) was within 10% of expected concentrations.

To better understand performance differences of N. trianguli-
fer in the different site waters, we used Visual MINTEQ, v. 3.0 (JP
Gustafsson, Royal Institute of Technology, Department of Land
and Water Resources Engineering, Stockholm, Sweden) to calcu-
late the activity of all potential ionic species based on mean
measured anion and cation concentrations. This is informative,
because in more concentrated solutions, it may be necessary to
account for the fact that ions behave as though their concen-
trations are lower than nominal or measured concentrations,
i.e. an ion’s “activity” will probably be less than its concentration
[32] (see [33]). For activity modelling, we input fixed pH values
based on the average measured pH for each test.

() RNA isolation and quantitative polymerase chain
reaction analysis for gene expression study

To compare the gene expression associated with sulfate stress,
primers were designed based on a de novo assembly of compiled
N. triangulifer cDNA sequence data (both 454 and Illumina plat-
forms) resulting in approximately 23 000 contigs with associated
bioinformatics. Based on these annotated contigs, we selected
two genes of interest, a sulfate transporter and a Na-independent
sulfate transporter, and developed probes for gene expression
studies (table 3). Tubulin is served as a reference gene. Each
gene of interest was inserted into a pCR2.1®-TOPO®™ TA vector
(Life Technologies) expression vector and produced sequences
that were independently confirmed. All primers were designed
with IDTSciTools (http://www.idtdna.com/SciTools/SciTools.
aspx) and were synthesized by Life Technologies, (Carlsbad,
CA, USA).

For gene expression studies, N. triangulifer mature larvae
were exposed to ASW amended with Mg/CaSO, and Na,SO,
(both containing 600 mg 1~ SOy) for 24 h. Total RNA was iso-
lated (two larvae pooled for one biological replicate) following

DS (mg 17" conductivity (S am ™)
site A site A site B
525 487 729 673
724 681 967 905
1044 987 1307 1246
1540 1491 1779 1698

2301 2201 2386 2292

the SV Total RNA Isolation System protocol (Promega, Madison,
WI). First-strand cDNA was synthesized from the same amount
of each total RNA by MultiScribe” MuLV reverse transcriptase
using random primers (Applied Biosystems, Carlsbad, CA,
USA) and all thermocycling was done using a Bio-Rad iCycler
(Bio-Rad, Hercules, CA). RT-qPCR was performed on an ABI
Prism 7700 Sequence Detection System (Applied Biosystems,
Carlsbad, CA, USA) using default parameters: 2 min at 94°C,
followed by 40 cycles at 95°C for 30 s, 60°C for 30 s and 72°C
for 30 s. Relative expression of each amplicon was calculated
by the corrected delta—delta Ct method [34], with all expression
normalized to Tubulin levels in initial control samples. Relative
levels of Tubulin were confirmed to be approximately equal
across all treatments. Results were plotted using GraphPad
Prism (GraphPad Software, La Jolla, CA, USA). All treatments
were compared to ASW (control group) and a Student’s t-test
was performed to analyse the differences of gene expression
between treatments and control. All biological replicates for
treatment groups and control group had n = 6.

3. Results

Measured sulfate concentrations were in good agreement
with targeted values (mean and s.d. of 101 £+ 3% of target
values, after taking into consideration the sulfate in the site
waters) (table 2). Control survival (% of larvae to success-
fully emerge to the subimago stage) in ASW was 82 + 2%,
while survival in unmodified site water (site controls) was
76 + 2% and 76 + 6% in site A and B water controls, respect-
ively. In site waters amended with SO, between 296
and 1000 mg 17! SO,, survival varied between 58 + 12 and
80 + 12%. This variation was idiosyncratic and not systemati-
cally associated with changes in exposure concentration.
However, at 1500 mg 17! SO,, survival decreased to 33 + 4%
and 29 + 6% in site A and B waters, respectively (figure 1).
Mean subimago body masses were remarkably consistent
across controls and SO, treatments with the exception of the
1500 mg 17! SO, treatment group (figure 2). Relative to their
respective site controls, the 1500 mg1™" treated subimago
body weights were reduced 16% and 22% in site A and B
waters, respectively. In general, larvae seemed to grow better
in the site A (control and amended) water than in site B
counterpart treatments, but these differences were only signifi-
cantly different (p < 0.05) for site controls, 296 mg1~' and
1000 mg 1! SO, treatments (Tukey’s multiple comparison test).
Development time was significantly affected by sulfate
exposures to 667 mg 17! (site A), 1000 mg 17! (both waters)
and 1500 mg 1! (both waters) (figure 3). Larvae that sur-
vived exposure to 1500 mg1~' SO, took 33% (site A water)
and 40% (site B water) longer to reach the subimago stage
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Table 3. List of primer sequences for qPCR gene expression studies.

gene name accession number
tubulin MF463012
sulfate transporter MH549240
Na-independent sulfate transporter MH549239
100
so{ @ I
o 60
Q
g,
5 40
: ]
ite A
20 4 [ site
@ siteB
0 L] T L T L T L]
Q > O > >
S S X X X X X

AR SN
& & 4

Figure 1. Emergence percentage of N. triangulifer subimagos reared in two
site waters amended with SO4 as a blend of (aS0, and MgSO,. Each point
represents the mean of three replicate rearing chambers each seeded with 15
larvae 1 day post egg hatch. (Online version in colour.)

) Asw
20 ) site A
@ sitcB

1.5
1.0

0.5

mean subimago dry mass (mg)

control 296 444 667 1000 1500 (mglt)

Figure 2. Mean of individual subimago weights (dry mass) emerging from
different sulfate exposures.

than did their respective controls. Exposure to 1000 mg1~*
prolonged development by 9% and 13% in site A and B
waters, respectively. Exposure to 667 mgl™' (site A) pro-
longed development by 8%, whereas in site B water, this
exposure did not significantly delay development.

Previous work examining the kinetics of *°SO, uptake as a
function of concentration [30] showed expected Michaelis—
Menten-type kinetics, but surprisingly did not fully saturate
even at the highest SO, concentrations tested (figure 4a). How-
ever, this rapid SO; uptake in larvae did not result in
appreciable changes in whole body S content in subimagos
(figure 4b). Though statistically significant (R*=0.28, p =
0.0003), there was little appreciable increase in whole body S

amplicon primer sequences
219 forward: 5’-ATGCCCTCTGACAAGACTGTTGGA-3
reverse: 5'-ATAGTGACCGCGAGCGTAGTTGTT-3
204 forward: 5'-TGATCATTACCGGCATCATCGGCT-3/
reverse: 5'-TTTCCAGAATGGCGAGGATAGGCA-3
181 forward: 5’-CTTCATTCCACGCACTACC-3
reverse: 5'-CACCACCATGCCGATTAG-3
329 asw
o 304 - site A 2
% B sitcB
50 28 -
Q
5 26+
g
2 24
S
= 224
3
g 20

Ju—
o]

control 296 444 667 1000

1500 (mg 1)

Figure 3. Average time (days) required for completion of larval development
in natural waters amended with SO, as a blend of CaS0, and MgS0,.

across four orders of magnitude of SO, exposure concentrations.
Across all treatments, S content varied between 6.6 and
78mgg ' on a dry weight basis, (mean= 7.2+ 0.05),
suggesting that N. triangulifer strongly regulates S content.

Modelled sulfate activities in test treatments ranged from
approximately 0.2 (controls) to approximately 5 mM in the
highest test treatments in both waters (see the electronic sup-
plementary material, table S1). In both waters, activities
decreased as a per cent of concentration with increasing Ca
and Mg in dilution water. For example, in the controls for
both waters, free sulfate activity was approximately 80% of
the measured concentration, whereas in the 1500 mg 17! treat-
ments, free sulfate activity decreased to approximately 48% of
the measured concentration. The slightly better performance
of N. triangulifer in site A waters relative to site B was not
directly attributable to differences in SO, activity, but both
differences in activities and performance were relatively subtle.

To further our understanding of the osmoregulatory
physiology of N. triangulifer, we examined the expression pat-
terns of two genes that encode a sulfate transporter protein.
Gene expression results showed that the expression level of
sulfate transporter only reduced slightly under MgSO, and
CaSO, but had a significant 74% reduction under Na,SO,
treatment (p = 0.002) (figure 5a). The expression level of the
sodium-independent sulfate transporter gene, on the other
hand, had a significant 55% reduction (p = 0.0001) under
MgSO, and CaSO, treatment but no statistically significant
differences under Na;SO, treatment (figure 5b).

4. Discussion

The emergence of freshwater salinization as an ecological
problem [1-3,5,11] requires that we rapidly fill gaps in our
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Figure 4. (a) *°50, uptake rates in larvae of the mayfly N. triangulifer as a function of SO, concentrations (re-drawn from Scheibener et al. [30]). (b) Total body S
concentrations in subimagos reared for their entire larval stage at different SO, concentrations.
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Figure 5. Relative mRNA expression of N. triangulifer larvae subjected to 24 h sulfate stress treatment. All data are normalized to control (ASW). Error bars represent
standard deviations from the mean (n = 6). A Student’s t-test was performed and an asterisk indicates significant difference compared to ASW control. (Online

version in colour.)

understanding of how major ions affect aquatic life. It is
important to acknowledge that mechanisms of major ion tox-
icity may differ among faunal groups, particularly in relation
to evolutionary history. Insects dominate the ecology of
running waters, and this alone should compel us to better
understand how major ions shape their distributions and
responses to changes in salinity regimes being reported
around the globe. Moreover, the physiology of aquatic insects
may be unique resulting from their history as secondarily
aquatic species [35,36], and this should compel us to better
understand fundamental physiological processes in relation
to salinity.

Previous work [37] showed that major ion toxicity in the
mayfly N. triangulifer could not be attributed to conductivity
alone. Somehow, the ionic composition of the water mattered
as waters high in sulfate, but low in sodium, were toxic to the
mayfly, but when the ratios of SO, to Na were considerably
lower, toxicity was not observed despite the high conduc-
tivity. Subsequent work identified Na as a modifier of acute
SO, toxicity, with increasing Na associated with decreased
SO, uptake and toxicity [30]. This finding is important,
because in streams affected by surface coal mining, it is
common to find elevated SO, against a low Na background.

In this paper, we evaluated the toxicity of SO, in two
natural waters with relatively low Na. Sulfate exposures

were created by amending these waters with a blend of Ca
and Mg sulfate to maintain this low Na background. We
anticipated that low Na waters might produce toxicity at
lower SOy concentrations than those reported by Soucek &
Dickinson [27] who used Na,SO,4 and reported an EC20 for
per cent emergence at 145 mg 1" (95% CI 69-305). In our
study, per cent emergence was not affected at 1000 mg1~*
SO,, but was markedly reduced at 1500 mg1~' SO,.

There are a few possible explanations for the discrepancy
between these results and those of the Soucek & Dickinson
study [27]. First, our experimental temperatures varied
between 23.3 and 24.8°C, while the Soucek & Dickinson
study was conducted at 25°C, which is quite close to the
edge of this species’ thermal acclimation zone (see [38] and
[39] for a discussion of the importance of temperature to
mayfly growth and development). The Soucek & Dickinson
study reports pre-egg laying fresh body weights of 2.5-
2.6 mg per individual (wet weight), where our dry weights
were typically 1.5 mg (approx. 6.8 mg wet weight based on
a typical body water content of N. triangulifer of approx.
78%). Thus, there were substantial differences in larval
growth in these studies that can be partially attributable to
rearing temperature. Another strong possibility is that there
are nutritional differences between the natural periphyton
plate diet provided in the present study and the cultured
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diatom diet provided in the Soucek & Dickinson study. A
third and potentially important factor is that the use of con-
centration unit (mgl™') rather than ionic activities as a
descriptor of toxicity may confound comparisons among
studies. The 1500 mg 1! treatments in both waters of the pre-
sent study had sulfate activities (5.06 and 4.86 mM for sites A
and B, respectively) that approached the average 96 h median
lethal sulfate activity (average of approx. 5.5 mM) in exper-
iments with Na,SO4, MgSO, and K,SO, in a study by
Soucek et al. [40]. Additionally, the 1000 mg 1~ treatment
consistently caused delayed development in both waters in
the present study had SO, activities that were only slightly
higher than activity determined by Soucek & Dickinson
[27] to cause developmental delay in their study. This differ-
ence in performance might be attributable to nutritional and
thermal differences between the studies as described above.
Nonetheless, it is apparent that using ionic activity as a
descriptor of toxicity makes the results of the present study
and the Soucek & Dickinson study more comparable than if
concentration is used as a descriptor of toxicity.

Body weights were unaffected by SO, concentrations up
to 1000 mg 1!, but the development time required to achieve
those weights was increased at 667 mg1~' SO,. This obser-
vation is consistent with previous studies showing
significant developmental delays associated with exposure
to ion-rich waters [27,41]. These observations are suggestive
of increased energetic demand associated with development
in ion-rich waters in mayflies.

Scheibener et al. [30] previously characterized Michaelis—
Menten-type uptake kinetics for SO, in N. triangulifer and
showed that even at a very high SO, concentration, uptake
of the ion was not saturated. To determine whether this situ-
ation could lead to ‘self-poisoning’ through excessive SO,
accumulation in tissues, we analysed the total body S content
of the subimagos that emerged during the study. We found
that total body S was relatively stable across treatments,
which suggests that N. triangulifer must be strongly regulating
its SO, content by increasing SO, excretion rates commensu-
rate with uptake rates. This finding is similar to previous
observations of Na regulation in Hydropsyche sparna and Mac-
caffertium sp. [42], and related observation of the maintenance
of haemolymph osmolality in the mayfly Austrophlebioides
pusillus even at lethal salinities [43].

Together, these observations suggest that the energetic
cost of regulation, rather than the loss of regulation, might
drive the effects of elevated major ions on aquatic insects.
What is intriguing about this proposition is that sensitivity
to elevated major ions might be predictable based on how
species regulate the uptake of a given ion when it is present
at high concentrations. Species that maintain relatively low
uptake rates might be expected to be less responsive to sal-
inity increases. However, our knowledge of the specific ion
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ters [44]. While the sulfate transporter gene was also
suggested as a Na-independent sulfate transporter gene in
orthologues, experimental results in this study suggest the
sulfate transporter gene expression is different than the Na-
dependent sulfate transporter in N. triangulifer. Therefore, it
is likely that the two genes encode different functional pro-
teins. However, we posit that expression levels of the two
genes may also vary in different tissues, and thus it is incon-
clusive for our data whether the two gene-encoded proteins
have different functions or not. Na dependent or not, our
data support the likely existence of sulfate transporters
in N. triangulifer, and high sulfate treatments affect its
gene expression levels. It remains unknown which tissues
have more sulfate transporters and the differences between
expression levels.

Finally, if salinity differentially challenges aquatic species
via the energetic costs of regulation, then modifying factors
such as temperature and nutritional availability may play
huge roles in ultimately determining how communities and
biodiversity change in the face of increasing salinization. If,
for example, increasing temperature increases the rates of
ion uptake commensurate with basic metabolic rates, the
potential for salinity—temperature interactions are great. We
might hypothesize that sensitivity to major ions might
increase with increasing temperature. Similarly, individuals
that are developing with access to sub-optimal nutrition
(more oligotrophic conditions) might be considerably more
sensitive to changes in salinity regimes than individuals
developing with closer-to-optimal dietary resources.
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