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Abstract: Freshwater salinization is a global ecological concern because of the alarming biodiversity declines asso-
ciated with increases in major ion concentrations. Loss of mayfly diversity appears to be a common ecological re-
sponse to anthropogenic salinization worldwide. Remarkably few regulatory standards exist to protect aquatic life
from major ions, and antiquated approaches for setting such standards rely on traditional laboratory toxicity tests,
which do not address sensitivities of mayflies at different larval stages. The lab-reared mayfly Neocloeon triangulifer
(McDunnough, 1931) has emerged as one of the very few useful aquatic insect models for studying the effects of
environmental stressors, including salinity, in the laboratory. Here, we asked if different larval life stages are differ-
entially sensitivity to ion concentrations by conducting traditional 96-h toxicity tests with NaCl, CaCl2, and Ca/
MgSO4. We used a general linear model to determine if survivorship differed among larval stages as well as ion type
and concentration. We also calculated median lethal concentrations (LC50) for each larval stage. Larval sensitivity to
NaCl decreased slightly with age (2–6, 9–13, and 17–21 d, with LC50 values of 401, 441, and 570 mg/L, respectively,
when expressed as Na concentrations). Similarly, larval sensitivity to Ca/MgSO4 differed slightly among age groups
(LC50 5 748, 1503, and 1439 mg/L, respectively, when expressed as SO4 concentrations). Reliable confidence inter-
vals on LC50 values for CaCl2 could not be calculated because of high survivorship. However, our general linearmodel
revealed that age played a moderate role in survival (p 5 0.0065) across all salts of interest. To assess the potential
changes in ion flux between larval stages, we used radiotracers (22Na, 35SO4, or

45Ca) in 18- and 25-d-old larvae and
found no strong differences in ion uptake rates. We also qualitatively examined morphological differences between
larval life stages, including the appearance of gills and number of ionocytes. Our results indicate that younger
N. triangulifer larvae may be more sensitive to major ions than mature larvae. These results should be considered
when experimentally using larger, late-stageN. triangulifer larvae to study the physiological effects and acute toxicity
of salinity.
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Many freshwater ecosystems are becoming saltier world-
wide (Canedo-Arguelles et al. 2016, Kaushal et al. 2018).
Anthropogenic activities such as resource extraction, irriga-
tion runoff, and road deicing are the main contributors to
salt pollution in freshwaters (Pond et al. 2008, Entrekin et al.
2011, Kefford et al. 2016). However, drought and seawater
intrusions also play a role in altering major ion concentra-
tions in freshwater ecosystems (Kinzelbach et al. 2003, Bar-
low and Reichard 2010, Mosley 2017). Ecologists have ob-
served sensitive aquatic organisms disappearing in affected

areas (Pond et al. 2008, Entrekin et al. 2011), but mitigation
is unlikely without governmental water quality standards for
salinity.

The only current federal water quality criteria for salin-
ity in the United States is for a single ion, chloride (USEPA
1988), which does not sufficiently protect aquatic life (Pond
et al. 2008). Because water-quality criteria still rely on out-
dated approaches, such as an amalgamation of single-species
tests (Stephan et al. 1985), it is important to broaden the ar-
ray of suitable test organisms to address specific ecological
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scenarios (Buchwalter et al. 2017). For example, the use of
laboratory experiments on established model species, such
as Ceriodaphnia dubia (Richard, 1894) (Armstead et al.
2016), have been inappropriately applied to assess the safety
of total dissolved solids pollution in systems with declining
mayfly populations (Pond et al. 2008). Chironomids are also
widely used as model species, but species in this family are
typically tolerant of many environmental stressors (Buch-
walter et al. 2004, Hassell et al. 2006, Raby et al. 2018). No
single species is a perfect representation of the extreme bio-
diversity found among freshwater organisms (Dijkstra et al.
2014), but amore ecologically defensible toxicitymodel spe-
cies for total dissolved solid pollution in streams is needed
(Sibley et al. 2020).

Because there are knowledge gaps in the toxicological
responses to salinity in sensitive aquatic insects, our lab,
among others, has been working to develop a lab-reared
model organism, Neocloeon triangulifer (McDunnough, 1931).
This small baetid mayfly performs well under laboratory
conditions and is a parthenogenetic species with an ∼25-d
larval lifespan at room temperature (21–237C; Sweeney
and Vannote 1984). This model species has already proven
useful to learn about major ion sensitivity (Johnson et al.
2015, Soucek and Dickinson 2015, Buchwalter et al. 2018,
Jackson and Funk 2019, Orr and Buchwalter 2020), ion
transport rates (Poteat and Buchwalter 2014, Scheibener
et al. 2017, Orr and Buchwalter 2020, Orr et al. 2021), and
gene expression patterns in response to abiotic stressors
(Kim et al. 2017, Chou et al. 2020, Orr et al. 2021). However,
the degree to which different larval life stages (Figs 1A–C,
2A–C) affect sensitivity and physiological endpoints, such
as ion uptake rates, remains unclear.

Importantly, many aquatic insect species exhibit greater
sensitivity andmortality as juveniles than as adults (Nebeker
et al. 1984, Gosselin and Qian 1997, Buchwalter et al. 2004,
Mebane et al. 2008). For example, the freshwater shrimp
Halocaridina rubra (Holthuis, 1963) demonstratesmolecu-
lar developmental changes in salinity tolerance and energy
acquisition across life stages (Havird and Santos 2016).
Few studies, however, have examined age differences in sen-

sitivity of aquatic insects, likely because of the difficulty of
culturing aquatic insects in the laboratory. Somemesocosm
studies have examined the impact of metals across multiple
differently-aged aquatic insect taxa (Kiffney and Clements
1996, Clark andClements 2006, Clements et al. 2013). Other
studies have found increased sensitivity in early mayfly in-
stars to orthophosphate and fine sediment (Serratella ignita
[Poda, 1761]; Everall et al. 2018) and zinc (Baetis tricaudatus
[Dodds, 1923]; Cadmus et al. 2020).

In this study, we aimed to assess the sensitivity of N. tri-
angulifer to salinity at different stages of development. We
hypothesized thatN. triangulifer larvae would be more sen-
sitive at early-stage development because of previous find-
ings in other aquatic taxa. Because earlier work demon-
strates a direct relationship between ion flux rates and
toxicity (Orr and Buchwalter 2020), we also investigated dif-
ferences of ion uptake rates between larvae of different age
groups. We hypothesized that younger larvae may have in-
creased ion flux because of their small surface area to vol-
ume ratio. Finally, we discuss the need to establish and stan-
dardize an appropriate mayfly model to protect freshwater
ecosystems from salinization.

METHODS
To assess differences in the sensitivity of N. triangulifer

to salinization at different stages of development, we per-
formed a series of 96-h toxicity tests with 3 different salts
(NaCl, CaCl2, and MgSO4/CaSO4) across multiple larval
stages to reflect the predominate total dissolved solids issues
in different systems. Then, we recorded survival after 96-h
for each test (n 5 3–6), performed a general linear model
analysis to assess effects of life stage, ion treatment, and
ion concentration on survival, and calculated median lethal
concentrations (LC50) values for each salt and larval stage.
For SO4 results, we used previous chronic data to calculate
acute-to-chronic ratios (ACR), which represent the rela-
tionship between modes of action of acute and chronic tox-
icity. Additionally, we characterized ion uptake rates in time
course experiments using radiotracers for Na, Ca, and SO4

Figure 1. Larval stages of Neocloeon triangulifer (McDunnough, 1931). One-d-old hatchling (A), ∼20-d-old larvae (B), and ∼25-d-old
larvae with dark wing pads (white arrow) (C). Photo credit: SEO.
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in 2 larval stages to help explain our toxicity observations
(n 5 6; 12, 18, 24 h for Ca and 3, 6, 9 h for Na and SO4).
Then, we conducted a student’s t-test to assess differences
between calculated uptake rates.

Mayfly culture
We reared mayflies in the laboratory to obtain popula-

tions at different stages of larval development based on
age. Neocloeon triangulifer larvae were originally obtained
from the White Clay Creek in Pennsylvania, USA, (Clone
WCC-2) by our collaborators at the StroudWater Research
Center in Avondale, Pennsylvania (Sweeney and Vannote
1984). We reared mayfly larvae in room temperature (21–
237C) control water (artificial soft water [ASW)] or very soft
water [VSW]; Table 1), which were made with recipes ob-
tained from the United States Environmental Protection
Agency (D. Mount, Environmental Protection Agency, Du-
luth, Minnesota, 2017, personal communication). All water
was made using pure distilled water (18.0 megohm) with
laboratory-grade salts (Thermo Fisher Scientific, Waltham,
Massachusetts). Rearing took place on the bench top in 200-
mL glass Pyrex® dishes (South Greencastle, Pennsylvania)
with a 14:10-h light:dark photoperiod. We lightly aerated
rearing dishes to provide highly oxygenated water and cov-
ered them in parafilm to prevent evaporation. We fed may-
flies natural periphyton ad libitum on acrylic plates (6.5 �
23 � 0.15 cm).

Ionocyte staining
We stained live N. triangulifer larvae to visualize iono-

cytes. After isolating a single larva onto a glass microscope
slide, we applied several drops of 2% AgNO3 solution. After
resting in direct light for ∼2m, we imagedmayflies on aMZ
16F stereoscope (Leica, Wetzlar, Germany) or BX41-P light
microscope (Olympus Life Science, Center Valley, Pennsyl-
vania). For visualization of late-stage larvae, we followed the
samemethod but removed gills and imaged them separately.

Toxicity tests
We made experimental waters for toxicity tests with a

base of ASW for Na and Ca or VSW for SO4. For conve-
nience, we describe our waters by the 3 major ions (Na1,
Ca21, and SO4

–), but we acknowledge that the companion
ions associatedwith these salt additionsmay also contribute
to toxicity. Control waters contained low levels ofmajor ions:
15 mg/L Na (ASW), 12 mg/L Ca (ASW), and 23 mg/L SO4

(VSW) (Table 1). We amended Na and Ca waters with NaCl
and CaCl2, respectively.Wemade sulfate waters with a blend
of both CaSO4 andMgSO4 because of relatively low solubil-
ity of CaSO4 and to reduce the likelihood of cation effects.
We chose a series of concentrations for each major ion of
interest based on previous environmental and laboratory as-
sessments: NaCl: 15, 205, 280, 387, 535, or 743 mg/L Na
(ASW); Ca/MgSO4: 23, 378, 630, 1050, 1750, or 2500 mg/L
SO4 (VSW); CaCl2: 12, 127, 212, 352, 588, or 980 mg/L
Ca (ASW). All waters were filtered through nylon 0.45-lm
syringe filters (Thermo Fisher Scientific) into sterile 15-mL
test tubes (Olympus Life Science). Severalmajor ion concen-
trations were verified by North Carolina State University’s
Environmental and Agriculture Testing Services Lab with
inductively coupled plasma mass spectrometry and were
within 10% of nominal values, except 743 mg/L Na, which
was 21% higher than expected (Table 1). Because of the ex-
pensive nature of this technique, only some of the relevant
major ions were measured. We used an Orion 5-Star™Benchtop pH meter (Thermo Fisher Scientific) to measure
the pH of all waters, which were in the expected range of
6.91 to 7.89 (Table 1).

To assess survival across different concentrations of
major ions, we performed acute 96-h toxicity tests in sterile
6-well plates. The toxicity test experiments were conducted
with different ages ofN. triangulifer (2–6, 9–13, 17–21, and
23–27 d old, with the 23–27 d group for CaCl2 experiments
only). Four larval life stages were tested for CaCl– but not
other salts of interest because of the number of available
animals. Our toxicity test protocol has been previously

Figure 2. Ionocyte staining of Neocloeon triangulifer (McDunnough, 1931) larvae. One-d-old larva without gills with several large
ionocytes along the thorax (black arrow) and abdomen (A); a single gill plucked off a mature (∼25 d old) larva, revealing hundreds
of ionocytes concentrated at the medial part of the gill (white arrow) (B); and the abdomen of a mature larvae with 14 large gills (C).
Photo credit: SEO.
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Table 1. Water chemistries (mg/L) for all experimental solutions. All waters had several ions verified by inductively coupled plasma mass spectrometry. AWS 5 artificial
soft water, VSW 5 very soft water, Na 5 sodium, Ca 5 calcium, Mg 5 magnesium, K 5 potassium, S 5 sulfur, SO4 5 sulfate, Cl 5 chloride, CO3 5 carbon
trioxide, – 5 no data.

Solution

Na Ca Mg K S

Nominal Measured Nominal Measured Nominal Measured Nominal Measured Nominal Measured SO4 Cl CO3 pH

Control (ASW) 15.3 15.5 12.7 11.6 3.4 3.3 1.4 1.9 7.78 7.9 23.3 14.1 42.6 7.0

Control (VSW) 15.3 15.3 4.1 4.68 0.9 0.9 1.4 – 1.8 1.9 5.4 4.6 12.3 7.8

127 Ca 15.3 15.3 127 124 3.4 3.3 1.4 – 7.78 7.9 23.3 201 42.6 7.3

212 Ca 15.3 14.7 212 203 3.4 3.8 1.4 – 7.78 7.1 23.3 335 42.6 7.3

352 Ca 15.3 15.1 352 330 3.4 3.3 1.4 – 7.78 7.5 23.3 559 42.6 7.1

588 Ca 15.3 15.5 588 546 3.4 3.6 1.4 – 7.78 7.8 23.3 933 42.6 7.0

980 Ca 15.3 15.5 980 915 3.4 3.8 1.4 – 7.78 7.9 23.3 1555 42.6 6.9

205 Na 205 228 12.7 11.56 3.4 – 1.4 – 7.78 7.9 23.3 334 42.6 7.7

280 Na 280 298 12.7 12.26 3.4 – 1.4 – 7.78 8.7 23.3 452 42.6 7.8

387 Na 387 414 12.7 11.69 3.4 – 1.4 – 7.78 8.2 23.3 615 42.6 7.6

535 Na 535 559 12.7 11.83 3.4 – 1.4 – 7.78 8.7 23.3 844 42.6 7.8

743 Na 743 915 12.7 11.99 3.4 – 1.4 – 7.78 8.6 23.3 1165 42.6 7.9

378 SO4 15.3 16.6 53.2 52.6 63.9 60.9 1.4 – 126 128 378 4.6 12.3 7.5

630 SO4 15.3 16.8 88.7 85.1 107 103.0 1.4 – 210 212 630 4.6 12.3 7.4

1050 SO4 15.3 17.0 148 143.6 178 178.1 1.4 – 351 365 1050 4.6 12.3 7.4

1750 SO4 15.3 17.4 246 232.5 296 291.4 1.4 – 585 601 1750 4.6 12.3 7.3

2500 SO4 15.3 17.1 351 327.0 423 414.5 1.4 – 836 862 2500 4.6 12.3 7.3



described in detail (Orr and Buchwalter 2020, Orr et al.
2021), but here we give a brief summary. We filled wells
∼75% full (8 mL) with experimental solution. For each age
group, we seeded 10 N. triangulifer larvae into each well
(n 5 3 wells/treatment) with a glass pipette and the Leica
MZ 16 F stereoscope. Then, we added 200 lL of diatom
slurry prepared in each exposure concentration as food.
This procedure maintained the desired salinity treatment
regimes.We kept the plates spatially randomized in an incu-
bator at 217C. We monitored and aerated the plates (60 s/
well) daily. We performed a 50% water change after 48 h
to ensure no excess debris andwaste accumulated.Wemea-
sured survivorship in each well after 96 h.

We used a general linear model (Prism, version 9.0.1;
GraphPad Software, La Jolla, California) to assess how strongly
survivorship varied with ion type, ion concentration, and age
group (2–6, 9–13, or 17–21 d). Survivorship data were arcsine
transformed prior to analysis. Ion concentrations were ex-
pressed in mM. We verified normality of model residuals
basedonvisual examinationof aQ-Qplot and a Shapiro–Wilk
test (p5 0.10). Themodel was first fit with all possible inter-
action terms as: survival 5 f(ion 1 concentration 1 age 1
conc:age 1 conc:ion 1 age:ion 1 age:conc:ion). Then, be-
cause the parameter estimates for all interaction terms had
p > 0.05, we dropped them from themodel. Because our data
were unbalanced, we intentionally chose Type II sums of
squares, which is appropriate for models without interac-
tions and only main effects (Hector et al. 2010).

We calculated LC50 values as concentrations of Na1 for
NaCl tests or SO4

– for Ca/MgSO4 tests and estimated 95%
confidence intervals for each ion treatment with the Toxicity
Relationship Analysis Program (version 1.30a; United States
Environmental Protection Agency, Mid-Continent Ecology
Division, Duluth, Minnesota), which incorporates classic probit
analysis (n 5 3–6 for each treatment within each larval age
group) (Erickson 2010). In the Ca toxicity experiment, wewere
unable to calculate LC50 values because of high survivorship.

In addition, we calculated the approximate ACR for SO4

based on previous chronic SO4 data and our LC50 values.
First, we used previous chronic data inN. triangulifer (Buch-
walter et al. 2018) to calculate the chronic value (ChV) by
taking the geometricmean of the no observed effect concen-
tration (NOEC) and lowest observed effect concentration
(LOEC). Then, using our LC50 data for SO4, we calculated
ACR using the equation ACR 5 LC50/ChV for each larval
life stage. These ACR values are only approximate because
the LC50 and ChV values used to calculate the ACR values
were determined in separate, independent tests instead of
in the more traditional concurrent, paired acute and chronic
toxicity tests.

Ion flux experiments
To assess the effect of larval stage on ion flux rates, we

conducted ion flux experiments on 2 ages of mayfly larvae.

We reared mayfly hatchlings from the same cohort in con-
trol water until they reached 18 or 25 d old. We chose these
age groups based on our ability to experimentally work with
the smallest (18 d old) and largest (25 d old) size possible.
We used the Leica MZ 16 F stereoscope with Leica camera
and Leica Application Suite X software (version 4.13) to
measure lengths of N. triangulifer larvae. We made radio-
active waters in ASW with 45CaCl2 or dual-labeled with
22NaCl and Na2

35SO4 (PerkinElmer®, Billerica, Massachu-
setts) with exposure activities ranging from 156 to 260 Bq/
mL.Wemeasured experimental waters with an LS6500mul-
tipurpose scintillation counter (Beckman Coulter, Brea, Cal-
ifornia). Experiments were performed in clean, acid-washed,
100-mLhigh-density polyethylene beakerswith 20mLof ex-
perimental water that were gently aerated and sealed with
ParaFilm™ M Wrapping Film (Thermo Fisher Scientific)
to prevent evaporation. Each experiment had 3 mayflies in
each of 6 replicate chambers spatially randomized for each
of the 3 time points (12, 18, 24 h for Ca and 3, 6, 9 h for
Na and SO4). Relatively short time points are required to
capture unidirectional uptake rates, as described previously
(Orr and Buchwalter 2020). Longer time points for Ca were
required because Ca uptake is physiologically much slower
than Na or SO4.

At the designated experimental time points, we removed
mayflies from the radioactive water and prepared them for
radioactivity analysis. First, we rinsed removed mayflies in
2 consecutive baths of clean water to remove any adsorbed
ions from exoskeletons. For the Ca experiments, mayflies
were additionally rinsed with freshly made 0.05M ethylene-
diaminetetraacetic acid and 0.1 M L-ascorbic acid Na salt
to remove adsorbed Ca on the exoskeleton (Poteat and
Buchwalter 2014). We then blotted mayflies dry with a tis-
sue, weighed them, and digested them in a 20-mL glass vial
with 500 lL of Soluene® 350 (PerkinElmer) for 48 h in a
dark, 287C incubator. After digestion, we neutralized sam-
ples with 500 lL of glacial acetic acid. To quantify radioac-
tivity, we added 12mL of scintillation cocktail (PerkinElmer
UltimaGold™uLLT) beforemeasuring radioactivity of sam-
ples (counts/min) for 3 min each with the Beckman LS6500
multipurpose scintillation counter. We corrected all mea-
surements for quench, which is the interference of sample
and cocktail characteristics on the radioactivity quantification.
Only measurements with counting error values <10% and
lumex (non-radioactive luminescence) values <5% were in-
cluded for analysis, which has historically been our lab’s con-
servative data quality threshold for quantifying radioactivity.

We calculated ion uptake rates by normalizing the amount
of radiolabeled ion uptake to thewetmass of tissue to account
for differences in mass among the replicates. Next, we per-
formed a simple linear regression of mass-normalized ion
uptake on time in the Prism software and used the positive
slope of the regression as the ion uptake rate.We assessed all
models for normality of residuals through visual examination
of Q-Q plots. Then, we used Student’s t-tests to determine
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if uptake rates varied between larval stage (18 or 25 d) for
each ion.

RESULTS
Toxicity tests

Mayfly survival generally decreasedwith increasingmajor
ion concentration for all 3 salts of interest (Fig. 3A–C). For
NaCl, life stages had LC50 values of 401 mg Na/L (2–6 d),
442 mg Na/L (9–13 d), and 570 mg Na/L (17–21 d) (Ta-
ble S1, Fig. 4A). Mayfly survival decreased at the high-
est Ca concentration across all 4 larval life stages (Table S3,
Fig. 3C). Because of high survival, we were unable to calculate
LC50 values. Mayfly survival also generally decreased with
increasing SO4 concentration (Table S2, Fig. 3B). The 3 dif-
ferent larval life stages had LC50 values of 749mg SO4/L (2–
6 d), 1503 mg SO4/L (9–13 d), and 1439 mg SO4/L (17–
21 d) (Table S2, Fig. 4B). Based on previous chronic SO4

work in N. triangulifer, we were able to use the NOEC
(444 mg SO4/L) and the LOEC (667 mg SO4/L) to calculate

the ChV (544 mg SO4/L) based onmean days to emergence
(Buchwalter et al. 2018). Then, using the current LC50 data
from each of the 3 life stages, we calculated approximate
ACR (LC50/ChV) as 1.4, 2.8, and 2.6, respectively.

Based on the general linearmodel results (Table 2,model
R2 5 0.71), all 3 variables appeared to influence mayfly sur-
vival (ion: p < 0.0001; age: p 5 0.0065; concentration: p <
0.0001). However, the effects of ion and concentration were
much stronger than the effects of age.

Ion flux experiments
Neocloeon triangulifer larvae had similar ion uptake rates

at 18 and 25 d old. Larvae were 1.57 ± 0.04 and 3.26 ± 0.12mg
wetmass (n5 54, p < 0.0001) at 18 and 25 d old, respectively.
For 18- and 25-d-old larvae, Na uptake rates were 49.1 ±
5.8 and 39.3 ± 3.2 lg g–1 h–1, SO4 uptake rates were 5.7 ± 3.0
and 8.1 ± 1.8 lg g–1 h–1, and Ca uptake rates were 5.3 ±
0.1 and 4.5 ± 0.6 lg g–1 h–1, respectively (Fig. 5). Student’s
t-tests revealed that larval stage did not substantially affect

Figure 4. Calculated median lethal concentrations (LC50 values) for 3 different ages of Neocloeon triangulifer (McDunnough, 1931)
larvae exposed to different NaCl (A) or Ca/MgSO4 (B) concentrations. Error bars represent 95% confidence limits.

Figure 3. % survival of different ages of Neocloeon triangulifer (McDunnough, 1931) larvae after 96 h of exposure to sodium chloride (A),
sulfate (a mixture of calcium sulfate and magnesium sulfate) (B), or calcium dichloride (C). Error bars represent SE of the mean.
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ion uptake rates for Na (p 5 0.17), SO4 (p 5 0.53), or Ca
(p 5 0.22).

DISCUSSION
In this study, we aimed to uncover differences of major

ion sensitivity between larval stages of the mayfly N. trian-
gulifer. We found that for all 3 salts (NaCl, Ca/MgSO4, and
CaCl2) older larvae were slightly more tolerant than younger
larvae. Further, we found weak differences in ion transport
rates of Na, SO4, and Ca in 2 differently-aged groups of lar-
vae. These results have implications for establishing water-
quality criteria for salinity in freshwater ecosystems and point
to the need to establish a model organism (N. triangulifer) to
improve our understanding of aquatic insect osmoregula-
tion and sensitivity.

Freshwater salinization
Freshwater salinization is an emerging issue that merits

scientific attention and regulatory action to mitigate ongo-
ing harmful ecological impacts (Pond et al. 2008, Stepanian
et al. 2020). Previouswork has demonstrated the importance
of assessing ion-specific effects on physiology and sensitivity
rather than effects of total salinity. For example, one study
found that waters with similar conductivities but different
major ion compositions had different toxicities on aquatic
organisms (Kunz et al. 2013). Another study showed that
major ions had different mechanisms of toxicity in N. trian-
gulifer (Orr et al. 2021). This information is environmentally
relevant because different scenarios increase the concentra-
tion of different major ions. For example, we would expect
increased Na, Mg, and Cl ions in freshwaters that are polluted
by road deicing in urban areas with colder climates. Alterna-
tively, mountaintop coal mining operations in West Virginia,
USA, often cause increases in SO4 and Ca ions in nearby fresh-
water systems (Pond et al. 2008, Cormier et al. 2013, Jackson
and Funk 2019).

Aquatic insects
Aquatic insects are disproportionately affected by in-

creases in major ion concentrations (Pond et al. 2008, Grif-

fith 2017) compared with other aquatic organisms, but their
sensitivity is not well understood. Chemical benchmarks for
altered major ion concentrations have been developed from
field surveys of aquatic invertebrate communities (Cormier
and Suter 2013a, b) but are not yet legally enforceable. Be-
cause these approaches cannot determine mechanisms of
toxicity nor identify which part of the life cycles of sensitive
aquatic insects are affected, it is important that we develop
a better understanding of how total dissolved solids affect
aquatic organisms. Sensitive aquatic organisms, suchasmay-
flies, are challenging to study because of their intolerance of
laboratory conditions. However, the development of N. tri-
angulifer as a lab-reared model organism has opened many
doors to ecotoxicology research in sensitive aquatic insects
(Sweeney and Vannote 1984, Sweeney et al. 1993). Scientists
can rear this species through its entire life cycle in laboratory
conditions and produce valuable chronic toxicity data for
salts and other stressors (Soucek andDickinson 2015, Buch-
walter et al. 2018, Jackson and Funk 2019, Chou et al. 2020).
Here, we used this developing model organism, N. trian-
gulifer, and produced valuable toxicity data for 3 different
water chemistries. Our results are an important contribution
to the growing body of data on salinity stress in aquatic life,
taking into consideration both larval life stage and different
major ions.

Acute and chronic toxicity to major ions
We examined 3 different salts of interest because pre-

vious findings have demonstrated clear physiological and
toxicological differences between major ions (Kunz et al.
2013, Scheibener et al. 2017, Orr and Buchwalter 2020, Orr
et al. 2021). Larvae tolerated Cl– concentrations as high as
933 mg/L in the CaCl2 treatments, which leads us to specu-
late that Na is driving NaCl toxicity. We presume that Ca is

Table 2. General linear model analysis of the effects of ion type,
larvae age, and ion concentration on survivorship of Neocloeon
triangulifer (McDunnough, 1931) larvae. SS 5 sum of squares,
MS 5 mean sum of squares, – 5 no data.

Analysis of variance SS df MS F p

Regression 47.27 5 9.454 111.4 <0.0001

Ion 7.67 2 3.833 45.18 <0.0001

Age 0.87 2 0.437 5.15 0.0065

Concentration 34.08 1 34.08 401.6 <0.0001

Residual 19.60 231 0.084 – –

Total 66.87 236 – – –

Figure 5. Ion uptake rates in artificial soft water of Neocloeon
triangulifer (McDunnough, 1931) larvae at 18 d and 25 d old
(n 5 6; p 5 0.17, p 5 0.53, and p 5 0.22 for sodium [Na], sulfate
[SO4], and calcium [Ca], respectively). Error bars represent the
SE of the mean. Note the break and change in y-axis scale.
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the driver of CaCl2 toxicity because the larvae tend to main-
tain a very low uptake rate of Ca, and we have observed his-
tological changes in Malpighian tubules (Orr et al. 2021).
Our concentration choices were made based on previous
laboratory results and environmental values, and our acute
toxicity data is relatively consistent with the literature. Re-
cently, our group calculated LC50 values for Na and Ca with
∼10- to 17-d-oldN. triangulifer larvae in similar water chem-
istries: 1169 mg Na/L and 901 mg Ca/L, respectively (Orr
et al. 2021). Other groups have calculated LC50 values for
SO4 (1227 mg/L; Soucek and Dickinson 2015) and NaCl
(2755 mg/L, equivalent to 1084 mg N/L; Jackson and Funk
2019). Some potential explanations for differing results be-
tween studies include different natural periphyton quality
based on seasons, different cohorts, or a combination of both.
Our results emphasize the importance of studying salts of
major ions individually rather than using total salinity or
conductivity as a surrogate in salinity research. It is important
to note, however, that animals are exposed to several major
ions (among other stressors) in nature and that further work
should be done with different combinations of relevant salts
to improve our understanding of ionic interactions.

Historically, the United States has relied upon ACRs in
ecological risk assessment to estimate chronic toxicity of chem-
icals for aquatic species that lack chronic data (Stephan et al.
1985, Raimondo et al. 2007). Normally, ACRs are calculated
as a ratio of the median LC50 and the ChV, which can only
be done for species that have both acute and chronic data
(Raimondo et al. 2007). Thus, a largerACRvalue (>10)would
indicate differentmodes of action between acute and chronic
exposures. Here, our calculated approximate ACR values
were low, suggesting major ions elicit similar mechanisms
of toxicity for both acute and chronic exposures in this spe-
cies. Using similar endpoints, one study found ACRs rang-
ing from 2.3 to 8.5 for SO4 in this species (Soucek and Dick-
inson 2015). The differences may be explained by variances
in nutritional provisions, ionic compositions of the water, or
a combination of both. Soucek and Dickinson (2015) used
laboratory-cultured diatoms andNaSO4 rather than natural
periphyton and a blend of CaSO4 andMgSO4. At least some
of the variability in the ACR values might also be a result
of determining the LC50 values in a separate, independent
study from that used to determine the ChV values. Soucek
andDickinson (2015) also calculatedACRs for Cl– (2.1–6.4)
andNO3

– (2.5–5.1) inN. triangulifer, usingNaCl andNaNO3,
respectively (Soucek andDickinson 2015). Additional chronic
toxicity tests are needed to fully characterize the toxicity of
the salts of different major ions and then develop predictive
toxicity models.

Ion uptake rates
Previous work has demonstrated the highly concentration-

dependent and ion-specific nature of ion uptake rates and,
further, that increased ion flux rates are associated with in-

creased toxicity (Orr and Buchwalter 2020, Orr et al. 2021).
We hypothesized that smaller animals may have greater ion
flux rates because of their increased surface area-to-volume
ratio. Here, we observed that basal ion uptake rates in con-
trol water remain unchanged between 18- vs 25-d-old larvae
from the same cohort. This result aligns with the marginal
differences in LC50 values observed between differently-aged
larvae in this study.

Life-stage sensitivity
Aquatic insects develop through various life stages and

may be more sensitive to metals and other toxicants during
transitional stages that face steep energetic demands. Re-
search on other aquatic insects has demonstrated greater
sensitivity to toxicants in the transitional stages, including
the last molting stage and metamorphosis (Palmquist et al.
2008, Schmidt et al. 2013, Wesner et al. 2017, Wesner 2019).
Similarly, we have often observed mortality in large, late-
stageN. triangulifer larvae soon before emergence in chronic
salinity experiments (SEO, DBB, personal observations, un-
published), which may suggest that energy budget, rather
than size, determines sensitivity. A previous study demon-
strated that pre-exposure of N. triangulifer to elevated, but
subtoxic, SO4 concentrations stimulated an acclimatory re-
sponse (reduction in SO4 uptake rates) but also increased
subsequent toxicity (Orr et al. 2021).Molting drastically dis-
rupts breathing and metabolic rate in this species (Camp
et al. 2014), and greater mortality has been observed at the
penultimate larval stage of a chronicNaCl exposure, empha-
sizing the energetic demand ofmetamorphosis combined with
stressful salinities (Soucek andDickinson 2015). Future stud-
ies should focus on fully understanding the energy require-
ments and increased sensitivity of the transition from the
penultimate larva to subimago in N. triangulifer.

Neocloeon triangulifer as a model species
Nutrition is an important consideration when usingN. tri-

angulifer as a model species. Previous work has shown that
nutrition can alter selenium toxicity in this species (Con-
ley et al. 2011). Many groups have reared N. triangulifer
on natural periphyton (Jackson and Funk 2019, Orr and
Buchwalter 2020, Orr et al. 2021), whereas others have used
laboratory-grown diatoms (Weaver et al. 2014, Soucek and
Dickinson 2015, Raby et al. 2018). A more heterogeneous,
natural mixture of periphyton may provide better nutrition
but is impossible to standardize. On the other hand, cul-
tured diatoms may not provide optimal nutrition but may
better reflect ecological realities in some settings. Because
we posit that high total dissolved solids impose energetic
costs to developing larvae, we recommend that researchers
using N. triangulifer report the mass of suitably sized con-
trols when possible so that results can be interpreted in
the context of nutritional status.
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Further, this species is relatively small compared with
other species of mayflies and aquatic insects (Jackson and
Funk 2019), which affects their use in toxicity tests. Mor-
phologically, these animals undergo major changes from
hatchlings with no gills and few ionocytes to the penultimate
larval stage with 14 large gills and thousands of ionocytes
concentrated on the medial part of the gills (Fig. 2A–C).
Thus, it appears that the number of cells is commensurate
with size of the larvae. Notably, most stages of this species’
larval life cycle can only be worked with experimentally us-
ing a microscope. For these reasons, we often use mature
larvae close to the end of their larval cycle for ease of use
and to maximize biomass, which is important in radiotracer
studies that use a minimal amount of radioactivity for safety
concerns (Scheibener et al. 2017,Orr and Buchwalter 2020),
among other experiments. It is clear from our results that
mature larvae are slightly more tolerant of major ions and,
thus, experimental larval stage should be carefully consid-
ered in future studies. However, it appears that the egg stage
of N. triangulifer is relatively intolerant to salinity stress
(D. Funk, Stroud Water Research Center, Avondale, Penn-
sylvania, 2021, personal communication).We speculate that
early larval life stages in aquatic organisms may be more
sensitive because of greater surface area-to-volume ratios,
faster turnover rate of essential ions, and underdeveloped
antioxidant and immune systems.

In this study, we tested for sensitivity differences between
larval life stages of N. triangulifer in a laboratory setting,
but we acknowledge that acute toxicity tests, conducted in
the absence of other biotic and abiotic stressors, are not a
reasonable proxy for insect sensitivity in nature (Kefford
et al. 2004, Hassell et al. 2006, Vellemu et al. 2017). How-
ever, lab-based approaches allow us to perform controlled
experiments to isolate the effects of different major ions
and broaden our understanding of how they affect survivor-
ship and other physiological endpoints. We found apparent
trends of slightly increased major ion sensitivity in younger
larvae.We also foundweak differences inNa, SO4, or Ca up-
take rates between 2 larval stages of N. triangulifer. Addi-
tional in-situ stressors (e.g., temperature, weathering pat-
terns, predation, food limitation) may exacerbate major ion
toxicity. In the future, experimental studies will work in con-
junctionwith field studies to understand the individual effects
of ions on aquatic insects and the combined effects of sali-
nization with interacting environmental stressors. Moving
forward, it is clear that larval stage should be an important
consideration when planning experiments studying the phys-
iological effects and toxicity of salinity with N. triangulifer.
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