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Physiological and life history 
responses in a mayfly (Callibaetis 
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saltwater intrusion
Jamie K. Cochran 1, David H. Funk 2 and David B. Buchwalter 1*
1 Department of Biological Sciences, North Carolina State University, Raleigh, NC, United States, 2 Stroud 
Water Research Center, Avondale, PA, United States

Freshwater salinity varies in natural systems and plays a role in species distribution. 
Anthropogenic alterations to freshwater salinity regimes include sea level rise 
and subsequent intrusion of saline waters to inland habitats. While mayflies are 
generalized to be sensitive to increasing salinity, we still know remarkably little about 
the physiological processes (and their plasticity) that determine the performance 
of species in a changing world. Here, we  explored life-history outcomes and 
physiological plasticity in a population of Callibaetis floridanus (Ephemeroptera: 
Baetidae) from a coastal pond that routinely experiences saltwater intrusion. 
We  reared naiads from egg hatch to adulthood across a gradient of increasing 
salinities (113, 5,020, 9,921 μS/cm). Radiotracer flux studies (22Na, 35SO4, and 45Ca) 
were conducted in naiads reared at each salinity, revealing a positive association 
between ionic concentration and uptake rates. However, the influence of rearing 
history on ionic influx rates was apparent when naiads were transferred from 
their respective rearing water to the other experimental conditions. For example, 
we observed that naiads reared in the low salinity treatment (113 μS/cm) had 10.8-fold 
higher Na uptake rates than naiads reared at 9,921 μS/cm and transferred to 113 μS/
cm. Additionally, naiads acclimated to the higher salinity water exhibited reduced 
uptake in ion-rich water relative to those reared in more dilute conditions (e.g., in 
9,921 μS/cm water, 113 and 5,020 μS/cm acclimated naiads had 1.5- and 1.1-fold 
higher Na uptake rates than 9,921 μS/cm acclimated naiads, respectively). We found 
no significant changes in survival (80 ± 4.4%, mean ± s.e.m.) or naiad development 
time (24 ± 0.3 days, mean ± s.e.m.) across these treatments but did observe a 27% 
decrease in subimago female body weight in the most dilute condition. This 
reduction in female weight was associated with higher oxygen consumption rates 
in naiads relative to the other rearing conditions. Collectively, these data suggests 
that saline adapted C. floridanus may be more energetically challenged in dilute 
conditions, which differs from previous observations in other mayfly species.
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1. Introduction

Freshwater salinity varies greatly globally (Cañedo-Argüelles et al., 2013; Iglesias, 2020) and 
plays a role in determining where species can survive (Cormier and Suter, 2013; Olson and Hawkins, 
2017). As anthropogenic activities (e.g., road de-icing and mountaintop coal mining) lead to further 
salinization, there are growing concerns about the impact on biodiversity in these systems (Pond 
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et al., 2008; Entrekin et al., 2011; Kunz et al., 2013; Jackson and Funk, 
2019). Saltwater intrusion is specifically a concern in costal freshwater 
systems, where climate change is contributing to sea-level rise (Barlow 
and Reichard, 2010; Mastrocicco et al., 2019). Sensitive species such as 
aquatic insects can be  impacted by such changes (Pond et al., 2008; 
Beermann et al., 2018; Kefford, 2019), as the vast majority of aquatic 
insects occur in relatively dilute freshwater habitats, and are relatively 
rare in more saline habitats (Maddrell, 1998; Bradley, 2013).

Aquatic insects generally, and mayflies more specifically, can 
be sensitive to increases in salinity (Pond et al., 2008; Beermann et al., 
2018; Kefford, 2019). However, we still know remarkably little about 
the physiological processes that determine the performance of species 
in a changing world. In nature, mayfly species have been extirpated 
from salinized streams associated with mountaintop coal mining 
(Pond et  al., 2008). However, a few aquatic insect species have 
overcome the apparent physiological barriers to invading saline 
habitats. Examples of this include Halobates sp. Eschscholtz, 1822 
(Sekimoto et al., 2014), brine flies (Shimizu and Bradley, 1994; Herbst, 
1999, 2001), certain species of water boatmen (Scudder, 1976; Bradley 
et  al., 2022), and mosquitoes (Bradley, 1987), and the euryhaline 
caddisfly Limnephilus affinis Curtis, 1834 (Sutcliffe, 1960). There is 
further evolutionary evidence for the successful invasion of 
mosquitoes of more saline habitats by freshwater-adapted ancestors 
(Bradley, 2013). It appears that more holometabolous lineages have 
been successful in invading and adapting to saline environments 
relative to hemimetabolous species, though we are not aware that this 
has been specifically addressed. Salt tolerance in hemimetabolous 
groups such as mayflies is exceedingly rare.

Previous work has demonstrated some physiological plasticity in the 
stenohaline mayfly, Neocloeon triangulifer McDunnough, 1931 (Orr 
et al., 2021; Cochran and Buchwalter, 2022). Naiads reared in water with 
elevated major ion concentrations were able to decrease sodium and 
sulfate uptake rates relative to naive naiads (Orr et  al., 2021). This 
suggests that acclimated naiads can evade excessive ion uptake in saltier 
waters, which may limit their energetic costs of osmoregulation. Further, 
naiads reared across a gradient of decreasing Na concentrations had no 
significant changes in survival, growth, development time and whole-
body Na content across these treatments (Cochran and Buchwalter, 
2022). Naiads acclimated to their dilute exposures by increasing their 
rates of Na uptake and were able to maintain a relatively narrow range of 
uptake rates across all treatments (contrasting the concentration-
dependent Na uptake rates observed in naive naiads). Comparing these 
two studies suggests that N. triangulifer has a physiological preference for 
dilute environments, relative to ion-rich environments (Cochran and 
Buchwalter, 2022). However, it is unknown how broadly these 
observations apply to other taxa, especially more euryhaline species.

The baetid mayfly Callibaetis floridanus Banks, 1900 is known to 
tolerate a wide range of water conditions, including dissolved oxygen 
ranging from 0.7 to 5.25 ppm and pH from 4 to 10 (Trost and Berner, 
1963). Further, C. floridanus has been observed to be relatively salt 
tolerant and has been found in brackish water (Berner, 1954; Trost and 
Berner, 1963; Goetsch and Palmer, 1997). C. floridanus naiads are also 
frequently found in ditches or temporary ponds, which are subject to 
drying and great changes in physical and chemical conditions (Lahr, 
1997). In these fluctuating environments, it is possible that temporal 
changes in salinity could require more physiological plasticity to 
tolerate these conditions. However, little is known about what 
physiological traits allow C. floridanus to survive in these conditions.

Here, we  reared C. floridanus naiads (in a population from a 
coastal pond that routinely experiences saltwater intrusion) from egg 
hatch to adulthood across a gradient of increasing salinities (113, 5,020, 
9,921 μS/cm), then assessed life history outcomes and physiological 
plasticity. We  hypothesized that naiads would demonstrate a 
physiological affinity for dilute conditions, as observed in previous 
studies with N. triangulifer. We  hypothesized survival, naiad 
development, and subimago weight would be negatively impacted by 
more saline conditions. Further, we expected physiological features, 
such as ion uptake rates, to be relatively plastic and demonstrate lower 
energetic costs in more dilute conditions. Because earlier work has 
shown that aquatic insects tightly regulate whole body salts (Buchwalter 
et al., 2018), we did not expect that whole-body salt content (measured 
via ICP-MS) would be significantly impacted by rearing conditions.

2. Materials and methods

2.1. Mayfly husbandry and water 
preparation

Callibaetis floridanus naiads used in this study were F2 progeny 
from a wild collection of 41 individuals made in October 2021 at 
Andelot Pond in Worton, Maryland (39.33342, −76.150896), which 
is located about 800 meters inland from the Still Pond Bay in the 
upper portion of the Chesapeake Bay. Andelot pond is a natural 
formation with historically common saltwater intrusion. Conductivity 
at the time of collection was 3.47 mS/cm and had ranged from 7.5 to 
12.7 mS/cm at the time of previous collections in Fall 2013 and Fall 
2015 (Dave Funk, personal observation). To obtain more detailed 
information about the salinity variation at the collection site, a HOBO 
conductivity logger was deployed at approximately 1 foot (at low tide) 
from May 30-September 3, 2022, in Still Pond Bay and from 
September 3-October 1, 2022, in Andelot Pond (see Figure 1).

Naiads were reared at Stroud Water Research Center (SWRC) in 
natural stream water (conductivity ~240 μS/cm). Adult copulation was 
induced manually in the laboratory. Callibaetis species are 
ovoviviparous and C. floridanus females gestate for ~9 days (at 22°C) 
before laying eggs that hatch immediately. Gravid adult females were 
transferred to NC State University where fresh hatchlings were obtained.

Callibaetis floridanus naiads were reared in 200-mL glass Pyrex® 
dishes (South Greencastle, Pennsylvania) at room temperature (21–23°C) 
and a 14:10 h light: dark photoperiod. Two replicate glass dishes (with 
about 150 C. floridanus naiads each) for each salinity condition were set up 
and randomly spaced out on the bench top. All pans were gently aerated 
for the entire experiment to maintain oxygen saturation. Food was 
provided as periphyton grown on an acrylic plate at the SWRC. Periphyton 
plates were grown by allowing fresh stream water from White Clay Creek, 
PA to flow over the plates continuously for 2–4 weeks (as previously 
described by Conley et al., 2009; Xie et al., 2010). Five periphyton plates 
were used per pan for the duration of development (about 21 days).

To create waters with different salinities, Crystal Sea® Marine Mix 
was added to reverse-osmosis deionized water to create the desired 
concentration (see Table 1). Conductivity was measured directly after 
the waters were made, then waters were allowed to equilibrate 
overnight before conductivity was measured again. Conductivities 
presented represent the average conductivity between those two 
measurements (see table 1).
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2.2. Life-history outcomes

Callibaetis floridanus naiads were reared in 1.8 l glass jars at room 
temperature (21–23°C) and a 14:10 h light: dark photoperiod. Three 
replicate jars (with 10 naiads each) for each condition were set up and 
randomly spaced out on the bench top. Food was provided as 
periphyton grown on an acrylic plate (as described above). Two 
periphyton plates were immediately added to each treatment water, 
and an additional supplementary plate was added 2 weeks into rearing 
for the lowest conductivity treatment as food consumption in this 
treatment was visibly faster than in the other treatments. Deionized 
water was added as needed to offset any evaporation. All jars were 
gently aerated for the entire experiment to maintain oxygen saturation. 
Larval development time ranged from 21 to 29 days, with subimagoes 
emerging over an 8-day period for all conditions. As they emerged in 
the late afternoon, subimagoes were collected into a mesh-lined 
collection lid. Subimagoes were immediately collected, placed in 
clean, labeled 1.5 ml microcentrifuge tubes, and stored frozen (−20°C) 
before wet weights were obtained. All data were analyzed for 
normality. Life history traits (% survival, subimago weight, and 
development time) were compared among treatments as the mean 
value of each response variable from each jar using a one-way ANOVA 
with Tukey’s multiple comparisons test using GraphPad Prism (v6, 
GraphPad Software, La Jolla, CA, United States).

2.3. Whole-body salt content

Our whole-body salt content protocol has been previously 
described in detail (Cochran and Buchwalter, 2022), but here we give 
a summary. Subimagoes were dried overnight at 60°C and 
subsequently weighed before being microwave digested (CEM 
MARSXpress) in 1.5 ml Omnitrace Ultra High Purity Nitric Acid 
(EMD Chemicals, Darmstadt, Germany). NC State University’s 
Environmental and Agriculture Testing Services Lab analyzed samples 
via ICP-OES (Department of Soil Science, North Carolina State 
University, Raleigh, NC, United States) to determine the whole-body 
concentration of sodium. Quality control blanks were below Na/Ca/
SO4 detection limits. Measurements were compared among groups 
using a one-way ANOVA with Tukey’s multiple comparisons test 
using GraphPad Prism. All data were also analyzed for normality.

2.4. Glycogen content

Methods for measuring glycogen content were derived from Lee 
(2019) and are briefly described here. C. floridanus naiads (n = 8) were 
collected, weighed, and placed into sterile microcentrifuge tubes 
before being stored at −80°C. Each 1.5 ml microcentrifuge tube then 
received 13 μL 2% sodium sulfate before a micropestle was used to 

A

B

FIGURE 1

Conductivity logger data from Still Pond Bay and Andelot pond, MD from May 30-October 1, 2022. (A) Data from HOBO conductivity logger deployed 
in Still Pond Bay (black dots) May 30-Sept. 3, 2022, and then moved to Andelot Pond (blue triangles) Sept. 3-Oct. 1, 2022. There is no data for August 
20-28, 2022 in Still Bay Pond when the logger was out of the water. (B) Map of the area where C. floridanus was originally collected from and the 
conductivity logger was deployed.

TABLE 1 Water chemistry for all experimental waters.

Treatment Conductivity Marinemix (g/L) pH Na Ca Mg K S Al

Low 113 0.1 7.9 20.1 0.9 2.8 1.6 2.8 <0.1

Medium 5,020 3.3 8.1 813 24.2 101 43.8 54.2 <0.1

High 9,921 6.3 8.7 1,337 54.9 163 65.5 105 <0.1

Conductivity is reported in μS cm−1. Ions and TDS are all reported in mg L−1. All waters were sampled, filtered, and verified by NC State University’s Environmental and Agriculture Testing 
Services Lab (ICP-EATS).
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crush the naiad. 113 μL of chloroform methanol (1:2 v/v) was used to 
rinse each micropestle after use. The microcentrifuge tubes were then 
vortexed to mix the contents and centrifuged for 2–3 min at 
13,000 rpm. The microcentrifuge tube was then inverted (keeping the 
pellet intact) and the solution was poured off. 240 μl of Anthrone 
reagent was then added to the microcentrifuge tube with the pellet 
and was vortexed until the pellet was mixed. The tube was then heated 
at 90°C for 3–5 min before being cooled on ice for 3 min. The 
microcentrifuge tubes were then vortexed and 200 μL of the sample 
was pipetted onto a well-plate before being read at 630 nm on a 
Thermo Scientific Multiskan FC. Standards (10, 25, 50, 75, 100, 
150 μg) were prepared using rabbit liver.

2.5. Metabolic rate

We used an 8-channel, fiber-optic, intermittent flow respirometry 
system (Loligo Systems, Tjele, Denmark) with AutoResp (version 2.1.0; 
Loligo Systems, Tjele, Denmark) software to obtain SMR 
measurements. Chambers (1.3 ± 0.1 ml) were fitted with a glass spacer 
ring and stainless-steel mesh, which kept naiads separated from the 
continuously stirring magnet glass stir bar. Each chamber and 
corresponding fiber-optic channel recorded measurements of oxygen 
consumption for one naiad. Chambers were submerged in an aerated, 
temperature-controlled water bath (approx. 4 L). Water bath 
temperature was controlled using a programmable heater/chiller 
(12108–30; Cole Palmer, Vernon Hills, IL, United States), which cycled 
water between the respirometry bath, and a heat exchange coil 
submerged in the heater/chiller reservoir for the entire experiment. For 
each experimental run (in which up to 8 naiads were evaluated), 
background oxygen consumption measurements (n = 3–4) cycles were 
first taken from blank respirometry chambers using the intermittent 
respirometry setting in AutoResp 2.0. A Gilson Minipuls peristaltic 
pump (Gilson Inc., Middleton, WI, United  States) refreshed the 
chamber medium with surrounding bath at the initiation of each 
15-min  cycle (300 s flush, 350 s wait, 250 s measure). Then, an 
individual naiad was introduced to each of 8 chambers and intermittent 
flow respirometry was performed for 2–3 cycles (30–45 min). 
Individuals underwent no prior acclimatization or fasting. The number 
of serial MO2 measurements obtained for each individual naiad ranged 
from 14 to 17. After completion, naiads were blotted dry, and weights 
were determined. We used the (q0.2) approach to estimate the standard 
metabolic rate (SMR) (Reemeyer and Rees, 2019).

2.6. Ion flux experiments

Naiads were 19 days old for all 22Na, 45Ca, and 35SO4 uptake 
experiments. Radioactive experimental waters were made with each 
treatment water, spiked with 45CaCl2 or dual-labeled with 22NaCl and 
Na2

35SO4 (PerkinElmer, Billerica, MA, United  States). Exposure 
activities ranged from 130 to 220 Bq mL−1. Exposures were measured 
with PerkinElmer Wallac Wizard 1,480 Automatic Gamma Counter 
(Shelton, CT, United  States) or Beckman LS6500 Multipurpose 
Scintillation Counter (Beckman Coulter, Brea, CA, United States) 
immediately before the experiments began.

Hundred ml high-density polyethylene beakers with 15 ml of 
radioactive exposure water were gently aerated, sealed with 
ParaFilm™ and spatially randomized. Each treatment had 8 replicates 

per time point (3, 6, and 9-h for dual-labeled with 22NaCl and Na2
35SO4 

and 12, 24, and 36-h for 45CaCl2). At each time point, naiads were 
removed from the radioactive exposure waters by gently pipetting 
them into a mesh strainer (collecting any residual radioactive water in 
a waste container) and gently blotting dry. The larvae were then rinsed 
in two consecutive water baths of the corresponding unlabeled 
exposure water to remove loosely adsorbed ions from the exoskeleton. 
For 45Ca experiments, naiads were also rinsed with 0.05 M EDTA and 
0.1 M L-ascorbic acid sodium salt due to the adsorptive nature of Ca 
on insect exoskeletons (Poteat and Buchwalter, 2014a). After rinsing, 
naiads were blotted dry, weighed, and digested in 500 μl of Soluene 
350 (PerkinElmer) in a 20 ml glass vial at 28°C. After 48 h, they were 
neutralized with 500 μl of glacial acetic acid and 12 ml of scintillation 
cocktail (PerkinElmer Ultima Gold uLLT).

Uptake rates were calculated using the slopes of linear regression 
analysis using GraphPad Prism. Mass-specific calculations were based 
on wet weights. We applied appropriate corrections for spill-over and 
quench, and only measurements with lumex values <5% and error 
rates <10% were used in analyses. Flux rates were compared among 
treatments using a one-way ANOVA with Tukey’s multiple 
comparisons test using GraphPad Prism. Data were also analyzed 
for normality.

3. Results

3.1. Life-history outcomes

Mean percent survival 80 ± 4.4% (mean ± s.e.m.) and days to 
emergence 24 ± 0.3 (mean ± s.e.m.) (Table 2) were not significantly 
different among salinity treatments. Mean subimago wet weight was 
not significantly different among treatments for males (Table  2). 
However, females in the 113 μS cm−1 treatment had 27% lower mean 
subimago wet weight compared to the 5,020 μS cm−1 treatment group 
(Table 2) (p = 0.0004). Female subimagoes reared in 113 μS cm−1 had 
a dry weight of 2.7 ± 0.2 mg, female subimagoes reared in 5,020 μS 
cm−1 had a dry weight of 3.7 ± 0.1 mg, and female subimagoes reared 
in 9,921 μS cm−1 had a dry weight of 3.5 ± 0.3 mg (mean ± s.e.m.).

113 μS cm−1 reared naiads were observed to have markedly higher 
grazing rates relative to naiads reared in higher salinity treatments 
(Supplementary Figure S1).

3.2. Whole-body salt content

Calcium content 1.7 ± 0.1 (mean ± s.e.m.) was not significantly 
impacted by salinity (Table 3). However, the 113 μS cm−1 treatment 

TABLE 2 Summary of life-history outcomes (including mean days to 
emergence, mean percent survival and mean subimago weights (dry 
weight) of males and females) (mean ± s.e.m.).

Rearing 
condition 
(μS cm−1)

Mean 
survival 

(%)

Mean days 
to 

emergence

Mean subimago 
weight

Male Female

113 77 ± 6.6 24 ± 0.5 1.1 ± 0.1 2.7 ± 0.2

5,020 83 ± 5.0 23 ± 0.5 1.4 ± 0.1 3.7 ± 0.1

9,921 80 ± 5.7 24 ± 0.3 1.5 ± 0.1 3.5 ± 0.3
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group had significantly less Mg (p  = 0.0468), K (p  = 0.0087), Na 
(p = 0.0005), P (p = 0.0093), and S (p = 0.0142) relative to the 9,921 μS 
cm−1 treatment group and K (p  = 0.0062), P (p  = 0.0092), and S 
(p = 0.0142) relative to the 5,020 μS cm−1 treatment group.

3.3. Glycogen content

Naiad glycogen content was not statistically different between 
rearing conditions, but there was a 13% decrease in glycogen in 
the lowest treatment group, compared to the highest treatment 
group (Figure  2A). A one-way ANOVA and Tukey’s multiple 
comparisons test found no significant differences between males 
and females from any given rearing condition, so all runs were 
combined for each rearing condition. Glycogen content was 
9.3 ± 0.5 in 113 μS cm−1 reared naiads, 10.4 ± 0.9 in 5,020 μS cm−1 

reared naiads and 10.8 ± 0.8  in 9,921 μS cm−1 reared naiads 
(mean ± s.e.m.).

3.4. Metabolic rate

We found that in 113 μS cm−1 reared naiads, MO2 decreased with 
increased salinity (Figure 2B). For example, 113 μS cm−1 reared naiads 
had a metabolic rate of 804 ± 57.3 μg O2 g−1 h−1 (mean ± s.e.m.) in their 
rearing water and 568 ± 51.5 μg O2 g−1 h−1 in 9,921 μS cm−1 water 
(p  ≤ 0.0001). Naiads reared in 5,020 μS cm−1 water had a higher 
metabolic rate in 5,020 μS cm−1 water (676 ± 42.5 μg O2 g−1 h−1), with 
decreased MO2 in 113 μS cm−1 water (584 ± 83.7 μg O2 g−1  h−1, 
p = 0.019) and the lowest MO2 in 9,921 μS cm−1 water (389 ± 40.4 μg 
O2 g−1 h−1, p ≤ 0.0001). In 9,921 μS cm−1 reared naiads, MO2 decreased 
with decreasing salinity. For example, naiads reared in 9,921 μS cm−1 
water had a metabolic rate of 648 ± 88.7 μg O2 g−1 h−1 in their rearing 
water and 442 ± 93.9 μg O2 g−1 h−1 in 113 μS cm−1 water (p ≤ 0.0001).

3.5. Ion flux experiments

Ion uptake rates of naiads in their rearing water were positively 
associated with ionic concentration (Figure 3). For example, in their 
respective rearing waters, 113 μS cm−1 reared naiads had a sodium 
uptake rate of 104 ± 7.8 μg Na g−1 h−1 (mean ± s.e.m.), 5,020 μS cm−1 
reared naiads had a sodium uptake rate of 170 ± 20 μg Na g−1 h−1 and 
9,921 μS cm−1 reared naiads had a sodium uptake rate of 199 ± 20 μg Na 
g−1 h−1 (p ≤ 0.001) (Figure 3A). The only exception was Ca uptake of 113 
and 5,020 μS cm−1 reared individuals in their respective waters (2.6 ± 0.2 
and 3.3 ± 0.2 3 μg Ca g−1 h−1 respectively, p = 0.0526) (Figure 3C).

When naiads were transferred from their respective rearing water 
to the other experimental conditions, all rearing groups had ion uptake 
rates that were increased with exposure ionic concentration. For 
example, 113 μS cm−1 reared naiads had a Ca uptake rate of 2.6 ± 0.3 μg 
Ca g−1 h−1 in 113 μS cm−1, 4.7 ± 0.3 μg Ca g−1 h−1 in 5,020 μS cm−1 water 
and 15.0 ± 0.9 μg Ca g−1 h−1 in 9,921 μS cm−1 water (Figure 3C).

Across all ions and exposure waters, 113 μS cm−1 reared 
individuals had the highest ion uptake rates (Figure 3). For Na and 
SO4, 9,921 μS cm−1 reared individuals had the lowest uptake rates 
(except in 113 μS cm−1, where 9,921 and 5,020 μS cm−1 reared 
individuals are not statistically different). For Ca, 5,020 and 9,921 μS 
cm−1 reared individuals were not statistically different from each 
other but were both significantly lower than 113 μS cm−1 reared 
individuals in all waters (Figure 3C). For example, in 9,921 μS cm−1 
water, 113, 5,020 and 9,921 μS cm−1 reared naiads had SO4 uptake 
rate of 18.3 ± 2.5, 14.2 ± 1.9, and 9.1 ± 1.1 μg SO4 g−1 h−1, respectively 
(p = <0.0001) (Figure 3B).

TABLE 3 Whole body chemistry for naiads reared in each experimental condition.

Rearing condition 
(μS cm−1)

Ca content Mg content S content K content Na content P content Fe content

113 1.7 ± 0.1 1.2 ± 0.2 13 ± 1.8 14 ± 2.3 6.1 ± 0.7 14 ± 2.2 0.3 ± 0.1

5,020 1.7 ± 0.2 1.7 ± 0.3 22 ± 1.7 25 ± 1.9 11 ± 0.9 25 ± 2.4 0.4 ± 0.2

9,921 1.8 ± 0.2 1.4 ± 0.3 23 ± 2.8 25 ± 2.1 15 ± 1.9 25 ± 2.5 0.4 ± 0.1

Data are reported as μg salt mg naiad dry weight−1 (mean ± s.e.m.).

A

B

FIGURE 2

(A) Glycogen content of nymphs reared in either 113, 5,020 or 
9,921uS/cm waters. (B) C. floridanus metabolic rates (MO2) across 
three experimental waters. The x-axis indicates the exposure condition 
for each major ion of interest whereas the color of the bar indicates 
the rearing condition. Values are mean ± 1 standard error of the mean.
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4. Discussion

Aquatic insects, such as C. floridanus, are considered secondarily 
aquatic, as phylogenomic analyses show that there is no clear common 
aquatic ancestor, but rather that multiple invasions of water occurred over 
millions of years (Wootton and Clark, 1972; Wootton, 1988; Misof et al., 
2014). While most freshwater taxa are thought to have marine origins, 
aquatic insects have terrestrial ancestors (Wootton and Clark, 1972; 
Wootton, 1988; Misof et al., 2014; Miller and Román-Palacios, 2019). 
Aquatic insects dominate most freshwater ecosystems (Resh and Jackson, 
1993; Hawkins et al., 2000; Funk et al., 2006; Hawkins, 2006) and are more 
abundant in relatively dilute freshwater habitats, relative to more saline 
habitats (Maddrell, 1998; Bradley, 2013). We  hypothesized that 
C. floridanus naiads (of a population from a coastal pond that routinely 

experiences saltwater intrusion) reared across a gradient of increasing 
salinities (113, 5,020, 9,921 μS/cm) would demonstrate physiological 
affinity for dilute conditions, as observed in previous studies with 
N. triangulifer (Cochran and Buchwalter, 2022). However, our results 
collectively show a lower energetic cost for naiads in higher salinities.

We provide several lines of evidence suggesting C. floridanus may 
be more energetically challenged in dilute conditions, relative to saltier 
conditions. While there was no significant impact of rearing condition 
on survival or development time, subimago female body weight was 
27% lower in the dilute rearing condition. As adult weight is closely 
associated with fecundity, this decrease in female weight could 
be associated with decreased reproductive success (Peckarsky et al., 
1993). In N. triangulifer, there was no significant impact of rearing 
condition on survival, development time nor adult weight even when 
individuals were reared in 1 μS cm−1 water (Cochran and Buchwalter, 
2022). Further, exposure to elevated salts has been observed to delay 
development in N. triangulifer (Johnson et  al., 2015; Soucek and 
Dickinson, 2015; Buchwalter et al., 2018). However, this differs from 
other studies in damselflies (Ischnura heterosticta Burmeister, 1842) 
(Kefford et  al., 2006), snails (Physella acuta Draparnaud, 1805) 
(Kefford and Nugegoda, 2005), mosquitoes (Clark et al., 2004) and 
fish (Bœuf and Payan, 2001) which have found negative impacts on 
growth and survival rates in lower salinity waters. Further, we found 
that C. floridanus naiads do not tightly control whole body salts across 
a range of conditions. This is not commensurate with studies in 
N. triangulifer, where sulfur and sodium content were regulated across 
a wide range of salinities (Scheibener et al., 2016; Buchwalter et al., 
2018; Cochran and Buchwalter, 2022). Further, studies in Hydropsyche 
sparna Ross, 1938 and Maccaffertium sp. Bednarik, 1979 showed that 
Na was regulated across a range of Na concentrations (Scheibener 
et al., 2016). Similarly, studies in Aedes aegypti Linnaeus, 1762 and 
Culex quinquefasciatus Say, 1823 (Patrick et  al., 2002) and 
Austrophlebioides pusillus Harker, 1954 (Dowse et  al., 2017) have 
shown maintenance of haemolymph NaCl concentrations despite 
being reared in dilute water for multiple generations.

We observed markedly increased grazing rates by naiads reared in 
113 μS cm−1, relative to naiads reared in the higher salinity treatments 
(Supplementary Figure S1). Yet there were no differences in the final 
subimago body weights or in naiad development times. We propose a 
few potential explanations (not mutually exclusive) that could explain 
this unexpected result. One possibility is that this increase in food 
consumption may be an attempt to increase acquisition of salts via 
periphyton. Salt is almost exclusively obtained through the diet in 
terrestrial insects, with evidence suggesting that some animals, such as 
cervids, specifically consume sodium rich aquatic plants to meet their 
sodium needs (Ceacero et al., 2014). Further, studies suggest that salt 
content of Locusta migratoria Linnaeus, 1758 depends on the salt 
concentration of their food (Trumper and Simpson, 1993; Niewalda 
et al., 2008). Other studies in terrestrial insects show changes in food 
consumption to meet salt demands (Kaspari et al., 2008; Kaspari, 2020, 
2021). However, it is currently unclear what role diet plays in aquatic 
insects’ acquisition of salts from the environment. It is known that the 
dietary acquisition of trace elements is tremendously important in 
aquatic insects (Xie et al., 2010; Cain et al., 2011; Kim et al., 2012; Poteat 
and Buchwalter, 2014b; Buchwalter et al., 2017). Our findings suggest 
that changes in food consumption may have been caused by the 
different water salinities, with lowest salinity water requiring a greater 

A

B

C

FIGURE 3

Ion uptake rates in C. floridanus for (A) Sodium, (B) Sulfate and 
(C) Calcium. The x-axis indicates the exposure condition for each 
major ion of interest whereas the color of the bar indicates the 
rearing condition. Each column represents a rate of uptake from a 
time-course study. Values are mean ± 1 standard error of the mean. 
Wet weight is abbreviated as ww.
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intake of salts and/or energy via food consumption. Alternatively, there 
may be some additional energetic cost associated with removing excess 
body water, with the rates of passive water influxes being potentially 
commensurate with the concentration gradients between hemolymph 
and surrounding water (Cochran and Buchwalter, 2022).

Further, that glycogen content was marginally lower in naiads 
reared in lowest salinity treatment suggests that there is some energetic 
cost to surviving in dilute water (Figure 2A). This is evidenced by the 
high metabolic rate of naiads in the low salinity treatment (Figure 2B). 
Presumably, as salts become more readily available in the more saline 
waters, less energy is expended to osmoregulate. This trend is 
commensurate with studies in Gammarus Fabricius, 1775 (Sutcliffe, 
1984), snails (McMahon and Russell-Hunter, 1978; Paolucci and 
Thuesen, 2020), cutthroat trout (Oncorhynchus clarkii Richardson, 
1836) (Morgan and Iwama, 1999), and common carp (Cyprinus carpio 
Linnaeus, 1758) (de Boeck et al., 2000). However, decreasing energetic 
costs with increasing salinity was not observed in naiads reared in 
5,020 and 9,921 μS cm−1 waters. In 9,921 μS cm−1 reared naiads, the 
lowest metabolic rate is observed in the lowest salinity exposure and 
increased with salinity (Figure 2B). This pattern is more consistent with 
observations in euryhaline or marine species such as caridean shrimp 
(Palaemon peringueyi Stebbing, 1915) (Allan et  al., 2006), Magadi 
tilapia (Alcolapia grahami Boulenger, 1912) (Wood et al., 2002) and 
white leg shrimp (Litopenaeus vannamei Boone, 1931) (Ding et al., 
2014) where metabolic rate increases with increased salinity. Taken 
together, the patterns in glycogen and metabolic rate suggest that there 
are differences in the energetic response to salinity based on the 
rearing condition.

Callibaetis floridanus naiads reared in more dilute salinity 
treatments also had higher uptake rates of salts compared to naiads 
reared in more salty conditions when exposed to similar conditions 
(Figure 3). Other studies have found that acclimation to dilute water 
increases Ca2+ uptake in Daphnia Müller, 1785 (Durant et al., 2018) and 
Na uptake in the mangrove crab Ucides cordatus Linnaeus, 1763 (Harris 
and Santos, 1993). Further, other studies have found that increased 
salinity decreases sulfate uptake in freshwater mussels (Dietz et al., 
2000) and calcium uptake in rainbow trout (Salmo gairdneri 
Richardson, 1836) and tilapia (Oreochromis mossambicus 
W. K. H. Peters, 1852) (Perry and Wood, 1985). However, our results 
do not match those of Nguyen and Donini (2010), who showed that 
long-term exposure to ion poor water resulted in no changes to ion 
uptake in midges (Chironomus riparius Meigen, 1804) (despite 
increased anal papillae size). Previous observations in N. triangulifer 
have shown that exposure to elevated major ion concentrations led to 
a marked decrease in ion uptake rates, relative to naïve naiads (Orr 
et al., 2021). Further, exposure to a gradient of dilute waters led to a 
marked increase in ion uptake relative to naïve naiads (Cochran and 
Buchwalter, 2022). Dilute-acclimated N. triangulifer naiads also 
maintained a relatively narrow range of uptake rates in all treatments 
(contrasting the concentration-dependent Na uptake rates observed in 
naive naiads). In contrast, our findings suggest that C. floridanus does 
not maintain such a narrow range in ion uptake rates.

Collectively, our findings suggest that unlike most other aquatic 
insects in general, and mayflies in particular, C. floridanus naiads are 
remarkably plastic in their ability to live across a huge gradient of 
salinity. To our surprise, individuals from this population appear 
physiologically challenged in dilute conditions relative to saltier 

conditions, even though the two previous generations of this cohort 
were reared under dilute conditions and their presumed ancestral 
habitats were likely dilute. This contrasts with the general observation 
that mayflies are typically challenged by more ion rich conditions 
(Pond et al., 2008; Orr et al., 2021; Cochran and Buchwalter, 2022). 
While it is unclear what specifically makes C. floridanus’ salinity 
tolerances so broad relative to other mayflies, we  posit that their 
remarkable habitat variability with respect to environmental salinity 
(Figure 1A) has shaped a great deal of physiological plasticity.
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