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Abstract  Along the U.S. east coast, the widespread 
non-native red alga Gracilaria vermiculophylla pro-
vides habitat for an array of macroinvertebrates, 
including the eastern mudsnail Ilyanassa obso-
leta. Though I. obsoleta tolerates a wide tempera-
ture range, increases in summer water temperatures 
may enhance mortality; furthermore, the presence 
of non-native algae in rising seawater temperatures 
could exacerbate harmful conditions. We tested 
how the presence or absence of G. vermiculophylla 
influenced snail mortality across a range of summer 
temperatures over a 3-week period. We found that I. 

obsoleta survived the longest in the lowest tempera-
ture (27  °C), followed by the medium (32  °C), and 
lastly the highest (36 °C) where all snails died within 
2 days. Mortality was also higher and faster for snails 
in the presence versus absence of G. vermiculophylla. 
We suspected dissolved oxygen became very low at 
the higher temperatures with G. vermiculophylla; 
thus we conducted a laboratory-based dissolved oxy-
gen experiment. We found that G. vermiculophylla 
degraded and oxygen declined faster at the highest 
temperature treatment, thereby creating anoxic con-
ditions. Altogether, our results demonstrate that G. 
vermiculophylla could enhance anoxic conditions 
at high summer temperatures, potentially leading to 
enhanced faunal mortality.

Keywords  Climate change · Invasive · Northwest 
Atlantic · Seaweed · Oxygen

Introduction

Coastal marine environments are vulnerable to 
numerous stressors as a result of human-induced 
global change (Harley et  al., 2006), including 
rapid seawater warming. Globally, over 70% of the 
world’s coastlines are significantly warming, and 
the sea surface temperature of all coastal basins is 
expected to rise by 1  °C between 2015 and 2050 
(Lima & Wethey, 2012; Varela et  al., 2023). Ris-
ing temperatures can alter the composition of native 
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communities by reducing native species biodiver-
sity, increasing species homogeneity, and enhancing 
the spread of invasive species (Bianchi et al., 2019).

Seawater warming can also influence species 
distribution shifts—in either positive or nega-
tive directions. Some distributions may increase 
for species with physiological capacities to persist 
in rapidly changing environments, while others 
may decline because increased water temperatures 
reduce oxygen supply and may exceed a species’ 
upper heat limit and threshold for maximum growth 
(Fujiwara et  al., 2019). For example, following a 
35-year monitoring study of 150 fish and inverte-
brate species along the Gulf of Mexico, Fujiwara 
et al., (2019) found that over half the species expe-
rienced increases in occupancy probability, while 
~ 20% experienced declines. Increases in seawater 
temperature can also intensify the occurrence and 
distribution of harmful algal blooms (e.g., Alexan-
drium Halim 1960, and Karenia G. Hansen & Moe-
strop 2000 spp.) that enhance fish and invertebrate 
mortalities due to oxygen depletion and release of 
algal toxins (Karlson et  al., 2021). Finally, rising 
water temperatures and warming events like marine 
heat waves may negatively impact reproduction; for 
example, Shanks et al., (2020) found winter spawn-
ing intensities of coastal invertebrates to be signifi-
cantly lower following a marine heat wave in 2015 
(known as the “warm blob”) off the coast of Ore-
gon, USA.

Along with temperature, species introductions 
are another major stressor on native biodiversity and 
ecosystem function (Simberloff et  al., 2013). Exam-
ples of impactful invasive species on native com-
munities include the European green crab Carcinus 
maenas Linnaeus, 1758; the Mediterranean blue 
mussel Mytilus galloprovincialis Lamarck, 1819; the 
“killer algae” Caulerpa taxifolia (M. Vahl) C. Agardh 
1817; and many other examples (Ruesink & Collado-
Vides, 2006; Gregory & Quijon, 2011; Lockwood & 
Somero, 2011; Ravaglioli et al., 2022). Indeed, algae 
have important roles in marine ecosystems as both 
habitat and food, and many are key ecosystem engi-
neers (Gribben et  al., 2009; Bellgrove et  al., 2017; 
Pocklington et  al., 2018). Introductions of marine 
algae can therefore induce shifts in native algal diver-
sity and composition, as well as associated mac-
roinvertebrates (Gillis & Chalifour, 2010; Thomsen, 
2010; Thomsen et al., 2012; Foster et al., 2019).

Rising seawater temperatures can also influence 
the impact and success of introduced algae. For exam-
ple, structure-forming non-indigenous macroalgae, 
such as Undaria pinnatifida (Harvey) Suringar, 1873 
in New Zealand, have been shown to tolerate a wider 
range of salinities and temperature than native algae, 
while also generating higher photosynthetic yields 
than native species (Bollen et  al., 2016). Another 
example involves the extreme warming events along 
the coasts of Baja California from 2014 to 2016, 
which triggered major declines in a native alga, Mac-
rocystis pyrifera (Linnaeus) C. Agardh, 1820, result-
ing in communities that became dominated by inva-
sive species, including Sargassum horneri (Turner) 
C. Agardh, 1820, and U. pinnatifida macroalgae 
(Félix-Loaiza et  al., 2022). Finally, rising seawater 
temperatures in the northwestern Mediterranean have 
caused native seagrass coverage to decrease, allowing 
a non-native macroalga with a higher thermal toler-
ance, Halimeda incrassata (J.Ellis) J.V. Lamouroux, 
1816, to thrive and outcompete seagrass for light and 
nutrition (Marx et al., 2021).

In the Mid-Atlantic and southeastern regions of 
the United States, temperature shifts are expected to 
impact the distributions and interactions of non-native 
algae with their associated invertebrate communi-
ties. One prominent algal invader to this region is the 
red macroalga Gracilaria vermiculophylla (Ohmi) 
Papenfuss, 1967, which is native to the Northwest-
ern Pacific. In its native range, G. vermiculophylla 
is found from the northern Sea of Japan to the East 
China Sea and south toward the central Kuroshio Cur-
rent (Kim et al., 2010; Krueger-Hadfield et al., 2017). 
This macroalga can tolerate a wide range of environ-
mental stressors, including but not limited to extreme 
temperatures, low salinities, and low light exposure 
(Rueness, 2005, Phooprong et  al., 2009, Nejrup & 
Pedersen 2012, Sotka et  al., 2018). In addition, G. 
vermiculophylla has invaded nearly every temperate 
coastline in the northern hemisphere since its hypoth-
esized introduction in the early 20th century with the 
movement of Magallana gigas (Thunberg, 1793) oys-
ters (Thomsen et  al., 2006; Krueger-Hadfield et  al., 
2017). From Virginia to Georgia, G. vermiculophylla 
has predominantly invaded soft-sediment estuarine 
habitats (Thomsen et  al., 2009; Byers et  al., 2012; 
Ramus et  al., 2017), and unlike some native algae 
in the region, G. vermiculophylla grows rapidly and 
can attain large biomasses (Thomsen et  al., 2009). 
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The spread of G. vermiculophylla in some coastal 
habitats has increased primary production, provided 
novel structural complexity, and increased secondary 
production by providing shelter, refuge, and substrate 
for macroinvertebrates (Nyberg et  al., 2009, Thom-
sen, 2010, Byers et  al., 2012, Thomsen et  al., 2013,  
Guidone et al., 2014, Ramus et al., 2017, Keller et al., 
2019, Haram et  al., 2020, , Lee et  al. in revision). 
Studies have also indicated that G. vermiculophylla 
may be associated with a greater diversity and abun-
dance of gastropods than native algae and may pro-
vide refuge, shelter, and habitat for these organisms 
from thermal stresses (Thomsen, 2010). However, 
at high water temperatures, G. vermiculophylla may 
induce anoxic events, reducing biomass and percent 
cover of native algae and increasing mortality of sea-
grasses and invertebrates (Ramus et al., 2017; Keller 
et al., 2019).

Co-occurring with G. vermiculophylla in the west-
ern Atlantic is the eastern mudsnail Ilyanassa obso-
leta Say, 1822, a common and abundant gastropod in 
the region (Guidone et  al., 2014). Few studies have 
investigated the co-occurrence of G. vermiculophylla 
and I. obsoleta in field or laboratory settings, and 
those few have primarily focused on I. obsoleta egg 
deposition preference. For example, Guidone et  al., 
(2014) demonstrated that I. obsoleta prefers deposit-
ing eggs on G. vermiculophylla over native substrates 
(Thomsen et al., 2013; Guidone et al., 2014). In con-
trast, Harmon & Allen, (2018) found that I. obsoleta 
preferred depositing eggs on native eelgrass and sug-
gested that its egg deposition preferences may vary 
across latitudinal gradients, depending on geomor-
phology and foundational species composition. To 
date, however, no research has investigated how the 
survival of Nassariidae Iredale, 1916 (1835) gastro-
pods co-occurring with G. vermiculophylla may vary 
with rising seawater temperature.

To address the question of I. obsoleta survivabil-
ity in habitats occupied by non-native macroalga, we 
conducted a survival experiment across three seawa-
ter temperatures—representing moderate to extreme 
summer temperatures in coastal North Carolina—to 
determine whether I. obsoleta survival was affected 
by the presence or absence of G. vermiculophylla. 
Moreover, because I. obsoleta is an important first-
intermediate host species of digenean trematodes, 
we also took data on infection status to determine 
whether parasitic infection played a role in snail 

survival; this is because past work has shown that 
temperature can enhance the pathology associated 
with trematode infection in infected snail hosts (e.g., 
Paull & Johnson, 2011). During our experiment, we 
also observed female I. obsoleta to lay egg capsules 
at our lowest temperature treatment, and therefore, we 
also examined whether the presence of G. vermicu-
lophylla influenced the number of egg capsules laid 
and any preference for egg deposition on G. vermicu-
lophylla versus bare substrate. Finally, to determine 
whether high water temperature in combination with 
G. vermiculophylla may have impacted dissolved oxy-
gen concentrations in our treatments, we conducted a 
laboratory-based dissolved oxygen experiment in the 
presence or absence of G. vermiculophylla. Our data 
help to discern what impact rising seawater tempera-
ture, non-native macroalgae, and changing oxygen 
levels may have on the survival and egg-laying pref-
erence of an abundant native gastropod species in the 
western Atlantic.

Methods

Study species

The eastern mudsnail Ilyanassa obsoleta is a highly 
abundant gastropod species in estuarine habitats 
throughout eastern North America from the Gulf of 
Saint Lawrence, Canada to Northern Florida, form-
ing densities as high as 8000 individuals/m2 (Dimon, 
1902; Abbott, 1974; Curtis & Hurd, 1983; Harmon & 
Allen, 2018). These gastropods primarily live in soft-
sediment habitats, although they are also observed on 
coarser sediments such as sand, shell fragments, and 
eelgrass (Dimon, 1902). The ecological and evolu-
tionary success of I. obsoleta in achieving high den-
sities is often attributed to the snail’s ability to use 
a wide range of resources for its nutrition, including 
detritus, carrion, and benthic microflora (Curtis & 
Hurd, 1979, 1981; Cranford, 1988). In addition to a 
versatile diet, I. obsoleta has wide thermal (0–30 °C) 
and salinity (1 –35 PSU) tolerances (Fofonoff et  al. 
2018). Ilyanassa obsoleta also serves as a first-inter-
mediate host to nine species of digenean trematodes 
(Blakeslee et al., 2012). The life cycles of these par-
asites typically require two to three host organisms, 
and, for most digenean species, begin with I. obsoleta 
grazing on the feces of definitive hosts that contains 



2016	 Hydrobiologia (2025) 852:2013–2028

Vol:. (1234567890)

the eggs of the parasite (Combes et al., 1994, Rohde, 
2005). An infected I. obsoleta is castrated and para-
sitized for life (Blakeslee et  al. 2020). Parasitism 
alters behavior and physiology of I. obsoleta, as it 
negatively impacts feeding rates and survivability 
under thermal stresses (Curtis & Hurd, 1983).

Experiment

We used temperature logger data collected from 
Beaufort, NC, USA (Asch, pers. obs.; Blakeslee, 
pers. obs.) during the summers of 2019 and 2020 
(May–September) to establish three temperature 
treatments for this study. The low temperature (27 °C) 
was determined from the overall average temperature 
recorded continuously from May 1–September 3, 
2019 (Asch 2019: unpub. data); the medium (32 °C) 
and high (36 °C) temperatures were determined based 
on the average and peak temperatures, respectively, 
recorded from August 5–14, 2020 (Blakeslee, unpub. 
data) for loggers that were directly exposed to the 
mud where I. obsoleta were collected for our experi-
ment (see below). We performed two experimental 
trials, as described below.

We ran our first trial from February 2–22, 2021. 
We used three ThermoFisher Scientific (Waltham, 
MA) Heratherm™ General Protocol Microbiologi-
cal Incubators, one for each temperature treatment. 
We used lights on a 12:12 h light cycle in each incu-
bator. Two days prior to running the experiment, 
we collected > 300 I. obsoleta from Curtis Perry 
Park in Beaufort, NC, USA (Lat: 34.709731, Long: 
− 76.632494) because prior research (Moore et  al., 
in review) found a high abundance of snails and a 
moderate infection prevalence (10% infection) at this 
site. We attempted to standardize snail size as much 
as possible during these collections (average shell 
length = 15.4  mm, standard deviation = 1.11  mm). 
One day prior to running the experiment, we col-
lected Gracilaria vermiculophylla from the Univer-
sity of North Carolina Wilmington Center for Marine 
Science in Wilmington, NC (Lat: 34.140212, Long: 
− 77.863701) in the intertidal zone at low tide. This 
location was selected due to the widespread distribu-
tion of the alga in this region year-round (Freshwa-
ter et al., 2006, Lee pers. obs). Algae and snails were 
housed in 36.83 × 22.22 × 24.46  cm Kritter Keeper® 
Aquaria and were acclimated to laboratory conditions 

for 2 days, using 30 PSU seawater made from Instant 
Ocean® Sea Salt at ambient room temperature 
(20 °C). We selected this salinity because it is a non-
stressful salinity for both species.

Three-hundred snails were haphazardly assigned 
to either of two habitats (with G. vermiculophylla 
(henceforth “algae”) and no G. vermiculophylla 
(henceforth “bare”) and one of three temperatures 
such that there were 50 snails for each habitat x tem-
perature combination. Snails were individually placed 
into separate grids of a MroMax® 18-Grid Elec-
tronic Component Storage Box (fixed-grid), which 
is an effective experimental housing for invertebrate 
survival experiments (Tepolt et  al. 2020, Blakeslee 
et al. 2021). Gracilaria vermiculophylla was washed 
in fresh water to induce osmotic shock to remove any 
associated organisms and macro-epiphytes (Fowler 
et  al. 2016, Lee et  al., in review). Next, 2.5  g (wet 
weight) of the alga was added to every other grid, and 
the density and structural complexity of each algal 
frond was standardized by eye as best as possible. 
We filled each grid with 30 PSU seawater and added 
a single pellet of Aqueon® Cichlid Pellet as food for 
the snails and covered each box with their respec-
tive lid while ensuring boxes were not airtight. The 
18-grid boxes were haphazardly assigned to the three 
temperature treatments, such that there were 100 
snails per incubator.

To assess the potential influence of desiccation on 
snail mortality with and without algae, we replicated 
one low tide each day. Snail survival was checked 
twice daily for 21  days at 9:00 and 15:00, respec-
tively. After checking for mortality at 9:00, we moved 
all surviving snails and algae to a new, dry storage 
compartment. At 15:00, after checking for mortality, 
we re-filled all the grids with 30 ppt seawater kept in 
the incubators at the assigned temperature treatment 
and fed each snail one Aqueon® Cichlid Pellet. If a 
snail had died, we measured its shell length (from 
operculum to the spiral) and dissected snail gonad 
tissues for trematode infection status; if parasitized, 
we identified the trematode to species level, using 
approaches in Blakeslee et al., (2012). At each mor-
tality check, we rotated the 18-grid boxes to different 
shelves of the incubator. Additionally, throughout the 
experiment, we checked the structural integrity of G. 
vermiculophylla. If G. vermiculophylla was fragment-
ing or starting to decompose, we replaced it with the 
same standard biomass (2.5 g).
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The second 21-day trial ran from February 
23–March 15, 2021. We collected > 300 new I. obso-
leta and G. vermiculophylla from the same loca-
tions used in Trial 1 and housed them using the same 
methodology. Like Trial 1, we attempted to stand-
ardize snail size as much as possible (average shell 
length = 15.35  mm, standard deviation = 0.95  mm). 
For Trial 2, we re-assigned each incubator to a differ-
ent temperature treatment. Otherwise, our approach 
for collecting data in Trial 2 was identical to Trial 1.

During Trial 1, we also observed I. obsoleta 
depositing eggs in the low temperature treatment. As 
a result, during Trial 2, we took egg count data dur-
ing each mortality check. To ensure we could obtain 
accurate counts without double-counting, we scraped 
eggs off the walls of the grid boxes and/or replaced G. 
vermiculophylla if they were covered with eggs.

Dissolved oxygen data

At the end of Trial 1 and Trial 2, we found rapid mor-
tality in the high temperature treatments with algae 
(see “Results” section). We hypothesized that this 
may be the result of anoxic conditions induced by 
high temperatures and algal degradation in this stress-
ful environment (Bermejo et  al., 2020). Though we 
attempted to control for algal degradation as much as 
possible by replacing algae and seawater during our 
experiment, it was clear that algae in the high temper-
ature treatment were degrading quickly, often show-
ing signs of bleaching. As a result, we examined the 
impact of temperature and G. vermiculophylla pres-
ence/absence on dissolved oxygen in the same grids 
in the same containers used in the trials above. For 
this experiment, we used the same experimental setup 
as described above (i.e., algae and bare habitats and 
the three temperature treatments), except in these tri-
als we did not include snails. Our two trials lasted five 
days (October 17–21, 2022; October 24–28, 2022). 
We chose a 5-day experimental period because, per 
our Results, the high temperature treatment resulted in 
high mortality within this time period. We collected 
data twice per day, at 8:00 and 16:00. We measured 
dissolved oxygen using a YSI® (Yellow Springs, OH, 
USA) Pro20 Dissolved Oxygen Meter. Unlike the 
snail survival experiment, we did not replace water 
daily because we were aiming to observe the trends of 
dissolved oxygen through time.

Statistical analyses

To analyze our survival data, we used the Cox pro-
portional hazards model (CPHM), which uses num-
ber of days survived as the response variable (Cox, 
1972; Therneau & Grambsch, 2000), to determine 
which sets of variables best explained snail survival. 
For our experiment, these factors included habi-
tat type: algae or bare, temperature: low, medium, 
or high, infection status: yes or no, snail size (shell 
length in mm), trial: 1 or 2, and the following inter-
actions: habitat*temperature, habitat*infection status, 
temperature*infection status. These interaction terms 
were included based on their likely biological signifi-
cance and as a result of preliminary statistical runs. 
Pilot runs showed that I. obsoleta survival signifi-
cantly differed between Trials 1 and 2. Henceforth, 
we ran a CPHM separately for each trial. For each 
trial, we created different sets of CPHM models with 
different combinations of predictors using the R pack-
ages survival and survminer and used AICc with the 
aictab function in the R package AICcmodavg (Maze-
rolle, 2017; R Core Team, 2023) to determine which 
set of predictors best explained I. obsoleta survival. 
During pilot runs, we eliminated snail size as a pre-
dictor from our CPHM models, as it was not found to 
influence survival; this is likely because we attempted 
to standardize snail size as much as possible prior to 
running our experiment.

Based on the predictors that best explained I. obso-
leta survival from the AICc results for each trial, we 
created Kaplan–Meier Curves to visualize I. obsoleta 
survival through time with temperature and habitat 
type as factors affecting survival in Trial 1 and tem-
perature for Trial 2 (see Results). We also created 
temperature-response curves and calculated an LT50 
for each trial, or the temperature with 50% I. obsoleta 
mortality.

Based on our AICc results from each trial, we 
then performed several univariate analyses. In 
Trial 1, we used a Kruskal–Wallis test (Kruskal & 
Wallis, 1952) for overall significance and a Bon-
ferroni correction method (Sedgwick, 2012) for 
pairwise comparisons to determine the effect on 
I. obsoleta survival in six categories (low-algae; 
low-bare; medium-algae; medium-bare; high-
algae; high-bare). We also used a 2-tailed t-test 
to determine survivability differences between 
infected and uninfected I. obsoleta. For Trial 2, we 
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used a Kruskal–Wallis with Bonferroni correction 
to assess differences in I. obsoleta survivability 
among the three temperature treatments. For this 
trial, we did not assess survivability differences 
between infected and uninfected across the tem-
perature, as infection status did not show up as a 
predictor in the top model and was not significant 
(see Results). To assess I. obsoleta’s egg deposition 
preference between algae and bare surface, we also 
analyzed egg counts in the low temperature algae 
treatment (number of eggs that were laid on the 
algae itself or on the wall of the container) using a 
paired t-test.

For dissolved oxygen, we ran a series of Gen-
eralized Linear Mixed Models (GLMM) using 
the R package lme4 with dissolved oxygen as the 
response variable and the following predictors: 
temperature (low, medium, and high), habitat 
(algae or bare), trial (1 or 2), and time (AM or PM: 
AM = 8:00, PM = 16:00) as fixed effects, and “day” 
as a random effect (day 1, day 2, day 3, day 4, and 
day 5). We used the Gaussian family. We also ran 
AICc with the aictab function in the package AIC-
cmodavg to determine which sets of predictors best 
explained the differences we observed in dissolved 
oxygen values. Based on our AICc results, we plot-
ted the differences of dissolved oxygen between 
the following habitat*temperature interaction cat-
egories: low and algae, low and bare, medium and 
algae, medium and bare, high and algae, high and 
bare. We also used a Kruskal–Wallis test to deter-
mine the overall significance of the differences of 
dissolved oxygen levels across all six categories 
and used a Bonferroni correction method for pair-
wise comparisons. We used R 4.2.2 for all our data 
analyses (R Core Team, 2023).

Results

For Trial 1, we found that temperature, habitat, and 
the habitat*temperature interaction were significant 
predictors of Ilyanassa obsoleta survival (Tables  1, 
S1-2). Ilyanassa obsoleta survival was greatest in the 
low (27 °C) temperature treatment for both habitats, 
with 96% and 92% surviving in algae and bare habi-
tat, respectively, by Day 21 (Fig. 1A). For the medium 
(32  °C) temperature treatment, I. obsoleta survival 
was much lower, with no snails surviving the length 
of the experiment in the algae habitat (all snails had 
perished by Day 7 at 15:00), and only 10% survived 
in the bare habitat by Day 21 (Fig. 1B). For the high 
(36 °C) temperature treatment, all I. obsoleta had per-
ished by Day 2 at either 9:00 (algae habitat) or 15:00 
(bare habitat) (Fig.  1C). For Trial 2, we found that 
temperature alone was the sole significant predictor 
of I. obsoleta survival (Tables 2, S3–5), and hence we 
plotted Kaplan–Meier Curves for the three tempera-
ture treatments only. For the low temperature treat-
ment, 60% of I. obsoleta survived by 15:00 on Day 
21, while for the medium temperature, only 1% sur-
vived by 15:00 on Day 21. For the high temperature, 
all I. obsoleta perished by 9:00 on Day 2 (Fig. 2).

From Trial 1, we found that the LT50 for the algae 
habitat was lower (27.53  °C) than the LT50 for the 
bare habitat (29.62 °C) (Fig. 3A). In addition, infec-
tion status was a marginally significant additive pre-
dictor in the top model (Table 1), so we also calcu-
lated the LT50 for infected (n = 20) versus uninfected 
I. obsoleta (n = 280) and fitted a logistic curve. We 
found that the LT50 for infected I. obsoleta was lower 
(27.38  °C) than the LT50 for uninfected I. obso-
leta (29.49  °C) (Fig.  3B). In Trial 2, we calculated 
LT50 for overall I. obsoleta across all temperature 
treatments because temperature alone was the sole 

Table 1   Trial 1’s 
comparisons of I. obsoleta 
survival based on Cox 
proportional hazards model 
(CPHM) selection using 
AICc

temp, temperature (low, 
medium, high); habitat, 
habitat type (algae or bare); 
infected, infection status 
(yes or no)

Model K AICc ∆AICc AICc Wt Cumulative Wt

temp*habitat + infected 6 1588.28 0 0.58 0.58
temp*habitat 5 1588.95 0.67 0.42 1
temp + habitat 3 1599.88 11.6 0 1
temp + habitat + infected 4 1600.16 11.88 0 1
infected*habitat + temp 6 1602.42 14.14 0 1
temp*infected + habitat 6 1602.42 14.14 0 1
temp 2 1664.6 76.32 0 1
habitat 1 2109.9 521.62 0 1
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significant predictor in the top performing model 
(Tables 2, S3–5). For Trial 2, the LT50 was 27.4  °C 
for I. obsoleta across all temperature treatments 
(Fig. 3C).

For univariate analyses of Trial 1’s 
habitat*temperature interaction, we found that the 
survival of I. obsoleta among groups was significantly 
different (Kruskal–Wallis: df = 5, P < 0.001; Fig.  4). 
We observed the greatest survival in low temperature 
algae habitat (µ = 20.29, SE = 0.49  days), followed 
by low temperature bare (µ = 19.61, SE = 0.67 days), 
medium temperature bare (µ = 8.33, SE = 0.71 days), 
medium temperature algae (µ = 2.59, SE = 0.21 days), 
high temperature bare (µ = 1.47 ± 0.05 days), and high 
temperature algae (µ = 1.19, SE = 0.03 days) (Fig. 4). 
We did not find any significant differences in the sur-
vival between infected and uninfected snails in Trial 1 
(Figure S1).

We found that survivability for Trial 2 decreased 
with increasing temperature, with greatest survivabil-
ity in low temperature (µ = 15.06, SE = 0.78  days), 
followed by medium (µ = 2.23, SE = 0.24  days) and 
high (µ = 0.995, SE = 0.005 days); survivability in low 
temperature was significantly higher than medium 
temperature (P < 0.001), while the survivability 
between medium and high were not significantly dif-
ferent (Figure S2).

For egg counts in Trial 2 in the low temperature 
algae treatment, we did not detect a significant differ-
ence (P > 0.05) (Figure S3); however, cumulative egg 
counts throughout the duration of the experiment was 
greater on G. vermiculophylla than on the plastic grid 
wall in the algae habitat (Fig. 5).

For the dissolved oxygen experiment, in the top 
performing model, temperature, habitat type, and 
the interaction of temperature*habitat were sig-
nificant predictors (Tables S6–7). We observed 

Fig. 1   Survival probability of I. obsoleta in Trial 1 (21 days) 
was dependent on the interaction of temperature and habitat 
(Tables  1, S1–2). A = low (27  °C) temperature, B = medium 
temperature (32  °C), and C = high temperature (36  °C). 
Black = algae, gray = bare. Lines have been fitted from the Cox 
proportional hazard models, and shaded areas are 95% confi-
dence intervals from the Kaplan–Meier survival analysis

Table 2   Trial 2’s 
comparisons of I. obsoleta 
survival based on CPHM 
selection using AICc

temp, temperature (low, 
medium, high); habitat, 
habitat type (algae or bare); 
infected, infection status 
(yes or no)

Model K AICc ∆AICc AICc Wt Cumulative Wt

temp 2 1993.19 0 0.29 0.29
temp + habitat 3 1993.64 0.44 0.23 0.52
temp + habitat + infected 4 1993.79 0.6 0.22 0.74
infected*habitat + temp 5 1995.67 2.47 0.08 0.82
temp*infected + habitat 6 1995.79 2.6 0.08 0.9
temp*habitat 5 1996.51 3.32 0.06 0.96
temp*habitat + infected 6 1996.94 3.75 0.04 1
habitat 1 2446 452.81 0 1
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the highest oxygen level at low temperature bare 
(µ = 3.43, SE = 0.04 mg/lit), followed by medium tem-
perature bare (µ = 2.88, SE = 0.06  mg/lit), high tem-
perature bare (µ = 2.65, SE = 0.03  mg/lit), low tem-
perature algae (µ = 1.03, SE = 0.12  mg/lit), medium 
temperature algae (µ = 0.68, SE = 0.06  mg/lit), and 
high temperature algae (µ = 0.06, SE = 0.07  mg/lit). 
Using the Bonferroni correction method, we found 
that dissolved oxygen was significantly different 
(P < 0.05) between all pairs of temperature*habitat 
interaction categories (with higher dissolved oxygen 
levels in bare habitats for all temperature treatments), 
except for medium*algae and high*algae (Figure S4).

Discussion

Sea surface temperatures around the globe are warm-
ing rapidly. The coupling of temperature rise and the 
expansion of invasive species can be harmful to the 
fitness and survival of native species. In our study, 
we examined the potential interactive influence of sea 
water temperature and an invasive alga, Gracilaria 
vermiculophylla, on the survival and reproductive 
output of a native mudsnail, Ilyanassa obsoleta. Our 
experimental results can serve as a baseline for under-
standing how native macroinvertebrates co-occurring 
with G. vermiculophylla may be impacted by climate 
change in the North Atlantic, as seawater temperature 

continues to rise and enhance growth and expansion 
of invasive seaweeds like G. vermiculophylla.

The influence of temperature on Ilyanassa obsoleta 
survival

We found the mortality rate of I. obsoleta to be 
highest in the warmest water temperature treatment 
(Figs.  1, 2, 3). This observation for decreased sur-
vivability with increasing water temperature has also 
been observed in experimental studies with other 
snail species (e.g., Raut et  al., 1992). For example, 
freshwater snails, including Pomacea canaliculata 
Lamarck, 1828, have been found to exhibit faster 
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Fig. 2   Survival probability of I. obsoleta in Trial 2 (21 days) 
was dependent on temperature alone (Tables  2, S3–5). 
Blue = low (27  °C) temperature treatment, orange = medium 
(32 °C) temperature, and red = high temperature (36 °C). Lines 
have been fitted from the Cox proportional hazard models, and 
shaded areas are 95% confidence intervals from the Kaplan–
Meier survival analysis

Fig. 3   Proportional survival of I. obsoleta in A Trial 1 
(red = algae, blue = bare): LT50 for algae = 27.53  °C, LT50 for 
bare = 29.62  °C; B between infected (red; n = 20) and unin-
fected (blue; n = 280) in Trial 1: LT50 for infected = 27.38 °C, 
LT50 for uninfected = 29.49  °C; C Trial 2 across temperature: 
LT50 = 27.4 °C. Black dashed lines represent the 50% mortality 
and their corresponding LT50
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growth at higher temperatures, but decreased sur-
vival. In particular, at 15 and 20 °C, these snails expe-
rienced no mortality, but at 25, 30, and 35  °C, they 
grew 2–3 mm longer than the snails at 15–20 °C, but 
with enhanced mortality (Seuffert & Martin 2013). 
Parashar & Rao, (1988) also observed that the fresh-
water planorbid snail Gyraulus convexiusculus T. 
Hutton, 1849 experienced the highest growth rate at 
the highest temperature treatment (35  °C), but also 
experienced highest survival at lower temperatures, 
and their peak survival times differed based on life 
stage. In marine environments, however, it appears 
that many snails are frequently exposed to high water 
and air temperatures, and hence have evolved heat 
tolerance plasticities, such as the tropical snail Echi-
nolittorina malaccana (R.A. Philippi, 1847), which is 
capable of modifying their LT50 (Brahim & Marshall, 
2020). Another marine snail, Chlorostoma funebra-
lis A. Adams, 1855, has evolved higher thermal lim-
its (the maximum temperature at which their heart 
function will cease), with some populations of C. 
funebralis reaching maximum temperatures of 40 °C 
(Gleason & Burton, 2013). While aquatic snails in the 
wild are frequently exposed to temperatures as high 
as 35–40  °C, it is important to note that these tem-
peratures do induce major physiological stress and 

undoubtedly increase mortality. However, snails may 
be able to respond in their natural environments by 
seeking refuge from stressful conditions. In our study, 
snails did not have such an opportunity to seek refuge 
from thermal stress. Thus, to better understand their 
heat tolerance plasticity in nature, future studies could 
examine snails in the field, where they would receive 
natural water exchange through changing tides and 
could seek refuge by burying in the mud or sheltering 
in habitats that help prevent desiccation.

The interaction of temperature and G. 
vermiculophylla presence on snail survival and 
dissolved oxygen

During our first trial, we found that I. obsoleta sur-
vival was lower and that snails perished faster in 
treatments at higher temperatures in the presence of 
G. vermiculophylla (Figs. 1, 3A, 4; Tables 1, S1–2). 
Higher seawater temperature can induce algal deg-
radation, and subsequent degradation could lead 
to anoxic conditions. For example, in a study from 
northeast Brazilian coastal reefs, Sassi et  al., (1988) 
found that algal decomposition resulted in seawa-
ter completely devoid of oxygen over a 10-h period. 
Specific to G. vermiculophylla, Bermejo et al., (2020) 

Fig. 4   Number of days survived by individual I. obsoleta in 
Trial 1 by habitat and temperature interaction. LA, low temper-
ature (27 °C), algae; LB, low temperature, bare; MA, medium 
temperature (32  °C), algae; MB, medium temperature, bare; 
HA, high temperature (36  °C), algae; HB, high temperature, 

bare (df = 5, P < 0.001). Same letters above the graph indicate 
that those categories are not statistically significant in pairwise 
comparisons. Error bars = SE, black circle = number of days 
each snail survived (jittered)
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found that during G. vermiculophylla blooms in estu-
aries of Ireland, higher temperatures increased stress 
on the seaweed, and also increased degradation. 
These high rates of decomposition increased bacterial 
growth, thereby leading to anoxic conditions (Ber-
mejo et al., 2020).

Past work has shown that under rising seawater 
temperature, invasive seaweeds may release toxic 
exudates that are then harmful to native fauna. For 
example, in Europe, exudates released by the invasive 
red alga, Asparagopsis armata Harvey, 1855, have 
been shown to negatively affect the neurophysiology, 
digestive glands, and the native M. galloprovincia-
lis’ muscular system (Vieira et al., 2021). Like other 
macroalgae, G. vermiculophylla also exudates toxic 
compounds at stressful conditions; in particular, G. 
vermiculophylla releases prostaglandins as a wound-
activated production (Hammann et  al., 2016). Com-
pared to their native counterparts, the non-native G. 
vermiculophylla thalli produce significantly higher 
concentrations of eicosatetraenoids, a chemical that is 
released as a wounding of thalli through decay or pre-
dation (Hammann et al., 2016). This not only makes 
non-native G. vermiculophylla less palatable to herbi-
vores, but as the algae decay with increasing seawater 
temperature, they can create anoxic conditions, while 
also releasing increasing concentrations of toxins. 

Such toxins deter herbivores and increase macroin-
vertebrate mortality.

In our study, we observed clear degradation of G. 
vermiculophylla and a milky liquid on the surface of 
the water in the medium and high temperature treat-
ments. Such an observation of a milky substance fol-
lowing algal degradation has been described by Ber-
mejo et  al., (2020) as the result of bacterial growth, 
which then causes a reduction in dissolved oxygen in 
the water. Following these observations in our trials, 
we set up a dissolved oxygen experiment to deter-
mine how the presence of G. vermiculophylla affected 
oxygen levels across our temperature treatments. In 
all temperature treatments, we found oxygen levels 
were significantly lower in habitats with G. vermicu-
lophylla than without (Figure S4, Tables S6–7). Thus, 
it is likely that the combination of temperature stress 
plus low levels of dissolved oxygen in the medium 
and higher temperature treatments resulted in high 
mortality of I. obsoleta. However, we acknowledge 
that in a controlled laboratory setting, the snails 
likely experienced higher than natural mortality, as 
their experimental habitats had limited water flow. 
We attempted to limit this impact by changing water 
daily; however, it is very likely that the snails experi-
enced anoxia to a greater level due to a lack of oxy-
gen-rich water in the experiment. Though our study 
did not completely replicate natural conditions, it is 

Fig. 5   Cumulative egg count for Trial 2, low temperature algae habitat (solid line = eggs on G. vermiculophylla, dashed line = eggs 
on the grid wall)
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likely that in the wild, these snails may be exposed 
to high temperatures, algal degradation, and low dis-
solved oxygen during the hottest parts of the sum-
mer and during heat waves, especially in very shal-
low mud flats at low tide or within pools in the upper 
parts of the intertidal zone at low tide.

The influence of infection status on snail survival

Ilyanassa obsoleta serves as first-intermediate 
host to nine species of trematodes in its range in 
the Northwest Atlantic (Curtis et al., 2000). These 
trematode species can induce a major cost on their 
snail hosts, since they lead to complete castration 
and are an energetic strain (Cheng et  al., 1983; 
Pearson & Cheng, 1985; Sullivan et  al., 1985). 
Due to this strong impact on snail fitness, we also 
assessed survivability between infected and unin-
fected I. obsoleta to determine whether infected 
snails would be more likely to die at a faster rate 
than uninfected snails. Across all snails (all tem-
perature treatments and habitats), we identified 
no impact of infection status on a snail’s survival 
(Figure  S1). However, when we examined the 
influence of infection and temperature in our LT50 
plots, we found as temperature increased, infected 
I. obsoleta perished faster than those that were 
uninfected (Fig.  3B). Other investigations have 
shown that higher temperatures increase parasitic 
cercariae production: for instance, the trematode 
parasite Ribeiroia ondatrae (Price, 1931) Price, 
1942 had a four times higher fecundity in their 
snail host Planorbella trivolvis Say, 1817 at 26 °C 
compared to 17  °C (Paull & Johnson, 2011). In 
addition, Studer et  al., (2010) found that trans-
mission of the trematode cercarial stage from 
the first to second intermediate host was great-
est at temperatures between 20 and 25  °C, while 
transmission decreased at temperatures > 30  °C, 
and < 20  °C. Studer et  al., (2010) also observed 
increased mortality within the second interme-
diate host at temperatures > 30  °C. These stud-
ies indicate that while higher temperatures may 
induce greater parasite fecundity, the successful 
transmission of trematodes with multi-host life 
cycles may also be negatively impacted at tempera-
tures > 30  °C due to increasing mortality of their 
hosts. We similarly observed that higher tempera-
tures had a stronger impact on I. obsoleta survival 

in infected individuals; however, our sample size 
of infected individuals was much lower (n = 20) 
than uninfected (n = 280) individuals, which may 
have affected our results. It would be important to 
assess this question in a future study with a greater 
number of infected individuals, as the patterns we 
observed may become stronger with a higher sam-
ple size in the infected group.

The influence of G. vermiculophylla on I. obsoleta 
egg capsule counts and location

During Trial 1, we observed I. obsoleta snails to 
lay egg capsules in our low temperature treatment. 
As a result, we counted the number of egg cap-
sules laid in the two habitats (algae or bare) and 
the number of egg capsules laid on the algae vs 
bare plastic walls during Trial 2. We found no sig-
nificant differences in the number of egg capsules 
laid in the algae versus bare treatments (Figure 
S3). However, we noticed that the cumulative trend 
of eggs being laid over time was faster on G. ver-
miculophylla versus the bare treatment (Figure S1). 
Guidone et  al., (2014) found that I. obsoleta pre-
ferred depositing eggs on G. vermiculophylla ver-
sus other substrate types and even preferred depos-
iting eggs on the non-native algae versus native 
algae. Guidone et  al., (2014) also noted that thick 
layers of egg masses on G. vermiculophylla did not 
hamper growth of the non-native algal thalli, while 
it slowed the growth of the native alga Ceramium 
virgatum Roth, 1797. In our study, I. obsoleta did 
not lay egg capsules in any of the medium or high 
temperature treatments, suggesting a strong influ-
ence of temperature on reproduction in our labora-
tory experiment. In the high temperature treatment, 
I. obsoleta perished rapidly, while in the medium 
temperature, some individuals survived the entire 
duration of the experiment. Sastry, (1971) noted 
that I. obsoleta fecundity can increase with higher 
temperatures, but an optimal temperature is 
required that enhances fecundity without leading to 
greater temperature-induced stress on reproduction 
and survival.
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Differences detected during Trials

In Trial 1, we identified a significant interaction 
between temperature and habitat (presence/absence 
of G. vermiculophylla) on I. obsoleta survival, while 
in Trial 2, only temperature was significant. The two-
week difference in collection timing for the snails and 
the algae, as well as the time of year the study was 
carried out, could have played a role in the differences 
we observed between the two trials. Past studies have 
indicated that G. vermiculophylla store high nitrogen 
concentrations in winter months, which can enhance 
their growth in summer months when light availabil-
ity is optimal but nitrogen is limited (Abreu et  al., 
2011). In our experiment, though we acclimated both 
I. obsoleta and G. vermiculophylla to a non-stressful 
temperature (20 °C) in the laboratory prior to running 
the experiments, these species were exposed to warm 
temperature treatments more quickly than they would 
in natural environments, where they may be able to 
acclimate to gradually rising water temperature from 
winter to summer months. Future studies assessing 
invertebrate survivability could be implemented in 
summer months with macroalgae thalli from warm 
seawater temperatures.

The life stage of G. vermiculophylla could be 
another factor influencing the different results in our 
two trials. It is possible that the different collection 
timing of G. vermiculophylla may have resulted in 
differing compositions of gametophytes and tetraspo-
rophytes. In non-native habitats, 90–100% of G. ver-
miculophylla populations are tetrasporophytes, while 
in native habitats, gametophytes and tetrasporophytes 
comprise ~ 40 and ~ 60% of thalli, respectively (Lees 
et  al., 2018). While we did not control for algal life 
stage in this study, non-native G. vermiculophylla 
populations are tetrasporophyte-dominated (Krueger-
Hadfield et al., 2017), and for Gracilaria spp., these 
two life stages differ in ecological performance. For 
example, Fonseca Faria & Plastino, (2024) found that 
for Gracilaria tenuifrons (C.J.Bird & E.C.Oliveira) 
Fredericq & Hommersand, 1989, tetrasporophytes 
experienced greater growth at a higher temperature 
(30  °C), while a lower temperature (25  °C) resulted 
in higher growth of unfertilized female gameto-
phytes. The differing composition of unfertilized G. 
vermiculophylla female gametophytes between those 
collected for Trials 1 and 2 may have led to differ-
ences in I. obsoleta survivability because a higher 

composition of gametophytes could increase algal 
decay and anoxia. While we were not able to quantify 
the rate of decay or bacterial growth between trials, 
such factors could be considered for future studies 
assessing invertebrate survivability coupled with ris-
ing seawater temperatures in the presence or absence 
of invasive macroalgae.

Conclusions

In some systems, non-native G. vermiculophylla can 
increase the abundance of native free-living macroin-
vertebrates compared to native foundational species, 
due to the alga’s complex three-dimensional structure 
(Thomsen, 2010; Thomsen et  al., 2013). However, 
this potential benefit could be hampered by rising 
seawater temperatures. Large blooms of G. vermicu-
lophylla during high seawater temperature events may 
induce anoxia (Martínez-Lüscher & Holmer 2010), 
and thus lead to higher levels of mortality among 
native macroinvertebrates, including co-occurring 
species like I. obsoleta. However, it is possible that 
native macroinvertebrates associated with G. ver-
miculophylla, even during low-oxygen conditions and 
high temperature events, may have evolved physi-
ological, behavioral, and molecular mechanisms to 
survive such conditions, as high water and air tem-
peratures at low tide in intertidal environments occur 
regularly for many species (Wright et  al., 2010). In 
the Northwest Atlantic, the long-lasting coupling 
effects of high seawater temperature and G. ver-
miculophylla presence on native macroinvertebrate 
communities requires further monitoring to better 
understand how human-induced climate change may 
alter marine community composition and structure in 
future.
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