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Environmental contamination of bisphenol A (BPA) is a widespread and multifaceted issue with vast ecological, social and
economic consequences. Thus, understanding how local environmental conditions, such as temperature, interact with BPA to
a!ect populations and community dynamics remain important areas of research. Here, we conduct laboratory experiments
aimed at understanding how environmental gradients of both temperature and BPA concentration in"uence freshwater
phytoplankton population growth and community structure. We exposed phytoplankton assemblages comprised of three
common species of green algae (Chlorella vulgaris, Ankistrodesmus braunii and Scenedesmus quadricauda) as well as isolates of
each individual species to three BPA concentrations (0, 2, 13 mg/L BPA) and three temperatures (18, 23, 27◦C) monitoring
population growth and community structure (via biovolume). We observed antagonistic interactions between BPA and
warmer temperatures, such that when warmer temperatures decreased growth (observed with A. braunii), high concentrations
of BPA elevated growth at these warm temperatures; however, when warmer temperatures increased growth (C. vulgaris, S.
quadricauda), high BPA concentrations diminished these gains. Although BPA exposure inhibited the growth of most C. vulgaris
populations, growth was not reduced in A. braunii or S. quadricauda populations exposed to 2 mg/L BPA. Phytoplankton
assemblage evenness (Pielou evenness index) decreased as BPA concentration increased and was consistently lowest under
27◦C. Community composition was similar in assemblages cultured under 0 and 2 mg/L BPA under 18 and 23◦C but was most
similar between assemblages cultured under 2 and 13 mg/L BPA under 27◦C. These results indicate that local environmental
temperatures can mediate the consequences of BPA for freshwater phytoplankton growth rates and community structure and
that BPA can diminish potential gains of increased growth rate for warm-adapted phytoplankton species at high environmen-
tal temperatures.

Key words: Phytoplankton, Environmental contamination, Climate warming
Editor: Anne Todgham

Received 6 July 2022; Revised 18 March 2023; Editorial Decision 21 March 2023; Accepted 14 April 2023

Cite as: Theus ME, Michaels J, Fey SB (2023) Interactive e!ects of temperature and bisphenol A on phytoplankton growth and community structure
. Conserv Physiol 11(1): coad021; doi:10.1093/conphys/coad021.

..........................................................................................................................................................

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/11/1/coad021/7151084 by R

eed C
ollege user on 13 June 2023

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


..........................................................................................................................................................
Research article Conservation Physiology • Volume 11 2023

Introduction
Environmental contamination of freshwater ecosystems is a
pervasive, multifaceted issue that affects ecological, social
and economic systems (Schwarzenbach et al., 2010; Amoatey
and Baawain, 2019). The introduction of novel or rare com-
pounds to the environment has resulted in increased con-
centrations of biologically unavailable forms of carbon and
nitrogen that accumulate in ecosystems (Vitousek et al., 1997)
with, in many instances, undesired consequences for organ-
isms, populations and communities. Certain pollutants may
reduce the fitness of individuals and subsequently the growth
of populations by interacting with and potentially altering
metabolic pathways, hormone signaling and enzyme activity
(Canesi and Fabbri, 2015; Xiang et al., 2018; Wu and See-
bacher, 2020). Importantly, the metabolic and demographic
rates of the individuals and populations interacting with
contaminants are also influenced by local environmental con-
ditions (Staples et al., 1998; Savage et al., 2004; Borrirukwisit-
sak et al., 2012; Dell et al., 2013; Wu and Seebacher, 2020).
In certain instances, abiotic factors may influence the toxicity
threshold as well as the effects a given contaminant has
on organisms (Little and Seebacher, 2015). In the following
manuscript, we investigate the joint effects of a ubiquitous
contaminant ((bisphenol A (BPA)) and water temperature
on phytoplankton growth rates and community structure to
understand the impact of continued environmental contami-
nation and continued climate warming on aquatic ecosystems.

BPA is a compound commonly used in the manufacturing
of household products, medical equipment and food storage
equipment, and it is widespread in aquatic ecosystems. Sur-
face water concentrations of BPA are highly variable (Wu and
Seebacher, 2020), and there are higher average BPA levels in
freshwater systems (reported BPA concentrations range from
0 to 63.64 µg/L (Inam et al., 2019; Wu and Seebacher, 2020))
than in estuaries or marine systems (reported BPA concen-
trations range from 0 to 1.92 µg/L (Bayen et al., 2016; Wu
and Seebacher, 2020)). BPA is taken up by aquatic organisms
and transferred across trophic levels, allowing for moderate
bioaccumulation via trophic transfer as observed in some
fish species (Corrales et al., 2015; Wu and Seebacher, 2020).
The effects of BPA on individual organisms have been widely
studied; however, most of the literature has focused on the
effects of acute, single-generation exposure among vertebrates
(Flint et al., 2012; Wu and Seebacher, 2020). In certain fresh-
water species, BPA negatively affects development, behavior
and survival (Wu and Seebacher, 2020). It mimics the female
estrogen 17β-estradiol and may act more generally as an
androgen antagonist as well as a thyroid hormone antagonist,
affecting processes beyond reproduction and development,
such as growth and metabolism (Crain et al., 2007; Canesi
and Fabbri, 2015). By contrast, there are fewer studies and
a lack of consensus on the effects, mechanisms of action
and metabolism of BPA in invertebrates (Wu and Seebacher,
2020). Yet, the divergent metabolic and hormone signaling
pathways and the distinct microhabitats occupied by inver-

tebrates may put certain invertebrate species at a high risk
of experiencing the deleterious effects of BPA (i.e. decreased
reproduction and growth) (Oehlmann et al., 2009; Flint
et al., 2012). BPA is a hydrophobic, organic pollutant that
tends to accumulate in cellular lipids, inducing lipid peroxi-
dation and oxidative stress, and it may inhibit photosynthesis
and the biosynthesis of chlorophyll (Ji et al., 2014; Li et al.,
2018). Unicellular, aquatic species, such as phytoplankton,
have few physical barriers between the cellular interior and
the environment, and many phytoplankton species readily
uptake BPA molecules with consequences to growth and
morphology (Gattullo et al., 2012; Ji et al., 2014; Xiang
et al., 2018). For example, in the green algae Scenedesmus
quadricauda, exposure to 1 mg/L BPA can reduce growth,
cytoplasm volume and colony size (Xiang et al., 2018).

Environmental temperature (in addition to light, pH and
nutrient availability) can also have substantial effects on
phytoplankton populations by altering cell division and death
rates, such that moderate increases in temperature can accel-
erate or drastically reduce growth rates (Brown et al., 2004;
Ras et al., 2013; Kremer et al., 2017). Exposure to temper-
atures above the thermal optimum (temperature at which
the maximum growth rate is achieved) can cause heat stress
leading to the inactivation or denaturation of enzymes that
are necessary for photosynthesis and other metabolic reac-
tions, thus slowing rates of population growth and altering
productivity, standing biomass and/or phenological responses
across seasons (Thomas et al., 2012; Ras et al., 2013). In
addition, environmental conditions can influence the rates
of abiotic reactions that transform or degrade BPA. Reac-
tion rate, favorability and spontaneity are dependent on
temperature in both abiotic and biotic systems, and most
biological rates, including metabolic rates, are modified by
environmental temperature (Brown et al., 2004). Temperature
influences the rates of BPA uptake, metabolism and excretion
with the rates of these processes typically increasing with
increasing temperature (Honkanen and Kukkonen, 2006; Wu
and Seebacher, 2020; Wu and Seebacher, 2021). Thus, temper-
ature may have the capacity to influence the way in which
BPA affects individuals and the way in which individuals
take up environmental BPA. However, much of the research
investigating the effects of BPA on phytoplankton has focused
on the remediative capacity of populations while neglecting
the effects of BPA on phytoplankton communities.

The extent to which the ecological consequences of BPA
on phytoplankton can be modified by local environmental
factors is currently unresolved yet seems important given the
ecological significance of phytoplankton (Field et al., 1998).
Existing data suggest the potential for environmental condi-
tions to modify the consequences of BPA for phytoplankton.
For example, whereas S. quadricauda growth is inhibited by
1 mg/L BPA under moderate light intensities in fluctuating
light regimes (Xiang et al., 2018), growth of S. quadricauda
is not inhibited by 10 mg/L BPA under a high, continuous
irradiance level (Nakajima et al., 2007). Evidence also exists
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that environmental temperature can mediate the effects of
BPA on other organisms. For example, BPA may synergisti-
cally interact with temperature to reduce thermal tolerance
in Danio rerio, zebrafish (Little and Seebacher, 2015). How-
ever, the relationship between BPA and temperature may
not be as clear in all cases and can depend on both past
and current thermal environments (e.g. Wu and Seebacher,
2021). In addition, temperature synergistically interacts with
other environmental contaminants besides BPA, including
heavy metals (Oukarroum et al., 2012) and certain herbicides
(Delorenzo et al., 2013), to negatively affect phytoplankton.

This present study aims to better understand how natural
phytoplankton assemblages might respond to continued envi-
ronmental contamination and climate warming. We address
the question of how phytoplankton population growth rates,
colony size and community structure are influenced by BPA
contamination across a gradient of thermal environments. We
hypothesize that BPA and temperature synergistically interact
to influence phytoplankton population growth rates, colony
size and community evenness such that warmer temperatures
will exacerbate any observed detrimental consequences of
BPA due to increased rates of BPA uptake cooccurring with
heat-induced stress.

Methods
Study species
The following species of freshwater green algae were used
in the experiments subsequently described: Chlorella vulgaris
(family Oocystaceae; University of Texas, UTEX, Culture
Collection of Algae, Austin, TX, UTEX #26), Ankistrodesmus
braunii (family Selenastraceae; UTEX #245) and S. quadri-
cauda (family Scenedesmaceae; UTEX #B 76). Species were
chosen based on their demonstrated ability to remove BPA
from the environment (Nakajima et al., 2007; Gattullo et al.,
2012; Ji et al., 2014), their presence in freshwater environ-
ments (U.S. EPA, 2021) and their unique morphologies to
allow for distinction between species. We anticipated that A.
braunii would have a reduced tolerance to high environmental
temperatures based on previous laboratory assays (Talbot
et al., 1991; Kremer et al., 2017). Before experimentation,
phytoplankton populations of each species were maintained
under continuous light (∼60 µmol·m−2·s−1) and a constant
temperature (20◦C) in a COMBO nutrient solution (Kilham
et al., 1998). Ankistrodesmus braunii and S. quadricauda
cultures were maintained for 3 months before experimenta-
tion, and C. vulgaris cultures were maintained for 12 months
before experimentation.

Cultures were started and maintained using sterile tech-
niques. Algal cultures were unialgal when purchased from
The University of Texas Algal Culture Collection, and the
COMBO media was initially sterilized by autoclaving at
121◦C for 1 hour. Moreover, before experimentation, cul-
tures of each species were imaged using a FlowCam 5000

(Yokogawa Fluid Imaging Technologies, Inc., Scarborough,
ME) to develop species-specific filters to be used in the
experiment (discussed in Laboratory Methods: Phytoplank-
ton Community Assay), and there was no observed contam-
ination. Phytoplankton were cultured in a COMBO nutri-
ent solution (Kilham et al., 1998) before and during exper-
imental assays and maintained under continuous light at
94.8 ± 17.4 µmol·m−2·s−1 (mean ± 1 SD) on a thermal gra-
dient block (TGB) (Fey et al., 2021) for the entirety of the
experiment.

Laboratory methods: Phytoplankton
population assay
We performed an experiment from January to March 2021 to
measure the effects of temperature and BPA on phytoplank-
ton population growth referred to as the ‘population assay’
(containing a single species).

Phytoplankton populations were acclimated to their exper-
imental temperature (18, 23, 27◦C) >1 week and maintained
in an exponential growth phase to ensure that any observed
changes in growth were due to the treatments and were not
confounded by density-dependent effects. This duration of
acclimation time was previously observed to be adequate for
the growth rates of phytoplankton to adjust to novel thermal
environments (Fey et al., 2021). Experimental temperatures
were chosen to include two temperatures (18 and 23◦C) that
phytoplankton commonly experience in temperate ecosys-
tems (Zargar et al., 2006; Serra-Maia et al., 2016; U.S. EPA,
2021; Layden et al. 2021) and a potentially stressful but non-
lethal temperature of 27◦C that may become more likely to
occur as lake heat waves intensify due to climate warming
(Woolway et al., 2021). Collectively these three temperatures
(18, 23, 27◦C) provide a gradient of thermal environments
that phytoplankton can experience or may experience in the
future for extended periods. Phytoplankton (C. vulgaris, A.
braunii, S. quadricauda) were subsequently exposed to the
constant temperature to which they were acclimated and one
of three BPA concentrations (0, 2, or 13 mg/L BPA). BPA
(CAS: 80–05-7; Sigma-Aldrich, St. Louis, MO) concentra-
tions were chosen to be comparable to those used in other
experiments (Nakajima et al., 2007; Gattullo et al., 2012; Ji
et al., 2014; Xiang et al., 2018). Although reported average
BPA concentrations in natural bodies of water reach up to
63.64 µg/L (Inam et al., 2019; Wu and Seebacher, 2020), BPA
concentrations in landfill leachates have been reported to be
>17 mg/L (Yamamoto et al., 2001), which even exceeds those
tested in this experiment. Although pulse events may result in
momentarily high concentrations of BPA being introduced to
freshwater environments, BPA concentrations of 13 mg/L—
although similar to commonly used experimental concen-
trations in phytoplankton—exceed the scope of typical BPA
concentrations commonly recorded in nature.

Phytoplankton cultures were exposed to a single temper-
ature and to either 0, 2 or 13 mg/L BPA (CAS: 80–05-7;
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Sigma-Aldrich) in a total volume of 3.5 mL COMBO nutrient
solution on the TGB for 6 days (n = 3 replicates (Nakajima et
al., 2007)). A 6-day assay period was chosen because 6 days
was a sufficient period to observe the effects of BPA on
the phytoplankton (Nakajima et al., 2007; Gattullo et al.,
2012; Ji et al., 2014) without observing large declines in the
phytoplankton populations due to density-dependent effects.
There were no observed decreases in volume in any of the
cultures over the 6-day assay period. Thermally acclimated
populations of each species were transferred to glass test tubes
at equal starting fluorescence values for each experimental
population. Fluorescence values, in relative fluorescence units
(RFU), of each culture was measured using a Trilogy Labo-
ratory Fluorometer (Turner Designs, Inc, San Jose, CA) as a
proxy for cell density and a chlorophyll-a in-vivo module. Flu-
orescence was measured before incubating the phytoplankton
populations (day 0) then once every 24 hours until day 4 for
A. braunii and S. quadricauda populations and day 3 for C.
vulgaris populations, at which point the cultures exhibited
signs of density-dependent growth. Population growth rates
were determined by calculating the slope of log fluorescence
over time using the growthTools package in R version 4.1.0
(Kremer, 2020; R Core Team, 2020).

Laboratory methods: Phytoplankton
community assay
We performed an experiment from January to March 2021 to
measure the effects of temperature and BPA on phytoplankton
community structure, hereafter referred to as the ‘community
assay’ (containing multispecies assemblages).

Phytoplankton cultures were exposed to a single tem-
perature and to either 0, 2 or 13 mg/L BPA (CAS: 80–05-
7; Sigma-Aldrich) in a total volume of 3.5 mL COMBO
nutrient solution on the TGB for 6 days (n = 3 replicates
(Nakajima et al., 2007)). There were no observed decreases
in volume in any of the cultures over the 6-day assay period.
Multispecies assemblages were seeded with roughly equal
biovolumes for each thermally acclimated (see Laboratory
Methods: Phytoplankton Population Assay for the description
of the acclimation process) species (comprised of 34.8% A.
braunii, 29.7% C. vulgaris and 35.6% S. quadricauda for
all samples) for a total biovolume roughly equal to that of
the starting biovolumes of each single-species population.
After a 6-day growth period, multispecies assemblages were
homogenized by vortexing samples at a low speed, and
0.5 mL of each of the assemblages was assayed using a
FlowCam 5000 (Yokogawa Fluid Imaging Technologies, Inc.)
at ×100 magnification with a flow rate of 0.3 mL/min using
a 100 µm × 2 mm flow cell and an autoimaging rate of 20
frames per second. The flow cell was cleared with 3 mL of
DI water between each sample, and the VisualSpreadsheet
program (Yokogawa Fluid Imaging Technologies) was used
to create classification criteria for each species and assign
species identities to each imaged particle. Using filters based
on image characteristics and species morphology (i.e. particle

area, length and volume), the captured images for all cultures
were then classified as one of the following: A. braunii single
cell, A. braunii multiple cells, S. quadricauda, C. vulgaris 1–4
cells or C. vulgaris 4+ cells. Each classified image was also
manually checked to ensure that no cells were incorrectly
characterized, and if a given image was misclassified, it was
moved to the proper classification. The images that were not
originally classified or did not match any species filter were
filtered (edge gradient ≥50) and sorted by edge gradient (a
proxy for the clarity of the image; the distinction between the
particle and the background). The images were then manually
analysed; thus, images with low resolution or irregular shapes
were removed from the run because these particles were not
distinguishable as a particular species. From each sample run,
we determined the average colony biovolume (individual and
multiple cells of the same species) and percent biomass of each
species. Biovolume of each cell was determined using species-
specific volume equations based on the geometric form
associated with each species (Sun and Liu, 2003; biovolume
calculations shown in Supplementary Table S1).

All treatments were performed in triplicate except the
multispecies assemblages cultured under 23◦C and 13 mg/L
BPA for the community assay, where a single replicate was
lost due to file corruption. This lost sample represented ∼1%
of the 108 samples from this experiment.

Data analysis
For the population assay, a three-way analysis of variance
(ANOVA) test was initially used to determine if tempera-
ture, BPA concentration, species identity or the interaction of
these factors affected phytoplankton growth rate or colony
biovolume. Two-way ANOVA was then used to determine
if temperature, BPA concentration or the interaction of tem-
perature and BPA concentration affected the growth rate or
colony biovolume of each individual species. For the com-
munity assay, Pielou evenness index was determined for each
multispecies assemblage based on final biovolumes of each
species. Because all phytoplankton species were present in
all multispecies assemblages at the conclusion of the assay,
evenness was used to describe the assemblages rather than
a diversity index that would have additionally incorporated
species richness. Two-way ANOVA on log-transformed (see
assumptions of statistical test that follows) Pielou evenness
index values was used to determine if temperature, starting
BPA concentration or the interaction of temperature and
starting BPA concentration affected Pielou evenness. We addi-
tionally used two-way ANOVA to determine whether BPA
concentration and temperature jointly altered the community
biovolume at the end of the day 6 growing period. To visualize
the differences between community assemblages in response
to temperature and BPA, we related phytoplankton commu-
nity structure to temperature and BPA concentration using
Canonical Correspondence Analysis (CCA) and a permuta-
tion test with N = 999 permutations. Before conducting the
CCA, species abundance was logarithmically transformed due
to the large abundance of C. vulgaris cells.
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Table 1: Two-way ANOVA results for each species in the population assay

Species Predictor df Sum square Mean square F P

C. vulgaris BPA concentration 2 1.628 0.8141 5.524 0.013

Temperature 2 2.844 1.4219 9.649 0.001

Temperature × BPA 4 1.184 0.2961 2.009 0.136

Residuals 18 2.652 0.1474

S. quadricauda BPA concentration 2 0.3499 0.1749 9.717 0.001

Temperature 2 0.9245 0.4622 25.672 <0.001

Temperature × BPA 4 0.0578 0.0145 0.803 0.539

Residuals 18 0.3241 0.0180

A. braunii BPA concentration 2 1.1387 0.5694 77.95 <0.001

Temperature 2 1.0720 0.5360 73.38 <0.001

Temperature × BPA 4 0.9675 0.2419 33.11 <0.001

Residuals 18 0.1315 0.0073

Although all population data (growth rates of each species)
met the ANOVA assumptions of normality and homogeneity
of variance of the data (using Kolmogorov–Smirnov test and a
Levene test, respectively), we log-transformed the assemblage-
level variable of Pielou evenness to meet these assumptions.
In all instances, results were determined to be statistically
significant based on α = 0.05, and all statistical analyses were
completed using R version 4.1.0 (R Core Team, 2020).

Results
Phytoplankton population growth
Phytoplankton population growth rates were influenced by
temperature, starting BPA concentration, species identity and
their interactions with both shared and divergent patterns of
response across species (Figure 1; Supplementary Table S2).
When warmer temperatures increased growth rates (as was
the case for S. quadricauda and C. vulgaris) we observed
BPA having a damping effect on phytoplankton growth rates
(Figure 1, Table 1); yet, when warmer temperatures decreased
growth rates (as was the case for A. braunii), we observed BPA
ameliorating these decreases. Across the three species, the
highest growth rates for A. braunii (µ = 0.73 ± 0.15 1/day)
(average ± 95% confidence interval) and S. quadricauda
(µ = 0.96 ± 0.10 1/day) in any treatment were less than even
the slowest growing C. vulgaris cultures (all µ> 1/day).

In A. braunii populations, the experimental temperature
that maximized growth was 18◦C. In contrast, C. vulgaris
and S. quadricauda experienced their mean maximum growth
rates at 27◦C (Figure 1A-C) such that growth rate increased
with temperature. Ankistrodesmus braunii mean growth rates
were consistently higher in 2 mg/L BPA relative to 0 mg/L BPA
(Figure 1A); however, the effects of 13 mg/L BPA varied across
temperatures. Ankistrodesmus braunii growth in populations

cultured under 27◦C and 13 mg/L BPA was on average 2-
fold (231.49 ± 56.05%) greater than populations in 27◦C and
0 mg/L BPA, whereas growth was reduced in populations
cultured under 18◦C and 23◦C and 13 mg/L BPA (Figure 1D).

In the absence of BPA, C. vulgaris growth increased as
water temperature increased such that populations grew
slowest under 18◦C (Figure 1B, Table 1). Chlorella vulgaris
growth was significantly affected by BPA concentration
yielding the largest reductions in growth under 27◦C
(34.83 ± 6.06%), whereas no significant impact of BPA was
observed under 18◦C (Figure 1E; Table 1). Although not
statistically significant, populations cultured under 18◦C
in 13 mg/L BPA grew slightly (2.90 ± 12.62%) faster than
in 0 mg/L BPA (Figure 1E). The highest overall C. vulgaris
growth rate occurred in 0 mg/L BPA.

Temperature and BPA concentration both had significant
effects on S. quadricauda growth, and in the absence of
BPA, S. quadricauda cultures grew faster at 23◦C and 27◦C
compared with 18◦C (Figure 1C; Table 1). The reductions in
growth from 13 mg/L BPA were equally substantial across
temperatures, and the single greatest percent reduction in S.
quadricauda growth rate relative to populations cultured in
0 mg/L BPA occurred in populations exposed to 13 mg/L
BPA under 27◦C (Figure 1F). Although not statistically sig-
nificant, populations exposed to 2 mg/L BPA under 23◦C
were the only treatment to exhibit a subtle increase in growth
rate (4.47 ± 25.24%) relative to 0 mg/L BPA treatment. The
complete population statistical analyses for each species are
reported in Table 1.

Phytoplankton community structure
Phytoplankton colony biovolume in the multispecies assem-
blages was influenced by temperature, species identity
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Figure 1: Mean growth rates (1/day) and the percent change (% change) in mean growth rate relative to growth at 0 mg/L BPA for (A; D) A.
braunii, (B; E) C. vulgaris and (C; F) S. quadricauda cultured under various combinations of temperature (◦C) and BPA concentration (mg/L) with
n = 3 replicates. Percent change values in growth rates (D-F) were scaled to the average growth rate at 0 mg/L BPA under each temperature. The
dashed lines in D-F represent no change in growth rate relative to this average. Error bars represent 95% con"dence intervals. Note that y-axis
scales di!er across panels.

and their interaction with colony size generally increas-
ing with temperature (Figure 2; Supplementary Table S3).
Ankistrodesmus braunii colony biovolume was influenced
by temperature, BPA concentration and their interaction,
although the effects of BPA concentration were most
apparent under 23◦C and 27◦C (Figure 2A; Table 2). For
example, the largest A. braunii particles were in assemblages
cultured in 0 mg/L BPA under 23◦C (2125.89 ± 285.18 µm3)
and in assemblages cultured in 2 mg/L BPA under 27◦C
(overall largest A. braunii particles; 4037.82 ± 1841.57 µm3).
Chlorella vulgaris and S. quadricauda biovolumes in the
multispecies assemblages were influenced only by tem-
perature (Figure 2; Table 2). Average C. vulgaris colony
biovolume was similar across BPA concentrations in 18◦C
and 23◦C and was the largest in assemblages cultured in
0 mg/L BPA and 27◦C (1703.26 ± 849.09 µm3). Scenedesmus
quadricauda colony biovolume was seemingly most affected
by temperature of the three species with the largest
colony biovolumes occurring in assemblages cultured in

27◦C (overall largest S. quadricauda particles in 13 mg/L
BPA; 10 459.92 ± 2952.86 µm3) and the smallest colony
biovolumes occurring in 23◦C (overall smallest S. quadri-
cauda particles in 0 mg/L BPA; 3445.50 ± 269.28 µm3).
However, S. quadricauda colony biovolume was similar
across BPA concentrations except in 27◦C and 0 mg/L
BPA.

In contrast to population growth rate, total assem-
blage biovolume was not influenced by temperature, BPA
concentration or their interaction (Figure 3A; two-way
ANOVA BPA, F2,17 = 0.646, P = 0.537; two-way ANOVA
Temperature, F2,17 = 0.979, P = 0.396; two-way ANOVA
BPA × Temperature, F4,17 = 1.608, P = 0.218). Each phy-
toplankton species was present in all assemblages at the
conclusion of the experiment (species richness = 3), and across
all experimental treatments, C. vulgaris populations were
highly dominant (comprising >80% of the multispecies
assemblage biomass).
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Figure 2: Colony biovolumes (µm3) for (A) A. braunii, (B) C. vulgaris and (C) S. quadricauda in the multispecies assemblages cultured under
various combinations of temperature (◦C) and BPA concentration (mg/L) with n = 3 replicates. Colors are consistent with Figure 1. Error bars
represent 95% con"dence intervals.

Table 2: Two-way ANOVA results for the average colony biovolume for each species in the community assay

Species Predictor df Sum square Mean square F P

C. vulgaris BPA concentration 2 615 943 307 971 3.024 0.0752

Temperature 2 3 265 624 1 632 812 16.033 0.0001

Temperature × BPA 4 1 119 288 279 822 2.748 0.0626

Residuals 17 1 731 310 101 842

S. quadricauda BPA concentration 2 3 813 133 1 906 567 0.945 0.408

Temperature 2 17 223 783 86 118 917 42.706 <0.001

Temperature × BPA 4 7 910 020 1 977 505 0.981 0.444

Residuals 17 34 281 557 2 016 562

A. braunii BPA concentration 2 4 443 340 2 221 670 3.847 0.042

Temperature 2 7 074 993 3 537 497 6.125 0.009

Temperature × BPA 4 7 568 360 1 892 090 3.276 0.037

Residuals 17 9 818 574 577 563

Evenness (Pielou evenness index) of the multispecies
assemblages was affected by temperature, BPA concentration
and their interaction (Figure 3B; two-way ANOVA BPA,
F2,17 = 52.7, P < 0.001; two-way ANOVA Temperature,
F2,17 = 79.3, P < 0.001; two-way ANOVA BPA × Tempera-
ture, F4,17 = 4.06, P = 0.017; Supplementary Table S4). Across
all BPA concentrations, Pielou evenness index values were
highest in assemblages cultured under 23◦C and lowest in
assemblages cultured under 27◦C. Similarly, Pielou evenness
index values were consistently highest in assemblages cultured
in 0 mg/L BPA and consistently lowest in assemblages cultured

under 13 mg/L BPA, with the overall lowest values occurring
under both 27◦C and 13 mg/L BPA (evenness = 0.03 ± 0.01).
Pielou evenness index values were similar between assem-
blages cultured in 0 mg/L BPA and in 2 mg/L BPA under 18◦C
and 23◦C; however, under 27◦C, evenness and community
structure were more similar between multispecies assemblages
cultured under 2 mg/L and 13 mg/L BPA than assemblages
cultured under 2 mg/L BPA and in 0 mg/L BPA.

Multispecies assemblages cultured under similar experi-
mental conditions were more compositionally similar to one
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Figure 3: (A) Average total biovolume (µm3) per 1 mL of sample and (B) average Pielou evenness index for multispecies assemblages cultured
under unique combinations of temperature (◦C) and starting BPA concentration (mg/L). Error bars represent 95% con"dence intervals.

another than to the other experimental assemblages, with
C. vulgaris dominating the composition of all assemblages
(Figure 4). Both temperature and BPA significantly affected
phytoplankton community structure (Figure 4; CCA permu-
tation test temperature, F1,23 = 20.766, P = 0.001; BPA con-
centration, F1,23 = 11.063, P = 0.001; Supplementary Table
S5). Assemblages cultured in 0 and in 2 mg/L BPA under 23◦C
were compositionally similar and were associated with the
highest proportions of S. quadricauda. Assemblages cultured
in 0 and in 2 mg/L BPA under 18◦C were compositionally
similar and were associated with the highest proportions of
A. braunii. Under 27◦C, the assemblages cultured in 2 mg/L
BPA were more compositionally similar to the assemblages
cultured in 13 mg/L BPA than those cultured in 0 mg/L BPA.
The highest proportions of C. vulgaris were associated with
assemblages cultured in 2 or 13 mg/L BPA under 27◦C and
in 13 mg/L BPA under 18◦C. The greatest variation across
replicates occurred in assemblages cultured under 27◦C and
in either 13 mg/L BPA or in 0 mg/L BPA.

Discussion
Consequences of BPA for phytoplankton
growth rates
In contrast to our original hypothesis that BPA and stressfully
warm temperatures would synergistically decrease growth
rates, our results demonstrate that temperature and BPA may
antagonistically interact to modify the response of particular
phytoplankton species to stressfully warm temperatures (A.
braunii) or to warmer temperatures that would otherwise lead
to increase growth rates (S. quadricauda, C. vulgaris).

Although population growth in a majority of treatments
was inhibited under 13 mg/L BPA, A. braunii and S. quadri-

cauda populations were not negatively impacted by 2 mg/L
BPA relative to 0 mg/L BPA. Thus, these results suggest that
modest concentrations of BPA may not be detrimental in
the short term for some phytoplankton species. BPA may
provide a source of organic carbon (Wang et al., 2017a)
or may function to increase net photosynthetic rate and
chlorophyll content, as seen in soybean seedlings exposed to
similarly low levels of BPA (1.5 mg/L BPA) (Qiu et al., 2013).
However, if the rate of BPA uptake is far greater than the
rate of BPA transformation, if cellular carbon requirements
are already met or if the species is unable to use BPA,
then BPA may rapidly accumulate in the cell, resulting in
oxidative stress, lipid peroxidation and changes in metabolic
enzyme activity (Ji et al., 2014; Xiang et al., 2018; Wu and
Seebacher, 2021). These negative effects of BPA likely resulted
in the reduced growth rates observed in the phytoplankton
populations exposed to 13 mg/L BPA. Indeed, medium to high
experimental BPA concentrations (7–50 mg/L BPA) have been
shown to reduce the net photosynthetic rate and chlorophyll
content in soybean seedlings, potentially due to the peroxida-
tion of the membrane lipids of chloroplasts (Qiu et al., 2013).
Similarly, BPA concentrations >3 mg/L have been shown
to reduce photosynthetic activity in the green algae species
Desmodesmus (Wang et al., 2017b). Differences in response
to BPA between species may be due to differences in the
metabolic processes involved in BPA uptake and degradation
between phytoplankton species (Nakajima et al., 2007; Wang
et al., 2017b). We encourage future research to investigate
the effects of environmentally relevant BPA concentrations,
which are typically <10 µg/L (Arnold et al., 2013; Corrales
et al., 2015).

In C. vulgaris and S. quadricauda populations, growth rate
generally increased as temperature increased. Contrastingly,
in A. braunii, growth rate generally decreased as temperature
increased in the absence of BPA. However, BPA antagonisti-
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Figure 4: CCA plot (two dimensions) for multispecies assemblages exposed to various combinations of temperature (◦C) and initial BPA
concentration (mg/L). Species identities (Ab = A. braunii, Sq = S. quadricauda, Cv = C. vulgaris) are plotted near assemblages where the particular
species was most prevalent. Vectors representing temperature (top vector) and BPA concentration (BPA; bottom vector) are included. Certain
replicates were nearly identical, and thus the points representing those assemblages overlap.

cally interacted with temperature in A. braunii because the
negative effects of warmer temperatures were reduced in the
presence of BPA. Although future research should address the
effects of BPA on the thermal sensitivity of phytoplankton
growth, our growth rate findings are consistent with previous
research that indicates temperature can influence the rate of
BPA uptake and excretion, the degree of bioaccumulation
(Honkanen and Kukkonen, 2006; Wu and Seebacher, 2021)
and the severity of the effects of BPA (Little and Seebacher,
2015). As temperature increased, C. vulgaris growth in 0 mg/L
BPA became increasingly faster than growth in the presence of
BPA, and in S. quadricauda, growth of populations cultured
in 2 mg/L BPA and in 0 mg/L BPA were increasingly faster
than growth of populations cultured in 13 mg/L BPA as
temperature increased. In these phytoplankton species, stress-
ful concentrations of BPA antagonistically interacted with
temperature to reduce the positive effects of temperature. The
rates of biochemical reactions typically increase exponentially
with increasing temperature below the thermal optimum for
the reaction pathway but decline above the optimum (Ritchie,
2018). Thus, as temperature changes, the efficiency of BPA
uptake, transport (Honkanen and Kukkonen, 2006; Wu and
Seebacher, 2020) and transformation may asynchronously
respond due to differences in the thermal optimum and sen-
sitivity of the associated reaction pathways and/or enzymes.
Ultimately, the mechanisms behind the thermal specificity of
BPA toxicity remain unknown, and if BPA disrupts multiple
receptors or reaction pathways, then the differences in the
sensitivity of these pathways to BPA may change with envi-
ronmental conditions (Little and Seebacher, 2015). Neverthe-
less, the results presented in this study do suggest that the
thermal specificity of BPA may not be solely due to its role as
an endocrine disruptor because phytoplankton do not have
endocrine systems.

Scaling from populations to multispecies
phytoplankton assemblages
Although BPA, particularly at high concentrations, generally
had negative consequences for the growth rate of phytoplank-
ton, the community-level impacts of BPA were more nuanced.
Our results confirm the ability of environmental temperature
to modify the average phytoplankton size (Yvon-Durocher
et al., 2015); however, BPA did not have a large influence
on the relationship between temperature and colony size. In
the one species for which BPA influenced colony size (A.
braunii), BPA and temperature antagonistically interacted to
influence colony size, with BPA reducing the positive effects of
temperature. In addition, the total phytoplankton biovolume
at the end of the community assay was not systemically
reduced in moderate or high BPA concentrations, indicating
that BPA may target phytoplankton population growth rate
yet have little to no effect on algal carrying capacity. This
ability of biological communities to compensate for the effects
of toxins despite negative population-level effects has been
previously observed (Noël et al., 2006) and further suggests
that total standing biovolume may not predict the extent of
freshwater BPA contamination. This may be particularly true
if higher trophic levels are negatively impacted by BPA to a
greater extent than phytoplankton (Huang et al., 2015).

Warmer temperatures and BPA likely reduced phytoplank-
ton assemblage evenness by favoring faster growing species,
suggesting that a combination of both stressors could sub-
stantially alter dominance patterns in natural phytoplankton
communities. Warmer temperatures can be associated with
greater density-dependent effects (Brown et al., 2004; Vasseur,
2020), and the experimental temperature that maximized
growth for S. quadricauda and the fast-growing C. vulgaris
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was 27◦C likely causing these assemblages to reach carrying
capacity faster than the assemblages cultured under 18◦C.
Therefore, the proportion of slower growing species was
reduced in the assemblages cultured under 27◦C thus reducing
evenness, whereas under the 23◦C, the carrying capacity of
the assemblages may have been higher, allowing for more
growth of the S. quadricauda and A. braunii populations
before resource limitations were realized. Relatedly, 23◦C was
not the experimental temperature that maximized growth for
most species—except for the slow-growing species, A. braunii,
in 0 mg/L BPA—which may have facilitated greater species
evenness because most populations were experiencing some
temperature-mediated limitations to growth but were still
capable of achieving positive growth rates (Hammarlund and
Harcombe, 2019).

Similarly, the differences in population growth rates due
to BPA may explain the observed Pielou evenness index dif-
ferences across BPA treatments. The 13 mg/L BPA was likely
physiologically stressful for all species, but the high ‘baseline’
growth rate of C. vulgaris may have buffered against this
stress, and any removal of BPA by A. braunii and S. quadri-
cauda may have further facilitated C. vulgaris growth. Indeed,
A. braunii and S. quadricauda populations were typically
unaffected by 2 mg/L BPA. Similarly, in microbial commu-
nities exposed to metal working fluids, facilitation occurs
when only a few species in the community can survive and/or
grow (Piccardi et al., 2019). In 2 mg/L BPA, if A. braunii
and S. quadricauda cells were capable of efficiently using BPA
molecules, then there would be less BPA to come into contact
with and negatively affect the C. vulgaris cells. However,
under 27◦C, multispecies assemblages cultured in 2 mg/L
were more compositionally similar to assemblages cultured in
13 mg/L BPA than in 0 mg/L BPA. Thus, although our results
indicate that BPA and temperature synergistically interacted
to reduce phytoplankton assemblage evenness under 27◦C,
future research should investigate the extent to which this
reduction in evenness can result in meaningful ecological
consequences such as reductions in trophic transfer or a
reduced ability to tolerate additional environmental stressors
(Vinebrooke et al., 2004).

Implications for freshwater ecosystems
Overall, the results of this study indicate that regional (climate
warming) and local (environmental contamination) global
change processes interact to affect freshwater phytoplankton
populations and communities. There is considerable hetero-
geneity in the rates of current and anticipated temperature
change across freshwater ecosystems (O’Reilly et al., 2015);
however, many aquatic systems are predicted to experience
sustained periods of warming, with summer surface water
temperatures increasing at rates as high as 1.3◦C·decade−1 in
certain bodies of water (Adrian et al., 2009; O’Reilly et al.,
2015; Woolway and Merchant, 2019). Thus, many freshwater
organisms across the globe will continue to experience envi-

ronmental warming while simultaneously interacting with
other abiotic factors, such as contaminants. As such, it is
encouraging that two of the three phytoplankton species we
assayed exhibited increased growth rates at higher tempera-
tures. Yet, certain combinations of directional warming and
BPA concentration in freshwater ecosystems do antagonisti-
cally inhibit phytoplankton growth and reduce phytoplank-
ton evenness which, in turn, may reduce aquatic resource
use efficiency and primary productivity (Righetti et al., 2019;
Otero et al., 2020). As such, geographic regions where exceed-
ingly high concentrations of BPA pollution cooccur with high
rates of predicted warming, such as Africa, South America and
South Asia (King and Harrington, 2018; Wu and Seebacher,
2020; Wu and Seebacher, 2021), may experience declines in
phytoplankton productivity and evenness.

The results from this study indicate that climate warming
and environmental BPA contamination can, at extremely
high BPA concentrations, jointly affect phytoplankton pop-
ulation dynamics and community structure with substantial
consequences for the dominance of certain phytoplankton
taxa. Importantly, besides the highest BPA concentrations, we
did not observe a synergistic impact of high temperatures
and high BPA concentrations negatively impacting phyto-
plankton populations. In addition, warming may counter-
act BPA-induced reductions in growth for certain phyto-
plankton species that are adapted to life in high-temperature
environments. However, important questions remain regard-
ing the ecological function of phytoplankton communities
that are modified by both temperature and BPA. Future
research should seek to generalize whether phytoplankton
species exhibit trade-offs between tolerating warm temper-
atures versus high BPA concentrations, or whether warm-
adapted species are generally more BPA tolerant (i.e. stress-
induced community tolerance) (Vinebrooke et al., 2004).
Resolving such patterns would help guide which algal assem-
blages may be more susceptible to these joint environmental
stressors and thus be a focus for future conservation efforts
(Vinebrooke et al., 2004).

Funding
This work was supported by the Robert and Patricia Lawlor
Carlson Student Opportunity Fund grant to M.E.T., the Reed
College Department of Biology and National Science Foun-
dation [DEB 1856415] to S.B.F.

Author Contributions
M.E.T. conceived of the study; M.E.T. and S.B.F. designed
experiments; M.E.T. performed all experiments; M.E.T., J.M.
and S.B.F. analyzed the results and M.E.T. wrote the first draft
of the manuscript with all authors contributing substantially
to revisions.

..........................................................................................................................................................

10

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/11/1/coad021/7151084 by R

eed C
ollege user on 13 June 2023



..........................................................................................................................................................
Conservation Physiology • Volume 11 2023 Research article

Data Availability
All data supporting this paper are publicly available in a
GitHub Repository: https://github.com/mertheus1999/Interactive-
effects-of-temperature-and-Bisphenol-A-on-phytoplankton-growth-
and-community-structure

(Theus et al., 2023).

Con!ict of Interest statement
The authors report no conflict of interest.

Acknowledgments
We would like to acknowledge W. Luo at the Portland State
University Mass Spectrometry Facility and S. Judge at Fluid
Imaging Technologies for their help and advice as well as
I. Schuman for laboratory assistance. The National Lakes
Assessment 2017 data were a result of the collective efforts
of dedicated field crews, laboratory staff, data management
and quality control staff, analysts and many others from
the Environmental Protection Agency, states, tribes, federal
agencies, universities and other organizations. Please contact
nars-hq@epa.gov with any questions.

Supplementary Material
Supplementary material is available at Conservation Physiol-
ogy online.

References
Adrian R, O’Reilly CM, Zagarese H, Baines SB, Hessen DO, Keller W et

al. (2009) Lakes as sentinels of climate change. Limnol Oceanogr 54:
2283–2297. https://doi.org/10.4319/lo.2009.54.6_part_2.2283.

Amoatey P, Baawain MS (2019) E!ects of pollution on freshwater
aquatic organisms. Water Environ Res 91: 1272–1287. https://doi.
org/10.1002/wer.1221.

Arnold SM, Clark KE, Staples CA, Klecka GM, Dimond SS, Caspers N,
Hentges SG (2013) Relevance of drinking water as a source of human
exposure to bisphenol a. J Expo Sci Environ Epidemiol 23: 137–144.
https://doi.org/10.1038/jes.2012.66.

Bayen S, Estrada ES, Juhel G, Kit LW, Kelly BC (2016) Pharmaceu-
tically active compounds and endocrine disrupting chemicals in
water, sediments and mollusks in mangrove ecosystems from
Singapore. Mar Pollut Bull 109: 716–722. https://doi.org/10.1016/j.
marpolbul.2016.06.105.

Borrirukwisitsak S, Keenan HE, Gauchotte-Lindsay C (2012) E!ects of
salinity, ph and temperature on the octanol-water partition coef-
"cient of bisphenol a. International Journal of Environmental Sci-

ence and Development 460–464: 460–464. https://doi.org/10.7763/
IJESD.2012.V3.267.

Brown JH, Gillooly JF, Allen AP, Savage VM, West GB (2004) Toward
a metabolic theory of ecology. Ecology 85: 1771–1789. https://doi.
org/10.1890/03-9000.

Canesi L, Fabbri E (2015) Environmental e!ects of bpa: focus
on aquatic species. Dose-Response 13: 1–14. https://doi.
org/10.1177/1559325815598304.

Corrales J, Kristofco LA, Steele WB, Yates BS, Breed CS, Williams
ES, Brooks BW (2015) Global assessment of bisphenol a in
the environment: review and analysis of its occurrence and
bioaccumulation. Dose-Response 13: 155932581559830. https://doi.
org/10.1177/1559325815598308.

Crain DA, Eriksen M, Iguchi T, Jobling S, Laufer H, LeBlanc GA, Guil-
lette LJ (2007) An ecological assessment of bisphenol-a: evidence
from comparative biology. Reprod Toxicol 24: 225–239. https://doi.
org/10.1016/j.reprotox.2007.05.008.

Dell AI, Pawar S, Savage VM (2013) The thermal dependence of biologi-
cal traits. Ecology 94: 1205–1206. https://doi.org/10.1890/12-2060.1.

DeLorenzo ME, Danese LE, Baird TD (2013) In#uence of increasing tem-
perature and salinity on herbicide toxicity in estuarine phytoplank-
ton. Environ Toxicol 28: 359–371. https://doi.org/10.1002/tox.20726.

Fey SB, Kremer CT, Layden TJ, Vasseur DA (2021) Resolving the con-
sequences of gradual phenotypic plasticity for populations in vari-
able environments. Ecological Monographs 91: e01478. https://doi.
org/10.1002/ecm.1478.

Field CB, Behrenfeld MJ, Randerson JT, Falkowski P (1998) Primary
production of the biosphere: integrating terrestrial and oceanic
components. Science 281: 237–240. https://doi.org/10.1126/
science.281.5374.237.

Flint S, Markle T, Thompson S, Wallace E (2012) Bisphenol a exposure,
e!ects, and policy: a wildlife perspective. J Environ Manage 104:
19–34. https://doi.org/10.1016/j.jenvman.2012.03.021.

Gattullo CE, Bährs H, Steinberg CEW, Lo!redo E (2012) Removal of
bisphenol a by the freshwater green alga Monoraphidium braunii
and the role of natural organic matter. Sci Total Environ 416: 501–506.
https://doi.org/10.1016/j.scitotenv.2011.11.033.

Hammarlund SP, Harcombe WR (2019) Re"ning the stress gradi-
ent hypothesis in a microbial community. Proc Natl Acad Sci 116:
15760–15762. https://doi.org/10.1073/pnas.1910420116.

Honkanen JO, Kukkonen JVK (2006) Environmental temperature
changes uptake rate and bioconcentration factors of bisphenol a in
tadpoles of Rana temporaria. Environ Toxicol Chem 25: 2804–2808.
https://doi.org/10.1897/05-586r1.1.

Huang Q, Wang H, Lewis MA (2015) The impact of environmental tox-
ins on predator–prey dynamics. J Theor Biol 378: 12–30. https://doi.
org/10.1016/j.jtbi.2015.04.019.

Inam EJ, Nwoke IB, Udosen ED, O$ong NAO (2019) Ecological risks
of phenolic endocrine disrupting compounds in an urban tropical

..........................................................................................................................................................

11

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/11/1/coad021/7151084 by R

eed C
ollege user on 13 June 2023

https://github.com/mertheus1999/Interactive-effects-of-temperature-and-Bisphenol-A-on-phytoplankton-growth-and-community-structure
https://github.com/mertheus1999/Interactive-effects-of-temperature-and-Bisphenol-A-on-phytoplankton-growth-and-community-structure
https://github.com/mertheus1999/Interactive-effects-of-temperature-and-Bisphenol-A-on-phytoplankton-growth-and-community-structure
https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coad021#supplementary-data
https://doi.org/10.4319/lo.2009.54.6_part_2.2283
https://doi.org/10.1002/wer.1221
https://doi.org/10.1002/wer.1221
https://doi.org/10.1038/jes.2012.66
https://doi.org/10.1016/j.marpolbul.2016.06.105
https://doi.org/10.1016/j.marpolbul.2016.06.105
https://doi.org/10.7763/IJESD.2012.V3.267
https://doi.org/10.7763/IJESD.2012.V3.267
https://doi.org/10.1890/03-9000
https://doi.org/10.1890/03-9000
https://doi.org/10.1177/1559325815598304
https://doi.org/10.1177/1559325815598304
https://doi.org/10.1177/1559325815598308
https://doi.org/10.1177/1559325815598308
https://doi.org/10.1016/j.reprotox.2007.05.008
https://doi.org/10.1016/j.reprotox.2007.05.008
https://doi.org/10.1890/12-2060.1
https://doi.org/10.1002/tox.20726
https://doi.org/10.1002/ecm.1478
https://doi.org/10.1002/ecm.1478
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1016/j.jenvman.2012.03.021
https://doi.org/10.1016/j.scitotenv.2011.11.033
https://doi.org/10.1073/pnas.1910420116
https://doi.org/10.1897/05-586r1.1
https://doi.org/10.1016/j.jtbi.2015.04.019
https://doi.org/10.1016/j.jtbi.2015.04.019


..........................................................................................................................................................
Research article Conservation Physiology • Volume 11 2023

river. Environ Sci Pollut Res 26: 21589–21597. https://doi.org/10.1007/
s11356-019-05458-7.

Ji MK, Kabra AN, Choi J, Hwang JH, Kim JR, Abou-Shanab RAI, Oh YK,
Jeon BH (2014) Biodegradation of bisphenol a by the freshwater
microalgae Chlamydomonas mexicana and Chlorella vulgaris. Ecol
Eng 73: 260–269. https://doi.org/10.1016/j.ecoleng.2014.09.070.

Kilham SS, Kreeger DA, Lynn SG, Goulden CE, Herrera L (1998)
COMBO: a de"ned freshwater culture medium for algae and
zooplankton. Hydrobiologia 377: 147–159. https://doi.org/10.1023/
A:1003231628456.

King AD, Harrington LJ (2018) The inequality of climate change from 1.
5 to 2◦C of global warming. Geophys Res Lett 45: 5030–5033. https://
doi.org/10.1029/2018GL078430.

Kremer CT (2020) Ctkremer/growthtools: "rst public release (version
v0.1.2). Zenodo. https://doi.org/10.5281/ZENODO.3634918.

Kremer CT, Thomas MK, Litchman E (2017) Temperature- and size-
scaling of phytoplankton population growth rates: reconciling the
Eppley curve and the metabolic theory of ecology. Limnol Oceanogr
62: 1658–1670. https://doi.org/10.1002/lno.10523.

Layden TJ, Kremer CT, Brubaker DL, Kolk MA, Trout-Haney JV, Vasseur DA,
Fey SB (2022) Thermal acclimation in#uences the growth and toxin
production of freshwater cyanobacteria. Limnology and Oceanogra-
phy Letters 7: 34–42. https://doi.org/10.1002/lol2.10197.

Li YT, Liang Y, Li YN, Che XK, Zhao SJ, Zhang ZS, Gao HY (2018) Mech-
anisms by which bisphenol a a!ect the photosynthetic apparatus
in cucumber (Cucumis sativus L.) leaves. Sci Rep 8: 4253. https://doi.
org/10.1038/s41598-018-22486-4.

Little AG, Seebacher F (2015) Temperature determines toxicity: bisphe-
nol a reduces thermal tolerance in "sh. Environ Pollut 197: 84–89.
https://doi.org/10.1016/j.envpol.2014.12.003.

Nakajima N, Teramoto T, Kasai F, Sano T, Tamaoki M, Aono M, Kubo
A, Kamada H, Azumi Y, Saji H (2007) Glycosylation of bisphenol
a by freshwater microalgae. Chemosphere 69: 934–941. https://doi.
org/10.1016/j.chemosphere.2007.05.088.

Noël HL, Hopkin SP, Hutchinson TH, Williams TD, Sibly RM (2006) Pop-
ulation growth rate and carrying capacity for springtails Folsomia
Candida exposed to ivermectin. Ecol Appl 16: 656–665. https://doi.
org/10.1890/1051-0761(2006)016[0656:PGRACC]2.0.CO;2.

O’Reilly CM, Sharma S, Gray DK, Hampton SE, Read JS, Rowley RJ et
al. (2015) Rapid and highly variable warming of lake surface waters
around the globe. Geophys Res Lett 42: 10773–10781. https://doi.
org/10.1002/2015GL066235.

Oehlmann J, Schulte-Oehlmann U, Kloas W, Jagnytsch O, Lutz I, Kusk KO,
Wollenberger L, Santos EM, Paull GC, van Look KJW et al. (2009) A
critical analysis of the biological impacts of plasticizers on wildlife.
Philosophical Transactions of the Royal Society B: Biological Sciences
364: 2047–2062. https://doi.org/10.1098/rstb.2008.0242.

Otero J, Álvarez-Salgado XA, Bode A (2020) Phytoplankton diversity
e!ect on ecosystem functioning in a coastal upwelling system. Front
Mar Sci 7: 592255. https://doi.org/10.3389/fmars.2020.592255.

Oukarroum A, Perreault F, Popovic R (2012) Interactive e!ects of
temperature and copper on photosystem II photochemistry in
Chlorella vulgaris. J Photochem Photobiol B Biol 110: 9–14. https://doi.
org/10.1016/j.jphotobiol.2012.02.003.

Piccardi P, Vessman B, Mitri S (2019) Toxicity drives facilitation between
4 bacterial species. Proc Natl Acad Sci U S A 116: 15979–15984. https://
doi.org/10.1073/pnas.1906172116.

Qiu Z, Wang L, Zhou Q (2013) E!ects of bisphenol a on growth, pho-
tosynthesis and chlorophyll #uorescence in above-ground organs
of soybean seedlings. Chemosphere 90: 1274–1280. https://doi.
org/10.1016/j.chemosphere.2012.09.085.

R Core Team (2020) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/.

Ras M, Steyer JP, Bernard O (2013) Temperature e!ect on microalgae:
a crucial factor for outdoor production. Reviews in Environmental
Science and Bio/Technology 12: 153–164. https://doi.org/10.1007/
s11157-013-9310-6.

Righetti D, Vogt M, Gruber N, Psomas A, Zimmermann NE (2019) Global
pattern of phytoplankton diversity driven by temperature and envi-
ronmental variability. Sci Adv 5: eaau6253. https://doi.org/10.1126/
sciadv.aau6253.

Ritchie ME (2018) Reaction and di!usion thermodynamics explain opti-
mal temperatures of biochemical reactions. Sci Rep 8: 11105. https://
doi.org/10.1038/s41598-018-28833-9.

Savage VM, Gillooly JF, Brown JH, West GB, Charnov EL (2004) E!ects
of body size and temperature on population growth. Am Nat 163:
429–441. https://doi.org/10.1086/381872.

Schwarzenbach RP, Egli T, Hofstetter TB, von Gunten U, Wehrli
B (2010) Global water pollution and human health. Annu
Rev Env Resour 35: 109–136. https://doi.org/10.1146/annurev-
environ-100809-125342.

Serra-Maia R, Bernard O, Gonçalves A, Bensalem S, Lopes F (2016)
In#uence of temperature on Chlorella vulgaris growth and mortality
rates in a photobioreactor. Algal Research 18: 352–359. https://doi.
org/10.1016/j.algal.2016.06.016.

Staples CA, Dome PB, Klecka GM, Oblock ST, Harris LR (1998) A review
of the environmental fate, e!ects, and exposures of bisphenol a.
Chemosphere 36: 2149–2173. https://doi.org/10.1016/S0045-6535
(97)10133-3.

Sun J, Liu D (2003) Geometric models for calculating cell biovolume and
surface area for phytoplankton. J Plankton Res 25: 1331–1346. https://
doi.org/10.1093/plankt/fbg096.

Talbot P, Thebault JM, Dauta A, de la Noue J (1991) A comparative study
and mathematical modeling of temperature, light and growth of
three microalgae potentially useful for wastewater treatment. Water
Res 25: 465–472. https://doi.org/10.1016/0043-1354(91)90083-3.

Theus M, Michaels J, Fey S (2023) Interactive-e!ects-of-temperature-
and-bisphenol-A-on-phytoplankton-growth-and-community-

..........................................................................................................................................................

12

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/11/1/coad021/7151084 by R

eed C
ollege user on 13 June 2023

https://doi.org/10.1007/s11356-019-05458-7
https://doi.org/10.1007/s11356-019-05458-7
https://doi.org/10.1016/j.ecoleng.2014.09.070
https://doi.org/10.1023/A:1003231628456
https://doi.org/10.1023/A:1003231628456
https://doi.org/10.1029/2018GL078430
https://doi.org/10.1029/2018GL078430
https://doi.org/10.5281/ZENODO.3634918
https://doi.org/10.1002/lno.10523
https://doi.org/10.1002/lol2.10197
https://doi.org/10.1038/s41598-018-22486-4
https://doi.org/10.1038/s41598-018-22486-4
https://doi.org/10.1016/j.envpol.2014.12.003
https://doi.org/10.1016/j.chemosphere.2007.05.088
https://doi.org/10.1016/j.chemosphere.2007.05.088
https://doi.org/10.1890/1051-0761(2006)016%5B0656:PGRACC%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B0656:PGRACC%5D2.0.CO;2
https://doi.org/10.1002/2015GL066235
https://doi.org/10.1002/2015GL066235
https://doi.org/10.1098/rstb.2008.0242
https://doi.org/10.3389/fmars.2020.592255
https://doi.org/10.1016/j.jphotobiol.2012.02.003
https://doi.org/10.1016/j.jphotobiol.2012.02.003
https://doi.org/10.1073/pnas.1906172116
https://doi.org/10.1073/pnas.1906172116
https://doi.org/10.1016/j.chemosphere.2012.09.085
https://doi.org/10.1016/j.chemosphere.2012.09.085
https://www.R-project.org/
https://doi.org/10.1007/s11157-013-9310-6
https://doi.org/10.1007/s11157-013-9310-6
https://doi.org/10.1126/sciadv.aau6253
https://doi.org/10.1126/sciadv.aau6253
https://doi.org/10.1038/s41598-018-28833-9
https://doi.org/10.1038/s41598-018-28833-9
https://doi.org/10.1086/381872
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1016/j.algal.2016.06.016
https://doi.org/10.1016/j.algal.2016.06.016
https://doi.org/10.1016/S0045-6535(97)10133-3
https://doi.org/10.1016/S0045-6535(97)10133-3
https://doi.org/10.1093/plankt/fbg096
https://doi.org/10.1093/plankt/fbg096
https://doi.org/10.1016/0043-1354(91)90083-3


..........................................................................................................................................................
Conservation Physiology • Volume 11 2023 Research article

structure. GitHub (data and metadata !les). https://github.com/
mertheus1999/Interactive-e!ects-of-temperature-and-Bisphenol-
A-on-phytoplankton-growth-and-community-structure.

Thomas MK, Kremer CT, Klausmeier CA, Litchman E (2012) A global
pattern of thermal adaptation in marine phytoplankton. Science 338:
1085–1088. https://doi.org/10.1126/science.1224836.

U.S. Environmental Protection Agency (2021) National Aquatic
Resource Surveys. National Lakes Assessment 2017 (Data and
Metadata Files). http://www.epa.gov/national-aquatic-resource-
surveys/data-national-aquatic-resource-surveys. (last accessed: 28
July 2021).

Vasseur DA (2020) The impact of temperature on population and com-
munity dynamics. In McCann KS, Gellner G, eds, Theoretical Ecol-
ogy: Concepts and Applications. Oxford University Press, pp. 243–262.
https://doi.org/10.1093/oso/9780198824282.003.0014.

Vinebrooke RD, Cottingham KL, Norberg J, Sche!er M, Dodson
SI, Maberly SC, Sommer U (2004) Impacts of multiple stressors
on biodiversity and ecosystem functioning: the role of species
co-tolerance. Oikos 104: 451–457. https://doi.org/10.1111/
j.0030-1299.2004.13255.x.

Vitousek PM, Aber JD, Howarth RW, Likens GE, Matson PA, Schindler
DW, Schlesinger WH, Tilman DG (1997) Technical report: human
alteration of the global nitrogen cycle: sources and consequences.
Ecol Appl 7: 737. https://doi.org/10.2307/2269431.

Wang L, Chen X, Wang H, Xu Y, Zhuang Y (2017a) The growth
behavior of Chlorella vulgaris in bisphenol a under di!erent
cultural conditions. J Environ Anal Toxicol 07: 6. https://doi.
org/10.4172/2161-0525.1000529.

Wang R, Diao P, Chen Q, Wu H, Xu N, Duan S (2017b) Identi"cation
of novel pathways for biodegradation of bisphenol a by the green
alga Desmodesmus sp.WR1, combined with mechanistic analysis

at the transcriptome level. Chem Eng J 321: 424–431. https://doi.
org/10.1016/j.cej.2017.03.121.

Woolway RI, Jennings E, Shatwell T, Golub M, Pierson DC, Maberly SC
(2021) Lake heatwaves under climate change. Nature 589: 402–407.
https://doi.org/10.1038/s41586-020-03119-1.

Woolway RI, Merchant CJ (2019) Worldwide alteration of lake mixing
regimes in response to climate change. Nat Geosci 12: 271–276.
https://doi.org/10.1038/s41561-019-0322-x.

Wu NC, Seebacher F (2020) E!ect of the plastic pollutant bisphenol a on
the biology of aquatic organisms: a meta-analysis. Glob Chang Biol
26: 3821–3833. https://doi.org/10.1111/gcb.15127.

Wu NC, Seebacher F (2021) Bisphenols alter thermal responses and
performance in zebra"sh (Danio rerio). Conservation Physiology 9:
coaa138. https://doi.org/10.1093/conphys/coaa138.

Xiang R, Shi J, Yu Y, Zhang H, Dong C, Yang Y, Wu Z (2018) The e!ect
of bisphenol a on growth, morphology, lipid peroxidation, antioxi-
dant enzyme activity, and ps ii in cylindrospermopsis raciborskii and
scenedesmus quadricauda. Arch Environ Contam Toxicol 74: 515–526.
https://doi.org/10.1007/s00244-017-0454-1.

Yamamoto T, Yasuhara A, Shiraishi H, Nakasugi O (2001) Bisphenol a
in hazardous waste land"ll leachates. Chemosphere 42: 415–418.
https://doi.org/10.1016/S0045-6535(00)00079-5.

Yvon-Durocher G, Allen AP, Cellamare M, Dossena M, Gaston KJ, Leitao
M, Montoya JM, Reuman DC, Woodward G, Trimmer M (2015)
Five years of experimental warming increases the biodiversity and
productivity of phytoplankton. PLoS Biol 13: e1002324. https://doi.
org/10.1371/journal.pbio.1002324.

Zargar S, Krishnamurthi K, Saravana Devi S, Ghosh TK, Chakrabarti T
(2006) Temperature-induced stress on growth and expression of
hsp in freshwater alga Scenedesmus quadricauda. Biomedical and
Environmental Sciences: BES 19: 414–421.

..........................................................................................................................................................

13

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/11/1/coad021/7151084 by R

eed C
ollege user on 13 June 2023

https://github.com/mertheus1999/Interactive-effects-of-temperature-and-Bisphenol-A-on-phytoplankton-growth-and-community-structure
https://github.com/mertheus1999/Interactive-effects-of-temperature-and-Bisphenol-A-on-phytoplankton-growth-and-community-structure
https://github.com/mertheus1999/Interactive-effects-of-temperature-and-Bisphenol-A-on-phytoplankton-growth-and-community-structure
https://doi.org/10.1126/science.1224836
http://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
http://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
https://doi.org/10.1093/oso/9780198824282.003.0014
https://doi.org/10.1111/j.0030-1299.2004.13255.x
https://doi.org/10.1111/j.0030-1299.2004.13255.x
https://doi.org/10.2307/2269431
https://doi.org/10.4172/2161-0525.1000529
https://doi.org/10.4172/2161-0525.1000529
https://doi.org/10.1016/j.cej.2017.03.121
https://doi.org/10.1016/j.cej.2017.03.121
https://doi.org/10.1038/s41586-020-03119-1
https://doi.org/10.1038/s41561-019-0322-x
https://doi.org/10.1111/gcb.15127
https://doi.org/10.1093/conphys/coaa138
https://doi.org/10.1007/s00244-017-0454-1
https://doi.org/10.1016/S0045-6535(00)00079-5
https://doi.org/10.1371/journal.pbio.1002324
https://doi.org/10.1371/journal.pbio.1002324

	 Interactive effects of temperature and bisphenol A on phytoplankton growth and community structure
	Introduction 
	Methods
	Results
	Discussion
	Funding
	Author Contributions
	Data Availability
	Conflict of Interest statement
	Supplementary Material


