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Animals often face changing environments, and behavioral flexibility allows them to
rapidly and adaptively respond to abiotic factors that vary more or less regularly.
However, abiotic factors that affect prey species do not necessarily affect their
predators. Still, the prey’s response might affect the predator indirectly, yet evidence
from the wild for such a classical bottom-up effect of abiotic factors shaping several
trophic levels remains sparse. In many aquatic environments, daily changes in oxygen
concentrations occur frequently. When oxygen levels drop to hypoxic levels, many fishes
respond with aquatic surface respiration (ASR), during which they obtain oxygen by
skimming the upper, oxygenated surface layer. By increasing time at the surface, fish
become more vulnerable to fish-eating birds. We explored these cascading effects in
a sulfidic spring system that harbors the endemic sulphur molly (Poecilia sulphuraria)
as prey species and several fish-eating bird species. Sulfide-rich springs pose harsh
conditions as hydrogen sulfide (H2S) is lethal to most metazoans and reduces dissolved
oxygen (DO). Field sampling during three daytimes indicated that water temperatures
rose from morning to (after)noon, resulting in the already low DO levels to decrease
further, while H2S levels showed no diurnal changes. The drop in DO levels was
associated with a decrease in time spent diving in sulphur mollies, which corresponded
with an increase in ASR. Interestingly, the laboratory-estimated threshold at which the
majority of sulphur mollies initiate ASR (ASR50: <1.7 mg/L DO) was independent of
temperature and this value was exceeded daily when hypoxic stress became more
severe toward noon. As fish performed ASR, large aggregations built up at the water
surface over the course of the day. As a possible consequence of fish spending more
time at the surface, we found high activity levels of fish-eating birds at noon and in the
afternoon. Our study reveals that daily fluctuations in water’s oxygen levels have the
potential to alter predator-prey interactions profoundly and thus highlights the joined
actions of abiotic and biotic factors shaping the evolution of a prey species.
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INTRODUCTION

Almost all organisms have to cope with changing environments
during their lifetime (Bernhardt et al., 2020). The rate of change
can occur at different temporal scales including diel and seasonal
(e.g., light, temperature, oxygen, precipitation, wind, and water
regime), as well as multiannual cycles (e.g., El Niño events), or
can be completely unpredictable (aperiodic such as some human
disturbances). Many environmental variables are correlated with
selective conditions (e.g., resource availability or predation) and
thus animals have evolved a suite of traits and strategies that
allow them to detect and exploit environmental fluctuations to
maximize their fitness (Bernhardt et al., 2020). For many animals,
the first response to altered conditions is often behavioral (as
opposed to physiological; Wong and Candolin, 2015), allowing
for a rapid and (often) reversible response, which can be
especially crucial in highly fluctuating environments.

Environmental fluctuations have the potential to affect not
only individuals and populations, but also higher (community)
levels through species interactions such as competition and
predator-prey relationships (Nilsen et al., 2009; Cherry and
Barton, 2017; Turner et al., 2017). For one, abiotic changes
alter species distribution and consequently species overlap due
to habitats becoming more or less accessible or favorable for
survival. As a consequence, existing biotic interactions may
cease or new ones may arise. For example, during periods
of unfavorable water conditions, mobile species will seek out
habitat refuges, but therein experience increased pressure of
competition and predation (e.g., demersal species such as blue
crab, croaker and spot in a river estuary with spatially and
temporally dynamic hypoxia; Eby and Crowder, 2002). For
another, the nature of the species interaction may change. Two
species may respond differently to the same environmental
condition, which can drastically shift interaction outcomes in
favor of the one with greater tolerance or exploitation capacity
[e.g., water turbidity affecting damselfly–fish interactions (Van
de Meutter et al., 2005), temperature and oxygen affecting
prey selection of an predatory insect (Cockrell, 1984), hypoxia
increasing susceptibility of benthic prey to fish predation (Long
and Seitz, 2008) or decreasing a fish predator’s foraging efficiency
(Hedges and Abrahams, 2015)].

In aquatic ecosystems, oxygen is often a limiting factor and
the lack of oxygen can cause detrimental stress to some animals
(Wannamaker and Rice, 2000; Pollock et al., 2007; Galic et al.,
2019). Many species leave oxygen-depleted (hypoxic) areas and
move to normoxic regions when necessary (Pihl et al., 1991;
Wannamaker and Rice, 2000; Eby and Crowder, 2002; Brady and
Targett, 2013). Others are able to remain in the hypoxic areas
due to specialized physiological, morphological, and behavioral
adaptations that help minimize the effects of severe hypoxia
(Pihl et al., 1991; Timmerman and Chapman, 2004). In fish, a
common response to severe hypoxia is a compensatory behavior
termed “aquatic surface respiration” (ASR), during which they
utilize dissolved oxygen diffusing through the air-water interface
(Kramer and Mehegan, 1981; Kramer and McClure, 1982;
Chapman et al., 1995; Timmerman and Chapman, 2004; Tobler
et al., 2009). Time allocated at the surface increases as oxygen

decreases and while there are high costs associated with this
behavior (both opportunity and predation; Kramer, 1983; Poulin
et al., 1987), it is highly efficient against hypoxia-induced
mortality (Kramer and Mehegan, 1981).

As a consequence of ASR, fish undergo a habitat compression,
which often leads to dense aggregations at the surface and
thus greater overlap with competitors and potential predators.
Predators in the same medium (i.e., aquatic piscivores) will
be exposed to the same hypoxic conditions. Depending on
physiological tolerances of the specific interaction pair, this can
hinder (Poulin et al., 1987) or favor the predator (Wolf and
Kramer, 1987), yet, when predators cross ecosystem boundaries
(e.g., aerial or terrestrial to aquatic), conditions experienced
by one species may not be experienced by or even affect the
other. Piscivorous birds, for example, will have advantages during
periods of aquatic hypoxia. As prey becomes more clustered
within surface waters (vertically, horizontally or both; Kramer,
1987; Eby and Crowder, 2002), it is easily accessible for avian
predators. Also, hypoxia affects swimming activity and numerous
anti-predator behaviors in fish (Domenici et al., 2000, 2007),
thus shifting predation outcomes in favor of the birds. Empirical
evidence for a link between hypoxia-induced ASR in fishes and
aerial predation by birds was established in a laboratory setting,
where an increase of hypoxia-induced ASR significantly reduced
the survival of six species preyed on by a heron (Kramer et al.,
1983). However, to date, evidence for such a classical bottom-up
control of abiotic factors shaping predator-prey interactions in
the wild remains sparse (but see Kersten et al., 1991). This is not
least owing to the fact that predator-prey interactions are often
complex (e.g., include multiple aquatic and aerial predators) and
it is not always feasible to capture them at relevant temporal
and spatial scales.

Here we report on a freshwater system that circumvents
many of the above-mentioned observational shortcomings. In
southern Mexico, poeciliids colonized multiple hydrogen-sulfide
rich springs (Tobler et al., 2006; Palacios et al., 2013; Culumber
et al., 2016). Hydrogen sulfide (H2S) is toxic to most metazoans
and often contributes to hypoxic conditions (Bagarinao, 1992).
Consequently, respiratory adaptations are essential for survival
in this environment. Evidence suggests that sulfide-adapted
ecotypes can evolve in as little as 250 years (Brown et al.,
2018). In the case of our study species, the sulphur molly
Poecilia sulphuraria, sulfidic and non-sulfidic lineages genetically
diverged between 15 and 30 ky ago (Greenway, 2019). While
several morphological and physiological adaptations allow this
species to persist in these conditions (e.g., mouth and gill area
enlargement for enhanced oxygen uptake, modified toxicity
targets and detoxification pathways; Tobler and Hastings, 2011;
Tobler et al., 2011; Greenway et al., 2020), they are still dependent
on aquatic surface respiration (ASR) for survival. A previous
study estimated that sulphur mollies spend up to 84% of their
time performing ASR (Tobler et al., 2009), which was three
times higher than a closely related species (Poecilia mexicana)
from a nearby (slightly less) sulfidic spring system. As a result
of the species’ high ASR rates, these fish frequently form
large aggregations, likely to offset some of the risks associated
with surfacing (equivalent to synchronous air-breathing;
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Kramer and Graham, 1976; Chapman and Chapman, 1994).
These aggregations likely attract non-aquatic predators, and bird
predation rates are estimated to be 20-fold increased compared
to surrounding clearwater habitats (Riesch et al., 2010a). As such,
this system provides a unique natural laboratory to investigate
how changes in oxygen can affect ASR in fish and upscale to
influence the interaction with fish-eating aerial predators.

With hypoxia and high avian predation being ubiquitous
features of this sulfide spring habitat (albeit some spatial variation
in DO and H2S along the 2.5 km long stream; Culumber et al.,
2016), sulphur mollies need to respond behaviorally to mitigate
the risks of hypoxia and predation, which will likely vary also
temporally. Our objective was thus to examine the role of diurnal
environmental variation in altering the bird-fish predator-prey
interactions at the Baños del Azufre sulfidic springs. Our first aim
was to observe the extent to which water conditions (especially
temperature, DO and H2S) varied during daytime. On the basis
of the inverse relationship between temperature and DO, we
predicted that daytime warming of the water would likely reduce
DO levels and possibly affect H2S throughout the day. We
measured physico-chemical water parameters using standard
methods for a period of 6 days at three times each day to capture
diurnal variation of the system. Our second aim was to determine
the role of hypoxia in influencing fish’s ASR tendency and the
concomitant surface use. Fish perform ASR to compensate for
oxygen shortages in the water. However, H2S also requires high
amounts of oxygen for detoxification, and thus both may affect
fish’s ASR rates (and accompanied times at the surface). We
predicted the highest ASR rates during the most unfavorable
water conditions (low DO, high H2S). Using a similar sampling
regime (6 × 3), we quantified fish’s ASR tendency by observing
the duration of fish’s voluntarily dives into the water column
(with long dives equating to low ASR tendency). To further
pinpoint how hypoxia levels affect ASR rates in this system, we
established the threshold DO level at which fish initiate ASR
in H2S-rich water in a laboratory experiment. Our third and
last aim was to examine how hypoxia-related variation in fish’s
ASR (surface) behavior affects bird predators. We hypothesized
that high ASR rates would be associated with high bird activity,
because birds are attracted by the easily accessible prey. We
predicted piscivorous birds would exploit times when fish only
dove for short periods (and thus spent most of their time
at the surface) by increasing foraging efforts through staying
longer and attacking more. To test this prediction, we quantified
piscivorous bird activity whenever we measured the fish’s ASR
tendencies. To our knowledge, the present study is the first to
investigate temporal variation in abiotic and biotic stressors and
their implications for the surface behavior of a sulfide-adapted
freshwater fish.

MATERIALS AND METHODS

Study System
Several springs in southern Mexico (states of Tabasco and
Chiapas) are fed by sulfidic groundwater aquifers with high
concentrations of hydrogen-sulfide (H2S) generated from

volcanic deposits and bacterial sulfate reduction (e.g., drainages
Pichucalco, Tacotalpa and Puyacatengo; Rosales Lagarde et al.,
2014). The Baños del Azufre (17◦33′ N, 93◦00′ W) describes
an approximately 2.5 km section of the Rio El Azufre,
which is associated with multiple sulfidic springs. A previous
study characterized it as a freshwater habitat with high
temperatures and sulfide content, low oxygen and pH, and
high conductivity, which showed little temporal variation across
years (T: 31.9 ± 0.7◦C, H2S: 190.4 ± 119.7 µmol/L, DO:
1.06± 0.92 mg/L, pH: 6.9± 0.1, EC: 2.7± 0.2 mS/cm; mean± SD
of 4 years; Tobler et al., 2011), but some spatial variation
due to differences in habitat structure and spring discharge
(Culumber et al., 2016).

The Baños del Azufre spring complex is inhabited by the
endemic sulphur molly (P. sulphuraria) that shows distinct
adaptations to these severe hypoxic and sulfidic conditions (for
details see Plath et al., 2007; Riesch et al., 2010b; Tobler and
Hastings, 2011; Tobler et al., 2011, 2018; Pfenninger et al., 2014;
Kelley et al., 2016; Brown et al., 2017; Barts et al., 2018; Camarillo
et al., 2020; Greenway et al., 2020). Most notably, fish spend
a majority of their time performing aquatic surface respiration
(ASR), but frequently dive to engage in benthic foraging as well
as aggressive or reproductive activities under water (Tobler et al.,
2009). Fish also dive in response to predation (Lukas et al., in
review). Main predators in this system consist of fish-eating birds
such as kingfishers, herons and egrets (Supplementary Table 1,
Riesch et al., 2010a), while aquatic predators are mostly absent
(see Riesch et al., 2009 for rare exceptions in less-sulfidic up- or
downstream parts).

General Study Design
Preliminary observations revealed considerable temporal
variation in fish’s tendency to perform ASR during daytime
hours, with large aggregations of fish building at the surface
throughout the day (Supplementary Video). This pattern was
reliably observable at various sites of the Baños del Azufre (pers.
observations of the authors, 2016–2019). To allow for higher
temporal resolution we based our investigations at a single,
representative site exposed to moderate to high levels of sulfidic
and hypoxic stress (refer to site 1 in Culumber et al., 2016).
Additionally, this site allowed for access during all sampling
times and fish and birds were already habituated to a degree
of human presence.

To explore whether the observed diurnal differences in fish
behavior are driven by physicochemical water conditions and
how they link to predator activity, we conducted two field
surveys and one laboratory experiment. During one field season
(subsequently termed field survey I), we first quantified how
variable physicochemical water conditions were throughout
the day. In another field season (subsequently termed field
survey II), we investigated the link between fish’s behavior and
predatory bird activity.

To link observations from both surveys, they were carried
out at the same location and followed the same regimen by
sampling each morning (07:00 – 09:30), midday (12:00 – 14:30)
and afternoon (16:00 – 18:30) for six subsequent days. Surveys
were matched for season (i.e., end of dry season; I: 12–17 April
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2019, II: 05–10 May 2016) and we subsequently verified that no
major deviations from the temperature trend occurred between
years (compare Figure 1A and Supplementary Figure 1). Due to
the spatial dynamics of predator-prey interactions, observations
on water chemistry, fish and bird behavior were performed on
slightly different spatial scales. While fish were clearly clustered
in shoals with very little movement between, avian predators
were much more mobile. Fish observations were based on a
focal shoal, which reliably built up at the same location every
day (crossing the Survey I transect; Supplementary Video). At
its largest dimension, the focal shoal spanned completely across
the stream’s width and was estimated to reach about 15 m in
length. For bird observations, we considered a slightly longer
stretch of the stream (50 m with focal shoal in the upper half)
and included predators along the stream’s bench (∼2 m on
each side), which were walking or perching close by (∼400 m2

total study area). Ultimately, this approach did not allow for
abiotic and biotic observations to be directly linked, nor for
the behavior of individual prey to be correlated with a single
predator. Still, it does provide first useful insights into the overall
trend of the relationship between water chemistry, prey’s surface
aggregations and predator activity (see Statistical analyses on how
we approached this).

Extremely high fish densities at times prevented us from
reliably scoring fish’s ASR (surface time) under field conditions as
one would lose focus of individual fish at the surface. However,
fish would interrupt ASR and drop below the surface for
voluntary dives [i.e., without external disturbance; see description
of the behavioral repertoire of P. sulphuraria above and similar
observation on Poecilia reticulata (Kramer and Mehegan, 1981)].
To the human eye, these individuals were more conspicuous
and their trajectory through the water column could be easily
followed until they resurfaced again. While dive duration can
merely present an inverse proxy of ASR tendency, we argue that
it is a conservative assessment, considering that many individuals
did not leave the surface at all when DO levels were low (see also
Supplementary Video).

Lastly, to corroborate some of the above observations in a
controlled laboratory experiment, we explored the proportion
of time sulphur mollies spent performing ASR as well as the
number and duration of dives at different dissolved oxygen levels
without the confounding effects of variation in water chemistry
or predator activity. It also allowed us to validate our ASR proxy
by verifying that fish did not compensate shorter lasting dives by
diving more often.

In their natural habitats sulphur mollies perform ASR in
large groups. Such high social tendency has also been reported
for sulfidic surface ecotypes of the closely related P. mexicana
from a high predation site similar to ours (Bierbach et al.,
2018, 2020). We therefore chose to test fish in groups. In
nature, some individuals likely have to make compromises by
surfacing earlier or later than they need to conform with group
behavior. It is conceivable that a similar effect occurred in our
experiment, so that some individuals (possibly due to differences
in personality or metabolic demand) may have triggered the
response of the entire group (Kramer and Graham, 1976;
Chapman and Chapman, 1994; Borowiec et al., 2018; Killen

et al., 2018). Nonetheless, when naturally shoaling species are
tested in isolation, they are stressed and consume significantly
more oxygen (see evidence for group’s “calming effect”: Queiroz
and Magurran, 2005; Schleuter et al., 2007; Nadler et al.,
2016). We are thus confident that our setup enabled us to
gain biologically most relevant data on the DO thresholds
for ASR behavior.

Field Survey I: Physicochemical Water
Parameters
At each sampling, we took multiple measurements of water
temperature, dissolved oxygen (DO), pH and electrical
conductivity (EC), and – due to logistical constraints – one
sulfide sample along a cross section of the sulfidic stream.
Temperature, DO, pH and EC were measured using a
multiparameter probe (WTW Multi 3630 IDS) fixed to a
height-adjustable pole facing upstream. Calibration and
measurements were carried out according to the manufacturer’s
recommendations. To capture variation introduced through
flow regime and/or stratification within the water column,
measurements were taken according to a transect grid (i.e.,
one sample each meter starting at 0.5 m away from the
stream bench and at depths of 0.05, 0.25, and 0.5 m as
water levels would allow). With a width of 5.6 m and a
depth of less than 0.8 m at the site, this resulted in 10–11
subsamples per sampling.

For the quantification of total free sulfides (i.e., sum of
concentrations of H2S, HS− and acid-soluble metallic sulfides),
we collected a water sample from the stream center (width:
2.5 m, depth: 0.25 m) with a syringe. The first 1 ml
sample was discarded to clear the tubing and the subsequent
0.2 ml sample was diluted with 3.8 ml distilled water to
obtain a concentration within the desired measurement range.
The total sulfide concentration was immediately analyzed by
cuvette test (Hach Lange LCK 653) using a spectrophotometer
(Hach Lange DR 2800) with automated recognition of the
measurement program and internal calibration. We calculated
the pH-dependent speciation of measured total free sulfide
into H2S and HS− using a pKa1 of 6.9 and pKa2 of 17
(Stumm and Morgan, 1996).

Field Survey II: Diving Behavior of
Sulphur Mollies
We assessed fish behavior using a focal animal sampling
approach (see Tobler et al., 2009 for a similar approach
to quantify fish’s time budgets on site). An observer (i.e.,
field assistant with no prior knowledge of the hypothesis
or its predictions) sat quiescent on the stream bench,
and within a few seconds of arrival fish resumed normal
swimming activity.

Twenty diving fish of similar size were chosen randomly from
a focal shoal and observed from the moment they initiated diving
until they resurfaced to calculate the mean dive duration. In rare
cases, observations had to be terminated and repeated because a
disturbance occurred during the diving period (e.g., shadow of an
overflying bird) or because a fish swam out of sight.
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Field Survey II: Activity of Avian
Predators
We assessed bird activity prior to any fish observations to
minimize disturbances caused by human activity. We made
observations from a natural hide alongside the stream using
binoculars. Three observers recorded all sightings of piscivorous
birds in the predefined study area within a 30-min period.
Observers were versed in identifying the bird species previously
described to predate on P. sulphuraria (refer to Riesch et al.,
2010a).

For each bird, we determined species (to lowest feasible
taxonomical level), entry and exit times, as well as the number of
attacks launched. Given the highly stochastic nature of predation
in time and space, we selected two measures of bird activity
that we deemed robust against differences in predator abundance
and species differences in foraging styles. We calculated presence
time as the mean time piscivorous birds spent in the study area
(excluding mere fly-throughs, i.e., flying through the transect
without landing or attacking) and attacks as the total number of
bird attacks launched in a sampling period.

Experiment: ASR Tendency in Response
to Hypoxia
We exposed fish to dissolved oxygen concentrations ranging
from near-anoxic to normoxic conditions (0.6 – 5.1 mg/L
DO). Due to logistical restraints (field lab in tropical climate),
water temperature could not be controlled completely. As a
consequence, we assigned fish post hoc to one of two temperature
regimes (26.5◦C or 28◦C). Both temperatures are ecologically
relevant as they represent the daily variations commonly
experienced by the species between morning and afternoon.

We collected fish and water for the experiment from the same
site previously used in Survey I and II. Fish were left to habituate
in insulated coolers for at least 1 h without external disturbance.
During habituation, fish were held in aerated water from the
nearest freshwater source (5.5 mg/L DO). Treatment water was
aerated to the desired DO level under constant mixing. DO
and temperature were monitored with a multiprobe (OxyGuard
Polaris 2) directly prior and after each trial to calculate a mean
treatment value. Water was exchanged after each trial and testing
was done under natural light.

We tested fish in groups of five adults visually matched for
size. Under consideration of the sulphur molly’s ecology, we
deemed group testing both ecologically relevant and necessary
to avoid isolation stress. We tested a total of 27 groups
(n = 135) with 12 groups experiencing the morning (26.5◦C;
mean ± SD: 26.6 ± 0.3◦C) and 15 groups the afternoon
temperature regime (28◦C; 27.9 ± 0.1◦C). Fish were netted
haphazardly and introduced into the front third of a test tank
(30 × 20 × 30 cm, water depth of 20 cm). A trial lasted
10 min, in which experimenters left the area and fish’s position
in the water column was recorded with a camera (GoPro Hero6)
facing the tanks’ front. As part of the acclimation protocol, we
did not analyze the first 5 min of each trial to ensue fish had
recovered from handling and resumed swimming. We quantified
the cumulative time spent at the surface by all five fish (see

Video analysis) and calculated a percentage surface time. To link
laboratory and field observations of fish’s behavior (Survey II), we
also assessed the total number of dives and mean dive duration
performed by each group.

Experiment: Video Analysis
We analyzed videos obtained from the lab experiment using
EthoVision 12 (Noldus Information Technology). The front view
of the water column allowed for good monitoring of fish’s depth
position, but the view of individual fish was sometimes occluded
as they moved slowly along the surface and thus did not allow
for trajectories with individual identity. As a prerequisite for
ASR, fish need to have direct surface contact, but experiments
on another poeciliid (P. reticulata) showed that these fish rarely
spent time near the surface without being in surface contact
(Kramer and Mehegan, 1981). Based on fish’ body depth, we
defined the area less than 1 cm below the water surface as zone
of interest, which was tracked for presence/absence of fish and
corrected manually. We note that this approach may slightly
overestimate ASR duration (e.g., due to brief transitions during
up- and downward diving), nonetheless, we deem this negligible
considering the overall observation period of 5 min.

Statistical Analyses
In order to make both field surveys comparable, it was
necessary to reduce some information of the obtained variables
for statistical analyses. Multiple measurements taken during
a single sampling were pooled into one mean score (sample
pooling). Data from the morning of day 1 was excluded in both
surveys due to increased human activity affecting the surveys
(Sunday morning church), resulting in n = 17 observations
for each parameter. We tested for temporal variation in all
parameters of interest by performing separate (generalized)
linear regressions (package lme4; Bates et al., 2015) with time
(morning/midday/afternoon) as a fixed effect. Regressions of
dive duration and predator presence time were performed with
Gaussian error structure. Both variables were log(y)/log(y + 1)-
transformed to avoid negative predictions and normalize model
residuals. We assumed predator attacks to be (approximately)
Poisson distributed. Models were validated by visual inspection
of the residuals. Significance of coefficients was evaluated via
Likelihood-Ratio tests.

We further explored the association between parameters
(cor.test in package stats; R Core Team., 2020). Observations of
temperature, oxygen and H2S were directly paired and fulfilled
the assumption of a Pearson’s correlation. For prey and predator
behavior, we used Mann-Kendall rank correlations, which are
robust against outliers and appropriate for small sample sizes.

To explore the relationship between oxygen and aquatic
surface respiration of P. sulphuraria, we used a model selection
approach. Eight hypothesis-driven candidate models were
considered, allowing for linear and non-linear effects of DO
on fish’s surface time (Table 2). We did not include higher
degree effects (>2) as we did not consider them biologically
plausible. To account for an effect of test temperature, half of
the models included the parameter but did no interactions due to
the sample size. We fitted all models with binomial logit-normal
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FIGURE 1 | Diurnal variation in water parameters of a sulfidic stream at Baños del Azufre, Mexico. A cross section of the stream was repeatedly sampled during
three daytime periods on 6 consecutive days (n = 17 sampling occasions; morning Day 1 excluded). Shown are multiple measurements (gray), which were
sample-pooled for analysis (black). Time of day affected (A) water temperature and (B) dissolved oxygen concentration, but not (C) dissolved sulfide concentration
(see model-estimated marginal means with 95% CI in red, blue, yellow). Letters indicate results from post hoc pairwise comparisons. The dashed line indicates a
laboratory-established threshold at which Poecilia sulphuraria predominantly performed aquatic surface respiration (ASR50; see results below).

TABLE 1 | Descriptive statistics of diurnal variation in abiotic and biotic parameters at the Baños del Azufre sulfur spring complex.

Time of day N Water
temperature

(◦C)

pH Specific
conductivity

(mS/cm)

Dissolved
oxygen
(mg/L)

Dissolved free sulfides (µmol/L) Prey dive
duration

(s)

Predator
presence time

(min)

Predator
attacks

(N)Total sulfide H2S

Morning
(07:00 – 09:30)

5 26.2 ± 0.2 6.7 ± 0.0 1.6 ± 0.0 2.1 ± 0.1 302.8 ± 50.9 194.4 ± 33.6 134.4± 6.6 0.3 ± 0.2 2.4 ± 2.5

Midday
(12:00 – 14:30)

6 27.4 ± 0.4 6.6 ± 0.0 1.6 ± 0.1 1.1 ± 0.2 290.2 ± 85.5 190.0 ± 56.9 34.2 ± 8.4 3.4 ± 2.3 38.8± 28.7

Afternoon
(16:00 – 18:30)

6 27.1 ± 0.3 6.6 ± 0.0 1.6 ± 0.0 1.2 ± 0.2 260.7 ± 70.5 170.5 ± 46.6 34.7 ± 9.0 3.5 ± 1.4 36.7± 18.4

Values expressed as mean ± SD derived from pooled-sample measurements from field survey I (shaded) and II (unshaded).

error structure (glmer function in package lme4; Bates et al.,
2015) and added an observation-level random effect to account
for overdispersion (Harrison, 2015). Models were evaluated by
using Akaike’s information criterion for finite sample sizes (AICc;
package MuMIn; Bartoñ, 2020). With this approach, the model
with the lowest AICc as well as all models within 7 1AICc
units are considered equally supported (Burnham et al., 2011). In
addition, we used multimodel inference to compare the relative
importance of main effects (i.e., sum of the relative evidence
weights for all models in which the parameter appeared).
Estimations of half-maximal DO concentration (ASR50) for both
temperature regimes were done on the basis of the global model.

Lastly, the more controlled laboratory experiment allowed us
to validate our proxy of dive duration (Survey II) using direct
measurements of ASR surface time. We first tested for differences
in both number and duration of dives tested either above or below
the established ASR50 threshold using Wilcoxon Signed-Ranks
tests. We then estimated a Spearman correlation between surface
time and dive duration (cor.test in package stats; R Core Team.,
2020). All analyses were performed in R (see R script; R Core
Team., 2020, version 4.0.2).

RESULTS

Dynamics of Physicochemical Water
Conditions
Overall, the study site exhibited high temperatures, high
concentrations of sulfides (especially H2S), high specific
conductivity, as well as low dissolved oxygen concentrations
and low pH (Table 1). Temperature and DO varied significantly
throughout the day (effect of time: temperature F2,14 = 19.2,
p < 0.0001, DO F2,14 = 36.8, p < 0.0001), but were inversely
related (Pearson’s rho =−0.82, t =−5, p < 0.0001, n = 17). While
mornings were associated with temperatures below 26.5◦C and
DO levels around 2 mg/L, temperatures rose and DO decreased
to severely hypoxic levels toward later parts of the day (i.e.,
<1.7 mg/L DO; Figures 1A,B). Dissolved sulfide concentrations
showed considerable variation between samplings (Figure 1C).
We found no evidence for a diurnal cycle (F2,14 = 0.4, p = 0.67)
or an association with temperature (Pearson’s rho = −0.18,
t = −0.7, p = 0.5, n = 17) or DO (Pearson’s rho = 0.23, t = 0.9,
p = 0.4, n = 17).
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FIGURE 2 | Diurnal variation in sulphur mollies’ diving behavior and predatory birds’ activity. (A) During daytime hours, sulphur mollies spent large amounts of time at
the surface performing aquatic surface respiration, often resulting in densely-packed shoals. A stream section was repeatedly sampled during three daytime periods
on six consecutive days (n = 17 sampling occasions; morning Day 1 excluded). Shown are measurements (gray), which were sample-pooled for analysis (black).
Time of day affected (B) prey’s behavior (mean dive duration) as well as predator’s activity [(C): mean presence time and (D): total sum of attack; see
model-estimated marginal means with 95% CI in blue]. Letters indicate results from post hoc pairwise comparisons.

FIGURE 3 | Interplay among prey behavior and predator activity. Relationship between dive duration and either (A) predator presence time (mean) or (B) predator
attacks (total sum) at different daytime periods. Each point represents data for one sampling occasion (sample-pooled measurements). Blue lines represent
loess-smoothed curve fits with 95% CI for significant Kendall rank correlations.
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FIGURE 4 | Hypoxia-driven ASR tendency of Poecilia sulphuraria for a morning (A) and midday temperature scenario (B). Time spent at the water surface
performing ASR increased with decreasing oxygen concentrations at both test temperatures in a laboratory setting. Each data point equals the cumulative time
spent at the surface for one group of 5 adult fish (n = 27 groups). Darker points represent data collected at higher levels of aquatic oxygen. The half-maximal
concentration at which fish spend 50% of their time at the surface (ASR50) was estimated at 1.68 mg/L DO for 28◦C and 1.74 mg/L DO for 26.5◦C (M2-estimated
trend lines in black).

TABLE 2 | Overview of GLMMs tested to predict surface time of Poecilia sulphuraria.

(A) Model selection df AICc 1AICc wi

M1: (Intercept) + DO + DO2 4 302 0 0.78

M2: (Intercept) + DO + DO2
+ Temp 5 304.9 2.9 0.18

M3: (Intercept) + log(DO) 3 308.4 6.5 0.03

M4: (Intercept) + log(DO) + Temp 4 311.1 9.1 0.01

M5: (Intercept) + DO 3 320 18 0.00

M6: (Intercept) + DO + Temp 4 322.3 20.3 0.00

M7: (Intercept) 2 340.6 38.6 0.00

M8: (Intercept) + Temp 3 343.1 41.2 0.00

(B) Model averaging Coefficient Variance Number of models Importance

(Intercept) 10.9 1.6 8 1

DO – Linear trend −8.2 1.5 4 0.96

– Quadratic trend (DO2) 1.1 0.3 2 0.96

– Logarithmic trend (log[DO]) −0.2 0.4 2 0.04

Temp −0.06 0.2 4 0.19

Results of model selection (A) and model averaging (B) based on GLMMs. Variables tested include a linear, logarithmic, or quadratic effect of dissolved oxygen
concentration (DO), as well as temperature regime (Temp). Degrees of freedom (df), Akaike’s Information Criterion for finite sample sizes (AICc), Delta AIC (1AICc)
and model weights (wi ) are listed. Models with substantial support (1AICC < 7) are in bold.

Dynamics of Diving Behavior of Sulphur
Mollies and Predatory Bird Activity
Fish frequently surfaced during mornings, middays and
afternoons, but continuously aggregated at the surface toward
the later parts of the day (Figure 2A and Supplementary
Video). Fish performed occasional voluntary dives (i.e., without
predatory or human disturbance) into the water column during
all three periods. The duration of these dives varied throughout
the day (effect of time: F2,14 = 75.8, p < 0.0001). Dives lasted
significantly longer during mornings than later in the day
(Figure 2B).

Activity of avian predators was generally high. Within 8.5 h
over 6 days, we observed nine different piscivorous bird species
(Supplementary Table 1) and witnessed 465 attacks (Figure 2D).
The time birds spent in the transect as well as the number of

attacks peaked during middays and afternoons (effect of time:
presence time F2,14 = 23.1, p < 0.0001; attacks χ2(2) = 234,
p < 0.0001; Figures 2C,D). Periods of short dives (and an
associated extension of surface time) were associated with high
activity of avian predators. When fish were able to dive for
longer periods, predators spent less time near the prey (Kendall’s
tau =−0.62, T = 26, p = 0.0003, n = 17; Figure 3A) and launched
fewer attacks (tau =−0.47, z =−3, p = 0.008, n = 17; Figure 3B).

ASR Tendency of the Sulphur Molly in
Response to Hypoxia in a Laboratory
Setting
Time spent at the surface performing ASR varied as fish
were exposed to dissolved oxygen concentrations ranging from
near anoxia to normoxia (0.6 – 5.1 mg/L). We observed
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a non-linear (sigmoidal) relationship between surface-time
and DO (Figure 4). This was supported by model selection
(all top models included quadratic or logarithmic effects of
DO; Table 2A) and multimodel interference, as a linear
and quadratic effect of DO showed the highest relative
importance (Table 2B). Under severe hypoxia, fish spent
more than 90% of their time at the surface performing
ASR, while fish in more normoxic conditions surfaced only
rarely. The point at which fish switched from utilizing the
water column to mainly perform ASR (50% of the time
spent at the surface; ASR50) was at 1.7 mg/L DO. This
behavioral switch was observable for fish tested at 26.5◦C
and 28◦C (Figures 4A,B). Temperature exhibited low relative
importance on surface time (Table 2B), although a more
fine-scaled investigation of intermediate DO levels will be
necessary to eliminate a possible shift of the behavioral threshold
with temperature.

In accordance with field observations, dive durations were
shorter under severe hypoxia (i.e., <1.7 mg/L DO; mean ± SD:
7.1 ± 6.7s, n = 9) than under more favorable oxygen
conditions (105.1 ± 83.1 s, n = 18; W = 0, p < 0.0001;
Supplementary Figure 2A). This reduction in dive time was
inversely proportional to surface time (Spearman’s rho = −0.86,
S = 6089, p < 0.0001, n = 27), as fish also dove less with hypoxic
stress (<1.7 mg/L DO: 10.4 ± 10.5, >1.7 mg/L DO: 23.7 ± 17.1;
W = 38, p = 0.01; Supplementary Figure 2B).

DISCUSSION

This study revealed that predator-prey activity patterns in a
bird-fish system from a sulfidic habitat are subject to a diurnal
cycle, matching that of water temperature and dissolved oxygen.
In a laboratory experiment, we disentangled that variation in
DO drove changes in sulphur mollies’ surfacing behavior in
a way that when oxygen levels dropped below 1.7 mg/L (i.e.,
daytime hypoxia) fish significantly increased the time proportion
for aquatic surface respiration (ASR) and consequently reduced
time in the water column (i.e., shorter-lasting but not more
dives). Coinciding with predictions, activity of piscivorous birds
was highest during times of high ASR tendency, suggesting
that birds spent more time at the springs and launched more
attacks when fish were concentrated at the surface. Despite some
constraints with such correlative studies, our results provide first
empirical evidence for a potential link between physicochemical
water conditions, aquatic prey’s behavior and the activity of
aerial predators.

The Baños del Azufre spring system is characterized
by oscillations of temperature and dissolved oxygen (i.e.,
magnitude of ∼1◦C and ∼1 mg/L DO). Many shallow
waterbodies commonly experience periodic fluctuations
which are predominately driven by biological processes, where
submerged vegetation or algae blooms typically produce oxygen
through photosynthesis during daytime and consume oxygen
at night (i.e., daytime supersaturation and nighttime hypoxia;
see French Camargue marshlands: Kersten et al., 1991; tidal
creeks of Chesapeake Bay, United States: Shen et al., 2008). In the

Baños system, where aquatic vegetation is absent, oxygen supply
seems to be strongly driven by temperature-dependent solubility.
Daytime hypoxia may be further aggravated by the presence of
dense mats of sulfide-oxidizing bacteria, which increase their
metabolic rate with temperature (Hotaling et al., 2019), yet the
presence of dissolved hydrogen sulfide did not follow a diurnal
rhythm suggesting that, at least during the day, the influx of H2S
likely exceeded its consumption by bacterial activity.

Hypoxia and H2S elicit similar physiological and behavioral
responses in fishes (Bagarinao, 1992) and through interactions
with temperature induce even greater stress than reported
for either stressor separately (Gee et al., 1978; Kramer and
Mehegan, 1981; Skandalis et al., 2020). Our observations suggest
diurnal fluctuations in DO concentration are a dominant factor
driving the observed changes in fish’s diving behavior and
associated ASR tendency. However, the relative importance of
H2S, temperature or other factors such as food availability
(which was not considered here), is still uncertain and will
require further study. Our laboratory test indicates that the
intensity with which sulphur mollies perform ASR is oxygen-
driven with temperature having little effect. We attribute this to
the relatively small temperature range tested here (26.5 versus
28◦C), compared to the studies that found diurnal temperature
effects on aquatic surface respiration in minnows (6–31◦C; Gee
et al., 1978) and guppies (25–32◦C; Kramer and Mehegan,
1981). Nonetheless, for temperatures commonly experienced
by sulphur mollies in the morning (26.5◦C) or later parts of
the day (28◦C), responses were very similar and fish of either
treatment spent the majority of their time at the surface below
1.7 mg/L DO (ASR50). Interestingly, similar thresholds have
been established for the poeciliid Gambusia affinis both in the
lab and in the field (i.e., ASR became obligatory below 1 and
2 mg/L DO, respectively; Cech et al., 1985; Kersten et al., 1991),
but this species at least partially relied on ASR until values
exceeded 3 mg/L (lab at 20◦C) or even 6 mg/L DO (field
during June/July in temperate climate). If temperature conditions
were as high as in the present study, due to an increase in
oxygen demand we would expect this species to rely on ASR
at even higher DO concentrations. Hence, it is intriguing that,
despite warm water temperatures, sulphur mollies do not seem
to rely much on ASR at values above 2 mg/L and may in fact
convey that many adaptations to tolerate hydrogen sulfide also
improve hypoxic tolerance [especially morphological adaptations
facilitating oxygen acquisition (Tobler and Hastings, 2011; Tobler
et al., 2011), upregulation of oxygen transport genes (Barts et al.,
2018), shifts toward anaerobic metabolism (Kelley et al., 2016)
and reduced energy demand (Passow et al., 2017; Camarillo
et al., 2020) as well as modulations of pathways maintaining
mitochondrial function and aerobic ATP production (Pfenninger
et al., 2014; Tobler et al., 2018; Greenway et al., 2020)].

Piscivorous bird activity peaked at times when fish showed
reduced diving and hence were mostly aggregated at the surface.
Many birds are easily disturbed by human-related presence
and may leave an area or trade off foraging for increased
vigilance (Burger and Gochfeld, 1998). Similarly, during periods
of intense heat, bird’s foraging activity is often reduced or
can cease completely (Edwards et al., 2015; Funghi et al.,
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2019). Nonetheless, we observed peak predator activity during
the parts of the day with highest temperatures and increased
human activity (noon and afternoon), rendering both unlikely
explanations for the observed bird behavior in our system. While
our study was not suitable to disentangle whether increased bird
activity at the Baños del Azufre is due to a circadian rhythm
or an exploitation of vulnerable prey, we argue in favor of
the latter explanation. Herons, egrets, and kingfishers are the
main predators in this system (Supplementary Table 1), all of
which are visual hunters. As such, these species will maximize
their foraging efforts during periods of good visibility and light
conditions (mainly around midday). For avian predators, large
surface aggregations are not only more easily accessible but also
more conspicuous compared to times when these fish are less
clustered (morning). On top, fish’s escape performance is likely
limited during later parts of the day. Within an optimum range,
swimming performance usually increases with temperature
(Colchen et al., 2017), but hypoxia and high temperatures often
act synergistically in hampering escape performance (Domenici
et al., 2000, 2007; Lefrançois et al., 2005). This effect might
be especially pronounced in sulphide-adapted fish, which are
selected for more energy efficient swimming, resulting in a lower
burst start performance compared to non-sulfidic populations
(Camarillo et al., 2020). This line of evidence clearly suggests an
interaction shift in favor of the avian predators with more severe
hypoxia and as such is similar to observations made on little
egrets (Egretta garzetta) in the Camargue that showed highest
capture rates when mosquitofish performed ASR during morning
hypoxia (Kersten et al., 1991). Through individual identification,
future studies could examine whether birds frequently assess
the quality of different foraging sites and only initiate foraging
when profitability is high or if they have learned to predict
when fish aggregate.

With an average of about 1 attack per minute, especially when
DO levels dropped during the later parts of the day, our study
confirmed the extreme predation pressure that sulphur mollies
experience (see also Riesch et al., 2010a; Lukas et al., in review).
This selection pressure likely promotes the formation of the
dense, synchronized fish aggregations (Supplementary Video;
Riesch et al., 2010a), which may help to reduce individual sulphur
mollies’ predation risk through risk dilution, improved predator
detection and predator confusion (Kramer and Graham, 1976;
Krause and Ruxton, 2002). However, during times of reduced
predation pressure (morning), costs of grouping may outweigh
its benefits (e.g., foraging costs; Sogard and Olla, 1997) and thus
favor solitary strategies. In fact, this balance might be further
modulated by severe hypoxia rendering some solitary strategies
(e.g., predator avoidance, escape and crypsis) less effective. As a
result, sulphur mollies should flexibly adjust shoal density and
anti-predator behavior during the day to match local conditions
of predation intensity and hypoxia, which is an aspect of our
research that will deserve further attention.

We note that all the information gathered here comes from the
dry season (April–May), and it is essential to also understand the
ecological pressures of P. sulphuraria during the rainy season. For
example, sustained rain could majorly influence water chemistry
and likely reduce hypoxic events, thus profoundly changing the

system dynamics. On the other hand, rain also increases spring
discharge so that the system would likely (with some lag) return
to its former state. Anecdotal observations by one of the authors
(DB) suggest sulphur mollies perform similar ASR behavior
within dense shoals also in the rainy seasons (July to September),
leading us to concur that this pattern is observable year-round
in this species.

In summary, this study showcases a predator-prey system that
is influenced by diurnal fluctuations in abiotic factors. Sulphur
mollies face different selection pressures, namely hypoxia and
predation, and adaptations to both have been found, highlighting
their complex evolutionary trajectories. In this context, the sulfide
spring systems of the Mexican states of Tabasco and Chiapas
with their endemic fish fauna represent interesting natural
laboratories to study periodicity, which is often not feasible in
other ecosystems as they involve complex interactions and occur
on much harder to capture temporal and spatial scales (e.g.,
population density cycles of wolf, elk and aspen (Fortin et al.,
2005; Hebblewhite et al., 2005; Vucetich et al., 2005) or lynx and
roe deer or hare (Nilsen et al., 2009; Lavergne et al., 2019)).
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