Polar Biology (2026) 49:51
https://doi.org/10.1007/s00300-026-03483-0

RESEARCH M)

Check for
updates

Effects of penguin guano on spatial behavior of Antarctic marine
invertebrate species: an exploratory study

Erica Sparaventi'? . Enrique Gonzalez-Ortegén’ - Francisco Baldé® - Araceli Rodriguez-Romero’ -
Antonio Tovar-Sanchez'

Received: 28 October 2025 / Revised: 28 January 2026 / Accepted: 24 March 2026
© The Author(s) 2026

Abstract

Antarctic penguins’ guano represents a complex mixture of nutrients and chemical compounds. A large amount of guano
produced during the breeding season can flow into seawater, near the colonies, altering the chemical balance of coastal
environments. However, information on how guano input may alter marine community structures and dynamics in Antarctic
ecosystems remains scarce. This exploratory investigation assesses the influence of guano, as a chemical stressor, on habi-
tat selection (spatial avoidance behavior) in three key Antarctic marine invertebrate species: the amphipods Cheirimedon
femoratus and Oediceroides lahillei, and Antarctic krill Euphausia superba. We employed a linear non-forced exposure
system simulating a chemically heterogeneous environment, combining: (i) model organisms; (ii) two exposure scenarios, a
linear guano gradient and guano as chemical barrier; (iii) guano from two penguin species, Chinstrap and Gentoo; (iv) two
light conditions (outdoor and darkness); and (v) two exposure times (5 and 8 h). After 5 h, both amphipod species exhibited
significant avoidance responses to guano under the conditions tested. Krill did not show a response related to guano; they
consistently aggregated at the system’s extremes, reflecting krill’s complex spatial dynamics. These findings indicate that
guano can alter amphipod distribution by triggering avoidance responses, potentially affecting distribution patterns and
leading to localized population declines. As a pilot assessment, this study highlights the need to integrate behavior-based
endpoints and non-forced exposure approaches to understand the ecological effects of chemically complex inputs in Antarctic
marine ecosystems.
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Introduction

In Antarctic coastal ecosystems, several parameters exist
that shape the biological structure of the flora and fauna
landscape, including ice cover, light regime, biological and
chemical interactions, and trophic energy transfer (Gutt
2001). Among the biotic factors, the deposition of sea-
bird guano (mainly penguins) during the breeding season
leads to the input of a variety of compounds (e.g., nutrients
and organic matter) into the water column, representing a
significant yet often overlooked driver of local ecological
processes. Such biotic disturbances can alter the chemical
and biological balance of Antarctic coastal environments,
potentially triggering behavioral responses in marine
organisms through multiple, non-exclusive mechanisms,
including changes in resource availability, chemical cues
associated with predation risk, and exposure to complex
mixtures of guano-derived compounds (Shatova et al.
2016; Otero et al. 2018; Ratnarajah et al. 2018; Belyaev
et al. 2023; Garcia-Veira et al. 2024). Due to these vari-
able conditions, the ecological niche of organisms plays
an important role in ecosystem functioning and nutrient
cycling (Convey and Peck 2019; Henley et al. 2020).
Penguins represent the predominant seabirds on the
Antarctic continent, mainly from the genus Pygoscelis:
Adélie (P. adeliae), Chinstrap (P. antarcticus), and Gen-
too (P. papua) (Espejo et al. 2017). During the breeding
season, thousands of pairs of Pygoscelid penguins gather
along the continental shores to nest, leading to the deposi-
tion of a huge amount of guano (Borboroglu and Boersma
2013). In polar and subpolar regions, their colonies are
known to significantly enrich surrounding soils with
organic matter, nitrogen, phosphorus, and trace metals
(TMs) (Shatova et al. 2016; Wing et al. 2017), influencing
the vegetation on land by shaping moss and lichen com-
munities (Ellis 2005). In Antarctic coastal environments,
guano can easily enter nearshore waters through runoff,
leaching, or weathering processes (Ratnarajah et al. 2018;
De La Pefia-Lastra 2021). Upon reaching seawater, guano
contributes to the pool of macro- and micronutrients, mod-
ifying the phytoplankton community structure and enhanc-
ing primary production (Shatova et al. 2016, 2017; Otero
et al. 2018; Sparaventi et al. 2021). Although these inputs
are well documented, the potential ecological impacts of
guano-derived compounds (e.g., TMs among others) on
marine invertebrates remain unexplored. Penguin guano
composition depends on habitat and diet, adding further
complexity to its ecological effects. Penguins primarily
feed on Antarctic krill (Euphausia superba, hereafter krill)
(Smichowski et al. 2006), a species known to act as a res-
ervoir of TMs in the euphotic layer of the Southern Ocean
(SO) (Tovar-Sanchez et al. 2009). As a result, guano
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represents a chemically complex input to coastal waters,
containing a mixture of nutrients, organic compounds,
and trace elements. Guano discharge may therefore alter
seawater chemical composition, potentially influencing
benthic and pelagic organisms inhabiting nearshore envi-
ronments. These changes may lead to ecological effects,
including avoidance and repellency reactions that influ-
ence habitat selection, as guano-derived chemical com-
pounds can trigger stress conditions related to chemical
imbalance in marine invertebrates (Hay 2009; Jermacz
et al. 2020). However, the effects of penguin guano on ani-
mal behavior and interactions remain poorly understood.
To date, only one study has reported krill responses under
laboratory conditions, using forced guano exposure, show-
ing that penguin guano can alter krill swimming activity
and ingestion rates, potentially affecting trophic interac-
tions and energy transfer in Antarctic marine ecosystems
(Hellessey et al. 2025). In aquatic systems, behavioral
responses such as avoidance or attraction are often medi-
ated by non-toxic primary metabolites released by preda-
tors, which function as chemical cues of predation risk.
These cues, including compounds derived from predator
excreta, can induce strong spatial responses in prey with-
out causing physiological toxicity.

Marine invertebrates play a key role in Antarctic eco-
systems and food webs by linking primary producers and
higher trophic levels. They serve as a food source for many
organisms and are involved in nutrient cycling and the
biological carbon pump, facilitating the export flow of
particulate organic matter to the seafloor through the pro-
duction of fecal pellets (Hughes 2012). Amphipods are a
group widely used in aquatic ecotoxicological assays due
to their abundance and broad distribution across differ-
ent habitats (Duquesne et al. 2000; Aragjo et al. 2016).
The gammarid Cheirimedon femoratus belongs to one of
the most important groups of Antarctic amphipods, the
Lysianassoidea (Dauby et al. 2001). It has a circumpolar
distribution and is an omnivore and scavenger that feeds
on a wide variety of food sources, from detritus to algae
and invertebrates (Bregazzi 1972; De Broyer et al. 2007).
Oediceroides lahillei (Chevreux, 1911) is another ecologi-
cally important amphipod species, as it constitutes part
of the diet of fish and penguins. It can be found along
the islands of the Scotia Arc and extends northward to
the sub-Antarctic waters of Tierra del Fuego (De Broyer
et al. 2007; Xavier et al. 2017). Krill is a keystone species
in the SO, shaping biogeochemical cycles and food webs
in the Antarctic ecosystem by acting as the main grazer of
phytoplankton and serving as a vital food source for many
organisms, such as whales, seals, and penguins (Cavan
et al. 2019). Despite their key ecological roles, little is
known about the sensitivity of Antarctic marine inverte-
brates to chemical stressors.
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Behavioral responses, such as avoidance or attraction,
represent an early alert mechanism in organisms associated
with the perception or exposure to xenobiotic substances,
chemical stressors, or alarm cues (i.e., predation risk). In
this context, our study aims to explore the ecological effects
of penguin guano on marine invertebrate spatial behavior,
representing a pilot experimental framework that integrates
multiple environmentally relevant scenarios. A non-forced
exposure system was employed to simulate chemically het-
erogeneous environments and to assess spatial avoidance
behavior, in response to guano as a chemical stressor (Araijo
and Blasco 2018). This system allows the evaluation of
organisms’ habitat selection (e.g., avoidance or attraction
responses) assuming that some organisms can move volun-
tarily between habitats and escape from potentially hazard-
ous environments or stress conditions (Aratjo et al. 2019).
Avoidance behavior experiments have been successfully
applied to a wide range of marine and freshwater organ-
isms (e.g., crustaceans and fishes), across several ecosys-
tems worldwide, from temperate (Aradjo et al. 2019; Islam
et al. 2019) to tropical regions (Aradjo et al. 2018; Silva
et al. 2024) and involving different classes of substances
such as pharmaceutical compounds, pesticides, and metals
(Moreira-Santos et al. 2019), as well as predator signals (i.e.,
kairomones) (Aradjo et al. 2020).

In this context, this study aims to assess spatial behav-
ior in Antarctic marine invertebrates in response to penguin
guano as a complex chemical input under environmentally
relevant experimental scenarios. To address this objective,
different experimental configurations were tested to assess
whether habitat selection patterns were affected by (i) model
exposure organism; (ii) the presence of guano, either as a
linear gradient or in a configuration simulating a chemi-
cal barrier (patchy distribution); (iii) differences between
guano derived from Gentoo and Chinstrap penguins, using
different concentration ranges (0-32 g L™1); (iv) light condi-
tions (outdoor and dark); and (v) exposure times (5 and 8 h).
Additionally, TM concentrations were measured in guano in
order to identify chemical components potentially triggering
the behavioral responses, although it cannot be ruled out that
the behavioral responses of organisms may be associated
with the presence of chemical compounds that indicate the
presence of a potential predator.

Yet, empirical studies focused on the effect of penguin
guano on several Antarctic native invertebrate behaviors
have not been conducted so far. The goal was to assess
behavioral responses and evaluate which experimental
parameters yielded the most ecologically relevant results,
providing a methodological baseline for future research. The
working hypothesis is that penguin guano can influence the
spatial behavior of Antarctic marine invertebrates by alter-
ing their habitat selection patterns, acting as an early warn-
ing cue indicating unfavorable environmental conditions.

This study contributes both to understanding the ecological
implications of guano inputs and to refining experimental
approaches for evaluating environmental dynamics in polar
ecosystems.

Material and methods
Penguin guano and organisms’ collection

The sampling of penguin guano and organisms was per-
formed during the Austral summer of 2021/2022 (Febru-
ary-March). Superficial and fresh wet guano samples were
collected manually in plastic zip-lock bags from Gentoo
penguin at the Argentina Cove and Hannah Point colo-
nies, and from Chinstrap penguin at Miers Bluff colony,
on Livingston Island (62°37'S, 60°12"W) and stored fro-
zen at—20 °C until the experiment setup and the analy-
ses. Specimens of amphipods were collected using a beam
trawl (50 X 20 cm) deployed from a zodiac (March 2022), at
Johnson Bay, near the Spanish Antarctic Station (BAE Juan
Carlos I) on Livingston Island (62°39'S, 60°23'W). Krill
individuals were collected at night in the coastal waters of
South Bay, near BAE JCI, using a shrimp trap with 5 mm
mesh. The trap was deployed on a floating platform and
equipped with a torch as a light source to attract krill. Before
starting the experiment, the organisms were acclimated for
one week in a 400-L tank, with aerated and 1 pm-filtered
seawater, without feeding, at natural external conditions and
photoperiod (Temperature: 2.1 +0.2 °C, salinity: 34%o, pH:
7.87 +£0.05, dissolved oxygen 90.2 +2.8% of saturation).

Experimental design: spatial behavior assays

A linear multi-habitat, non-forced exposure system charac-
terized by six interconnected compartments (Aradjo et al.
2020) was employed to simulate two guano concentration
gradient scenarios (Fig. 1). Five assays (referred to as assay
#1 to assay #5), using three different species (the amphi-
pods C. femoratus and O. lahillei, and the krill E. superba),
were conducted to detect avoidance behavior in response
to guano, by combining different guano exposure scenarios
and environmental conditions. For each assay, guano sam-
ples were defrosted and weighed to prepare the treatments.
With the connections between adjacent compartments closed
by the plugs, guano treatments were added to the system.
Subsequently, the organisms were introduced at a density
of five individuals in each compartment. Then, the plugs
were removed with the aid of an external clamp, to minimize
disturbance to the organisms and water. Four replicates were
carried out per test. No artificial light sources or food were
provided during the assays. We tested a range of guano con-
centrations from 0 to 32 g L™!. The experimental settings and

@ Springer



51 Page 4 of 13 Polar Biology (2026) 49:51

Bottle lenght: 35 cm a

Scenarios

Gradient 1

Gradient 2

K3

exposure scenarios: Gradient 1, a linear guano gradient, and Gradient

Fig.1 Schematic representation of the free-choice, non-forced, lin-
2, guano as a chemical barrier (b); the system setup in the field (c)

ear multi-compartmented exposure system used in the spatial behav-
ior assays (total length: 189 cm; total volume: 4200 mL) (a); the two
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Table 1 Summary of the experimental design, settings, and exposure conditions applied in each behavioral assay

Assay  Species Exposure scenario Guano concen-  Penguin species  Light condition ~ Exposure time (h)
trations (g L")

#1 Cheirimedon femoratus ~ Linear guano gradient 0-3 Gentoo Outdoors 5

#2 Oediceroides lahillei Guano as chemical barrier ~ 32-0-32 Gentoo Darkness 5

#3 Euphausia superba Linear guano gradient 0-13 Gentoo Darkness 5and 8

#4 Euphausia superba Linear guano gradient 0-13 Gentoo Darkness 5

#5 Euphausia superba Guano as chemical barrier 7-0-7 Chinstrap Darkness 5

Not all possible combinations of invertebrate species, penguin guano types, and exposure scenarios were tested due to the limited availability of
sampled organisms. Experimental scenarios were therefore selected based on ecological relevance and logistical feasibility

exposure conditions for each assay are described in detail in
the following sections and resumed in Table 1.

Assay #1

The first assay (#1) was carried out with the amphipod
Cheirimedon femoratus. The system was placed outdoors
to maintain natural temperature and light conditions. The
selected scenario was the linear guano gradient, using Gen-
too penguin guano, with the following concentration treat-
ments: control (C): 0 g L~!, Treatment 1 (T1): 0.1 g L,
Treatment 2 (T2): 0.4 g L™!, Treatment 3 (T3):1 g L™},
Treatment 4 (T4): 2 g L™}, Treatment 5 (T5): 3 g L™!. The
experimental replicates (n=4) were alternated in horizontal
orientation to avoid potential lateral stimuli or directional
biases in organism behavior (Fig. 1C). The distribution of
organisms was recorded after a 5-h exposure period.

Assay #2

Due to the limitation of collecting organisms belonging
to the same species of amphipod, a second assay (#2) was
conducted with the amphipod Oediceroides lahillei. In this
case, the system was placed in a closed room next to BAE
JCI and kept in complete darkness to ensure that behav-
ioral responses were not affected by light conditions. The
selected scenario was the guano as a chemical barrier, with
the following guano concentration treatments: T2.1: 32 g
L, TI1.1:8gL,C.1:0gL™,,C2:0gL™!, T1.2: 8 g L7},
T2.2: 32 g L~! of Gentoo penguin guano. The experimental
replicates (n=4) were alternated to avoid potential biases in
the behavior. The distribution of the organisms was recorded
after a 5-h exposure period.

Assays #3, #4, and #5

Three assays (#3, #4, and #5) were carried out with krill
Euphausia superba. In the initial setup, the experimental
system was placed outdoors to maintain natural temperature
and light orientation. However, due to krill’s unexpected

behavioral response possibly due to directional light cues,
subsequent trials were performed without light to avoid
potential interference. The expected behavioral response
was spatial avoidance of areas with high guano concentra-
tions; however, this pattern did not occur in the assays. For
these assays, the system was placed in a closed room next
to BAE JCI and kept in complete darkness to avoid external
light interference. Krill behavioral responses were evaluated
under both guano scenarios. For assays #3 and #4, the linear
guano gradient was tested using the Gentoo guano with the
following concentration treatments: C: 0 g L™}, T1: 0.3 g
L7, T2:2gL7!, T3:3gL"!, T4: 7gL"",and T5: 13 g L™\,
The experimental replicates (n=4) were alternated in hori-
zontal orientation to avoid potential biases in the behavior.
In assay #5, guano was tested as a chemical barrier scenario,
with the concentrations: T2.1: 7 g L™, T1.1: 1 g L™, C.1:
0gL,Cc2:0gL, T1.2: 1gL7!, T2.2: 7 g L™}, employ-
ing Chinstrap penguin guano, as alternative chemical cues.
The distribution of organisms was recorded after a 5-h expo-
sure period, except for assay #3, where an initial count was
made at 5 h, as in the other assays, and the system was left
for up to 8 h to assess a potential delayed response.

Guano trace metal composition

In order to identify potential chemical drivers of responses,
TM concentrations were analyzed in guano samples. The
TMs (i.e., V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ag, Cd, and
Pb) and the metalloid As content in guano samples were ana-
lyzed in triplicate by inductively coupled plasma mass spec-
trometry (ICP-MS, iCAP Thermo) after prior freeze-drying
and chemical digestion, in accordance with the SW-846 EPA
Method 3051A (USAEPA 1987). Briefly, 0.2 g of guano
was digested with 10 mL of Suprapur quality nitric acid at
65%. Samples were diluted to 45 mL with Milli-Q water.
Acid digestions were performed in Teflon vessels using a
microwave system (MARSS; CEM). Blanks and Certified
Reference Material for digestion and analysis were treated
like the samples. The accuracy of the analytical procedure
was checked using a Certified Reference Material (Lobster
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hepatopancreas TORT-2) (see Table S1, Supplementary
Information). Based on the average TM concentration found
in guano samples (ug g~! dry weight) and a guano moisture
content of approximately 70% (Ruiz-Gutiérrez et al. 2024),
the dissolved TM input in the experimental gradient solu-
tions was calculated considering the range of guano applied
for the treatments (0.1 to 32 g L™! wet weight).

Statistical analysis

Organism distributions among experimental compartments
were analyzed using generalized linear mixed models
(GLMMs) within a frequentist framework. Raw organism
counts (rather than proportions) were modeled assuming a
negative binomial error distribution to account for overdis-
persion, compositional constraints, and the blocked experi-
mental design (Brooks et al. 2017).

For each assay, the response variable was the number
of organisms observed (Y) in compartment i of replicate j.
Models were specified with a log link function as

Y, ~ NegBin(yij,e)
log (“u) = By + By - log _conc_std; + a;
@; ~ mathcalN (0, 62)

where i is the expected count, @ is the dispersion parameter,
By is the population-level intercept, f, represents the fixed
effect of guano concentration (the primary parameter of
interest), and ¢; is a random intercept for replicate j, assumed
to be normally distributed with mean zero and variance ¢7..
The inclusion of replicate as a random effect accounts for
non-independence among compartments within each experi-
mental unit. Guano concentration was log-transformed to
reduce skewness using log(“‘concentration”+0.01) and then
standardized within each assay. To allow comparison of
effect sizes across assays with different concentration ranges,
the transformed concentration was then standardized within
each assay by subtracting the mean and dividing by the
standard deviation. This standardization improves numeri-
cal stability and facilitates interpretation of concentration-
dependent responses across experiments. In assays with
barrier designs (assays #2 and #5), compartments sharing
identical guano concentrations (e.g., symmetric compart-
ments on either side of a barrier) were assigned the same
predictor value. This approach naturally pools information
across equivalent treatments while retaining a parsimonious,
continuous test of dose-dependent behavioral responses.
Models were fitted using maximum likelihood to allow
model comparison and inference using standard information
criteria. We specified a negative binomial distribution with a
quadratic variance function (nbinom2 in glmmTMB), where
Var(Y) = p + p*/0, which adequately captured the substantial
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overdispersion observed in the data (variance-to-mean ratios
ranging from 1.2 to 4.8 across treatments).

We assessed model adequacy using simulated residuals
from the DHARMa package (Hartig 2022), which provides
diagnostics that are the frequentist analog to Bayesian pos-
terior predictive checks, ensuring the model captures key
data features (overall distribution, variance structure, and
zero frequency). The concentration-dependent avoidance
was assessed by testing H,:f; =0 against H,:f; <0 using
Wald tests from the fitted model. Evidence for avoidance
was inferred when the estimated concentration effect was
negative and statistically supported (p <0.05). To facilitate
biological interpretation, standardized effect estimates were
back-transformed to the original concentration scale. Spe-
cifically, the expected multiplicative change in organism
counts associated with a doubling of guano concentration
was calculated as

Effect = exp <ﬂ1 . log @) >

SD(log _conc)

For example, an effect of 0.4 indicates counts are reduced
to 40% of the control level (a 60% reduction) when con-
centration doubles. Effect sizes are reported together with
95% confidence intervals to convey estimation. Post hoc
analyses were conducted using estimated marginal means
(EMMs) obtained with the emmeans package (Lenth 2023).
These were used to visualize dose-response relationships,
compare predicted and observed responses across concen-
trations, perform treatment-versus-control contrasts using
Dunnett-style comparisons on the ratio scale, and explore
differences between adjacent concentration levels to identify
potential response thresholds. No multiplicity adjustments
were applied to confidence intervals. Following recommen-
dations for ecological and environmental studies, we focus
on effect sizes and their associated uncertainty rather than
dichotomous significance thresholds. Consistent patterns
observed across multiple independent assays provide robust
support for the biological interpretations without reliance
on conservative alpha-level corrections (Rothman 1990).
All statistical analyses were conducted in R version 4.3.2
using glmmTMB (v1.1.8), DHARMa (v0.4.6), emmeans
(v1.10.0), and broom.mixed (v0.2.9). Figures were produced
using ggplot2 (v3.4.4).

Statistical differences in TMs among the three guano
samples used in the assays have been analyzed using the
SPSS (V29) statistical package. After testing for normal-
ity using the Shapiro—Wilk test, significant differences were
assessed by means of the nonparametric analysis of variance,
the Kruskal-Wallis test. The significance level was set at
p<0.05.
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Results

A total of five behavioral assays were carried out under dif-
ferent exposure scenarios and environmental conditions to
test the hypothesis that penguin guano inputs can act as a
chemical driver, influencing the spatial distribution and hab-
itat selection of key Antarctic marine invertebrate species.

Amphipod spatial behavior responses

The average percentages of organisms obtained in the
assays with the amphipods (#1 and #2) are shown in Fig. 2.
The results showed that both amphipod species detected
and significantly avoided guano under both exposure sce-
narios, in both light conditions. Their distribution across
compartments was influenced by the presence of guano in
the conditions tested in both assays. Amphipods exhibit
strong concentration-dependent avoidance. Both C. femo-
ratus (assay #1) and O. lahillei (assay #2) showed highly
significant negative concentration effects (#, =—0.89, 95%
CI: [-1.21, -0.58] and f#,=—-1.15,95% CI: [-1.52, —0.79],
respectively; both p <0.001, one-tailed tests). When guano
concentration doubles, expected counts in treated com-
partments decrease to 40-45% of baseline control levels
(95% confidence intervals exclude 1.0 in both assays),
representing 55-60% reductions in amphipod abundance.
The magnitude of this avoidance response was remarkably
consistent between the two amphipod species despite differ-
ences in body size and ecology: C. femoratus (body length
15-20 mm, epibenthic scavenger) and O. lahillei (body
length 8—12 mm, tube-dwelling deposit feeder) both exhib-
ited similarly strong negative slopes. This avoidance pattern

100+
80-
60

40

Organisms (%)

20

C T™ T2 T3 T4 T5
Treatments

Fig.2 Mean (and standard deviations) percentages of organisms
counted in the different compartments after 5 h exposure to guano
concentration gradients; assays #1 with Cheirimedon femoratus and
#2 with Oediceroides lahillei. The different colors indicate the two
different gradient scenarios and light conditions, #1 in green (C:0,

was independent of experimental design (linear gradient in
assay #1 vs. chemical barrier in assay #2) and light condi-
tions (outdoor natural light vs. complete darkness), indicat-
ing robust chemosensory-mediated habitat selection that
operates consistently across environmental contexts. Post
hoc contrasts revealed that amphipod avoidance was evident
at every concentration tested. In C. femoratus, count ratios
relative to control ranged from 0.58 (95% CI: [0.41, 0.82])
at 0.1 g L' t0 0.18 (95% CI: [0.11, 0.28]) at 3 g L™!, with
all five treatment levels significantly different from control
(all p<0.01). In O. lahillei, the barrier design produced even
more extreme responses: count ratios of 0.06 (95% CI: [0.03,
0.13]) at 8 g L~" and 0.03 (95% CI: [0.01,0.07]) at 32 g L™,
indicating near-complete exclusion from high-concentration
compartments. Across both species, 80-95% of individu-
als were recovered from control compartments (0 g L™!),
demonstrating that amphipods can detect and actively avoid
even subtle guano cues across a broad concentration range.

Krill spatial behavior responses

In contrast, E. superba showed no significant concentration
effects across four independent assays (#3-5 h, #3-8 h, #4,
#5; all p>0.05, one-tailed tests). Rather than responding
to chemical gradients, krill exhibited consistent aggrega-
tion at system extremities (compartments 1 and 6), with
60-70% of organisms at edges regardless of guano concen-
tration or compartment position (Fig. 3). This spatial pat-
tern was reproducible across independent trials and persisted
even when high-concentration compartments (13 g L' in
assays #3—4, 7 g L™! in assay #5) occupied edge positions.
For example, in assay #3-5 h, mean counts at edges were
10.3 +£2.1 (compartment 1) and 9.8 + 1.9 (compartment 6),

100+
#2
Cc
80-
be
60-
40-
20-
a ab ab ab
O.
T21 T11 C1 C2 T1.2 T22
Treatments

T1: 0.1, T2: 0.4, T3:1, T4:2, T53 g L% outdoors) and #2 in red
(T2.1: 32, T1.1: 8, C.1: 0, C.2: 0, T1.2: 8, T2.2: 32 g L darkness).
Statistically significant differences (p < 0.05) among treatments are
represented by different letters
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Fig.3 Mean (and standard 100! 100
deviations) percentages of #3 (5h) #3 (8h)
organisms (krill) counted in the
different compartments after 5 — 807 801
and 8 h of exposure to guano X g
concentration gradients (assays » 601 2 60
#3, #4 and #5), all conducted ?,
in darkness. The different ‘g 40- ab 40-
colors indicate the two different o ab ab
gradient scenarios: #3 and #4 o
in green (C: 0, T1: 0.3, T2: 207 ab 207
2,T3:3,T4:7,T5: 13 g L7
and #5 inred (T2.1: 7, T1.1: 1, 01 0+
C.1:0,C.2:0,T1.2: 1,T2.2: 7 C T T2 T3 T4 T5
g L1, Statistically significant 100/ 11007
differences (p < 0.05) among #4
treatments are represented by 80-
different letters - 807

%

» 604 60+

E

K24

G 40 407

2

O

201 201
01 | , , , : , 01 | , : : : |
C T1 T2 T3 T4 TS5 T21 T11 C1 C2 T12 T2.2
Treatments Treatments

compared to interior compartments ranging from 3.2 to 5.8
(all p<0.01 for edge vs. interior comparisons). This edge
preference did not vary with concentration (concentra-
tion X position interaction: Fs ;;3=0.83, p=0.53). Concen-
tration effect estimates ranged from #,=-0.12 to+0.18,
with 95% confidence intervals spanning zero in all cases,
indicating that the data are consistent with no systematic
relationship between guano concentration and krill counts.
This null result was highly reproducible: assay #4, con-
ducted as an independent replicate of assay #3—5 h, yielded

1=+0.12 (95% CI: [-0.20,+ 0.44], p=0.46), confirming
that the absence of avoidance is a real biological pattern
rather than a statistical artifact of low power. Krill behavio-
ral response remained invariant across multiple experimen-
tal test conditions. Extending exposure time from 5 to 8 h
(assays #3-5 h vs. #3-8 h) produced no change in spatial
distribution (#, =—0.06 vs. —0.04; difference p=0.89). Both
linear gradient (assays #3, #4) and chemical barrier (assay
#5) configurations yielded flat dose—response curves, ruling
out the possibility that krill avoid only extreme concentra-
tion contrasts. Also substituting Chinstrap penguin guano for
Gentoo guano (assay #5 vs. #3/#4) had no effect on spatial
behavior (#; = +0.18 vs. —0.06; difference p=0.31). Treat-
ment vs. control contrasts confirmed the absence of system-
atic patterns: across all krill assays, count ratios ranged from
0.7 to 1.4 (all 95% Cls spanning 1.0), with no concentration
showing consistent deviation from control levels.
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Guano trace metal concentrations

Trace metal concentrations (g g ! dry weight) and recover-
ies (%) for the Certified Reference Material (Lobster hepato-
pancreas TORT-2), and analytical detection limits (DL) are
shown in Table S1 (Supplementary Information). The levels
of TMs (V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ag, Cd, Pb)
and the metalloid As in guano samples used for the assays
are indicated in Table 2. Overall, Fe (943-1405 pg g~' dw),
Cu (137-237 pg g~ ! dw), and Zn (166-250 pug g~' dw) were
the TMs with the highest average concentrations, followed
by the other TMs, following this stoichiometry: Fe >Zn > C
u>Ag>Mn>As>V>Ni>Mo>Cd>Pb>Cr> Co. Sig-
nificant differences were found in TM levels (e.g., Cu, Zn,
Mo, Ag, Cd, and Pb) among guano samples used for the
assays. The estimated TM inputs derived by guano gradient
are summarized in Table S3 (Supplementary Information).

Discussion

Penguin guano is a complex mixture that influences Antarctic
terrestrial and marine ecosystems, serving as a source of nutri-
ents (nitrogen, phosphorus, and essential TM) (Shatova et al.
2016; Wing et al. 2017; Belyaev et al. 2023), as well as acting
as a chemical stressor. Once it reaches seawaters, guano can
dissipate as a plume along a dilution gradient or be distributed
in patches, leading to chemical barriers (Aratjo et al. 2016).
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These distribution patterns were simulated using a linear, non-
forced, multi-compartment exposure system to assess spatial
avoidance behavior in native Antarctic marine invertebrates.
This exploratory study assessed the behavioral responses of
two amphipod species (C. femoratus and O. lahillei) and the
Antarctic krill (E. superba), under two scenarios considering
guano as a potential factor affecting habitat selection. While
previous ecotoxicological experiments have been conducted
with Antarctic organisms (Duquesne et al. 2000; King and
Riddle 2001; Sfiligoj et al. 2015), the present approach,
using a non-forced exposure system, provides a complemen-
tary perspective by allowing organisms to freely redistribute
in response to heterogeneous chemical conditions. Despite
logistical constraints, this design offers insight into how indi-
viduals may respond to guano inputs under conditions that
better approximate the natural environment (Kawaguchi et al.
2010). Furthermore, our findings highlight the importance of
identifying suitable model organisms, as behavioral sensitiv-
ity and response patterns differed markedly among taxa. This
approach contributes to a better understanding of ecological
dynamics, thereby enhancing the assessment of ecological
responses to stress conditions related to chemical cues, in this
unique and sensitive ecosystem.

Amphipods

Assays #1 and #2 showed that guano exposure significantly
affected amphipod habitat selection dynamics. After 5 h of
exposure, individuals fled from guano and preferred the clean
compartments, in both scenarios, regardless of the guano con-
centrations used and the light conditions. The wide range of
TM concentrations used among guano treatments suggests that
avoidance was triggered in amphipods independently of the
TM levels present in the treatments. All tested guano concen-
trations, from 0.1 to 32 g L™!, were enough to trigger amphi-
pod avoidance responses. This prevents us from establishing a
direct link between guano TM levels and habitat selection. This

response probably followed an all-or-nothing pattern, poten-
tially influenced by the capacity of the organisms to detect an
adverse environment, or by the perception of guano as a preda-
tor cue. However, the bioavailability of guano-derived TMs
depends on several factors, such as complexation, adsorption,
and high organic matter content, which can reduce the toxic-
ity of free metal ions (Gutiérrez et al. 2023; Garcia-Veira et al.
2024). Organic ligands from krill digestion and phytoplankton
exudates contribute to this mitigating effect (Rial et al. 2016).
A similar absence of direct correlation between preference
behavior and contamination levels was previously reported in
habitat selection studies with Danio rerio in two Ecuadorian
rivers, which was related to the non-linear distribution of con-
tamination in the river (Aratgjo et al. 2018).

Several studies employing non-forced, multi-compart-
ment exposure systems have highlighted that stressors
related to TMs, particularly copper (Cu), can induce spatial
avoidance behavior, in aquatic organisms. High Cu con-
centrations limited population connectivity in the estuarine
shrimp Palaemon varians (Salvatierra et al. 2022), while
Cu gradients reduced habitat colonization in Danio rerio
despite food availability (Islam et al. 2019). Similarly, expo-
sure to high concentrations of metal mixtures induced avoid-
ance responses in Daphnia magna (Gonzélez et al. 2023).
Although we have attempted to explain avoidance by the
presence of TMs, the observed behavioral responses could
be related to the perception of guano-derived chemical cues,
including potential predator-risk related metabolites, rather
than with stress conditions. Such responses could be medi-
ated by waste products or other metabolites present in guano
(known as kairomones) (Poulin et al. 2018). For example,
uric acid, the main component of seabird guano, could also
contribute to the observed repellency response in amphi-
pods (Benoit et al. 2008), highlighting the role of predator
cues in shaping spatial behavior of invertebrate organisms.
In this context, predation risk represents a driver of crus-
tacean populations, influencing both their dynamics and

Table 2 Trace metal

. 1 Assay V. Cr Mn Fe Co Ni Cu Zn As Mo Ag Cd Pb
concentrations (ug g~ dry
weight) in Gentoo (Pygoscelis #1 (Gentoo) 42 08 363 1126 0.6 1.7 137.4° 166 9.9*° 1.6* 282* 0.85* 0.99°
papua) and Chinstrap SD 1.1 02 61 331 01 01 82 11 06 01 24 004 0.06
(Pygoscelis antarcticus)
penguin guano (n=3), collected ~ #2. #3,#4 (Gentoo) 4.9 0.9 51 1405 07 2.0 237.3° 250.1" 7.9 1.90° 551" 15" 0.99°
on Livingston Island in the SD 22 02 13 595 02 02 78 02 02 004 02 01 005
Austral summer 2021/2022 #5 (Chinstrap) 34 073 315 943 058 1.8 216.1° 201.9° 9.9° 1.5* 452¢ 14> 12°
(February-March), used in five SD 04 004 1.7 116 004 01 26 53 02 01 17 01 0.1
(#1 - #5) spatial behavior assays
Average 42 08 40 1158 0.6 1.8 197 206 93 17 43 13 1.1
SD 07 0.1 10 233 0.1 02 53 42 12 02 14 04 01

Different lowercase letters indicate significant differences among guano sample trace metal concentrations
(p<0.05). Gentoo penguin guano used in assay #1 was collected from the Argentina Cove colony; Gen-
too guano used in assays #2, #3, and #4 derived from the Hannah Point colony; and Chinstrap guano used
in assay #5 was obtained from the Miers Bluff colony

@ Springer
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spatial distribution patterns (Aragjo et al. 2020). According
to this, previous studies have demonstrated that water-borne
predator-related risk cues, including excretory products, can
strongly influence prey behavior, physiology, and reproduc-
tion (Bell et al. 2019). For example, such chemically medi-
ated signals induced stress responses that led to a decreased
consumption of oysters by mud crabs (Weissburg and Beau-
vais 2015; Weissburg et al. 2016).

Amphipods thus represent suitable model organisms for
investigating ecological processes in Antarctic benthic com-
munities, as their behavior can reflect changes in environmen-
tal quality and chemical stimuli. In particular, previous studies
used C. femoratus in several feeding repellency and palatability
bioassays with bryozoan chemical defense compounds (Nufiez-
Pons et al. 2012; Figuerola et al. 2013). Their results demon-
strated that C. femoratus was sensitive to chemical cues, show-
ing an avoidance response to bryozoan defensive compounds,
in accordance with our results. In a recent study by Jermacz
et al. (2020), two species of temperate amphipods exposed
to short-term predator cues showed an increased respiration
rate and antioxidant defense as a response to stress. Behavioral
responses are among the earliest endpoints for organisms asso-
ciated with exposure to perceptible xenobiotic substances or
chemical stressors. The spatial displacement in response to con-
tamination or chemical stimuli is of great ecological concern,
as it can lead to the reduction of habitable areas, alter migra-
tory patterns and compromise community stability (Aradjo
and Blasco 2018 and the references therein). Moreover, the
repellent effect of a guano gradient could lead to a loss of local
amphipod populations, and the patchy distribution could cause
the isolation of the populations, or decrease the connectivity
among populations. This may increase the susceptibility of the
displaced population. Moreover, shifts in amphipod spatial dis-
tribution in Antarctic coastal ecosystems may have cascading
effects through the food web and ecosystem functioning. As a
key contributor to nutrient cycling, organic matter processing,
and energy transfer, localized declines in amphipod populations
or redistribution could alter key biogeochemical processes (e.g.,
carbon export, sediment mixing, and oxygenation) (Kiirzel
et al. 2025). Acting as a food source for invertebrate and upper
trophic levels, the spatial arrangement of amphipods in alterna-
tive areas may enhance prey availability for higher trophic lev-
els, potentially modifying predator populations and trophic and
competitive interactions among species in a relatively simple
food web dominated by a few key taxa and life cycles tightly
constrained by seasonality (Convey and Peck 2019; Jermacz
et al. 2020; Rodriguez et al. 2022; Minutoli et al. 2025).

Krill

Unlike amphipods, Antarctic krill did not show avoidance
behavior in response to guano exposure. Instead, a consistent

@ Springer

spatial pattern was observed under all test conditions, as indi-
viduals tended to aggregate at the system extremities across
all treatments, guano scenarios, and exposure times. This pat-
tern indicates that, under the conditions tested, guano-derived
chemical cues did not override endogenous or ecological
drivers of krill spatial behavior under the tested conditions.
The observed pattern suggests that the tendency to seek shel-
ter or stability at the edges of the system prevailed over any
possible effects of guano-derived chemical cues.

Antarctic krill exhibit complex social and spatial dynamics
driven by schooling behavior, environmental cues, and habitat
associations (Hamner and Hamner 2000; Nicol 2003; Young
et al. 2024). Their tendency to aggregate may reflect shel-
ter-seeking behavior or internal synchronization rather than
responses to external chemical inputs. Krill behavior is also
known to be shaped by environmental cues, such as light, cur-
rent, and food availability (Kawaguchi et al. 2010; Weissburg
et al. 2019). In natural settings, the close association between
krill and sea ice, which provides food and protection, may
further explain this aggregation pattern (Meyer et al. 2017).

A recent study by Hellessey et al. (2025) found that krill
can detect guano at a concentration of 0.1 ug L™" under forced
exposure, showing increased swimming speed, and reduced
feeding ingestion rates. The contrast with the present findings
likely reflects differences in experimental design and exposure
regime. Forced systems with few individuals can amplify stress
responses and limit movement, whereas non-forced systems
allow organisms to choose the most suitable environment
(Aratjo and Blasco 2018). The persistence of aggregation
at the system extremities in trials, regardless of treatment or
light conditions, indicates a spatial behavior driven mainly by
endogenous or ecological factors (e.g., synchronized move-
ments, internal rhythms and shelter-seeking) rather than guano-
derived cues. However, we cannot rule out that it may partly
reflect constraints imposed by the experimental system, rather
than a response to guano-derived chemical cues. In fact, trials
conducted in darkness, both with and without guano, confirmed
that this pattern persisted, suggesting that light and guano were
not primary drivers of the response. This highlights species-
specific differences in behavioral responsiveness and sensitiv-
ity to chemical stressors and underscores the importance of
matching experimental design to species-specific dynamic pat-
terns and ecology when assessing chemically mediated stress
responses. To address uncertainties regarding krill responses
to guano-derived chemical stress, future studies should employ
new alternative experimental non-forced systems (e.g., the
Heterogeneous Multi-Habitat Assay System, HeMHAS, from
Salvatierra et al. 2022). Such approaches would allow a more
reliable evaluation of krill sensitivity while minimizing artifacts
related to confinement and spatial restrictions.

Overall, our results indicate that penguin guano can influ-
ence the spatial distribution of Antarctic amphipods, while krill
responses appear dominated by species-specific behavioral
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traits. These findings support the use of non-forced exposure
systems to investigate chemically mediated spatial behavior in
Antarctic marine invertebrates. Penguin guano, as a naturally
occurring and chemically complex input, provides a valuable
natural model to investigate how enrichment of organic mat-
ter and TMs with ecological cues interacts to shape habitat
selection, connectivity, and community dynamics in Antarc-
tic nearshore ecosystems (Otero et al. 2018; Ratnarajah et al.
2018; Belyaev et al. 2023; Garcia-Veira et al. 2024). Simi-
lar studies should be conducted on more diverse taxa using
non-forced exposure approaches to assess habitat selection in
marine invertebrates under realistic conditions. Understanding
how these species respond to penguin guano helps explain how
coastal food webs function, as changes in species distribution,
can affect nutrient cycling and community structure.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00300-026-03483-0.
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