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Abstract

Sexual dimorphism in morphological traits is widespread across animals and can result from differing
life-history strategies, sex-specific competitive pressures, and ecological interactions, which may be
influenced by habitat structure and complexity. For epifaunal organisms, e.g., amphipods that inhabit
structurally diverse benthic habitats, the structure of the habitat plays a key role in mediating access to
food, mate encounters, and refuge provision. Here, we explored patterns of variation in body size and
gnathopod 2 ratio (gnathopod 2 length/body length) among amphipod species in different marine
habitats. We focus on two amphipod species, Ampithoe ramondi and Caprella acanthifera, across four
benthic habitat types: rhodolith beds, macroalgae-dominated reefs, seagrass meadows, and black coral
forests. A. ramondi was present in all habitats except black coral forests, and males were significantly
larger than females only in macroalgae-dominated reefs. Males also exhibited higher gnathopod
ratios than females, increasing from macroalgae-dominated reefs to seagrass meadows and rhodolith
beds. C. acanthifera was found in macroalgae-dominated reeds and black coral forests, where males
were larger than females on average, but no significant habitat alterations were detected. Neither A.
ramondi nor C. acanthifera was found in all four habitats. These results suggest that patterns of sexual
dimorphism across coastal habitats are species-specific, with sexual selection operating more subtly in
some taxa (e.g., C. acanthifera) than others, likely shaped by both habitat-specific ecological pressures
and differences in life-history strategies. Expanding such analyses to more taxa and with balanced
sampling across habitats and environmental gradients will offer deeper insight into how natural and
sexual selection interact and inform how these dynamics may shift under changing climate regimes.

Keywords: Amphipoda; sexual dimorphism; sexual selection; marine ecology; Canary Islands

1. Introduction

Sexual dimorphism refers to differences between males and females of a species, which can
result from sexual or fecundity selection or from intersexual niche divergence [1-3]. These differences
may be morphological, physiological, or behavioral, and their magnitude and direction are often
shaped by abiotic (e.g., temperature, nutrient availability or habitat structure) and biotic factors (e.g.,
predation pressure or interactions with other organisms) [1,4]. For example, shared parental care,
intraspecific competition, or mate availability can limit the development of certain traits, reducing
dimorphism and favoring more similar (monomorphic) characteristics [5]. By contrast, when sexual
selection strongly favors one sex, intense competition for mates can drive the evolution of exaggerated
traits and behaviors, resulting in pronounced sexual dimorphism [2,6,7]. While sexual dimorphism
across habitats has been widely studied in terrestrial organisms [8,9], there are very few studies in
marine systems examining how sexual dimorphism varies within the same species across different
habitats [10-12], which limits our understanding of how environmental context shapes the expression
of dimorphic traits.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The Amphipoda is one of the most ecologically diverse crustacean orders, encompassing over
10,000 species [13,14] inhabiting all aquatic environments worldwide, from hadal depths to alpine
freshwater streams, from lightless groundwaters to tropical forests, and from sea bottom sediments to
the entrails of gelatinous plankton [15]. Amphipods display diverse mating strategies and pronounced
sexual dimorphism, particularly in the enlarged male gnathopods, providing an opportunity to exam-
ine how ecological context shapes trait expression [16,17]. The first two pairs of pereopods are modified
into gnathopods, with the second pair typically enlarged in males and used during copulation [18].
Such marked dimorphism in gnathopods suggests a role as sexually selected traits, analogous to
weapons in other crustaceans and insects [19], as proposed or demonstrated in their use in intrasexual
contests, territorial interactions, courtship displays, and assessment of female quality [20]. Although
direct evidence for amphipod gnathopods as weapons is limited, both their morphology and associated
behaviors indicate a role in mating competition, potentially shaped by selective pressures, such as
mate guarding or signally in complex habitats [21]. Thus, understanding the functional morphology
of sexually dimorphic amphipod structures necessitates the consideration of the ecological context,
including habitat type, host associations, and feeding ecology, which influence the selective pressures
acting on these traits [20,22,23]. Environmental conditions and habitat heterogeneity are expected
to influence the intensity and expression of sexual dimorphism, for example, through intraspecific
trait variation created by different selective pressures across gradients, and thus favouring distinct
phenotypes in response to local conditions such as physical disturbance or resource availability [24].
At the habitat level, structural complexity plays a crucial role in shaping biodiversity by influencing
species abundance, community composition, and key ecological processes. Complex habitats, such
as dense macroalgae-dominated reefs or structurally diverse coral reefs, often provide increased
shelter and refuge, which can reduce predation risk and enhance survival, particularly by allowing the
coexistence of a wider range of phenotypes [25,26]. However, this relationship is not unidirectional.
In habitats with lower structural complexity, limited refuge, and reduced food availability, such as
black coral forests lacking epiphytic layers, smaller body sizes may be favored as a strategy to reduce
predation risk and energetic demands under resource limitation [16]. From an evolutionary perspec-
tive, shifts in body size reflect trade-offs between ecological relaxation driven by empty niches and
resource abundance versus constraints imposed by limited resources, a pattern well established in
island biogeography [27]. The habitat complexity can also affect mate encounter rates and resource
distribution, favoring the coexistence of multiple phenotypes within a population [1,4]. For example,
in amphipods, habitats with intricate structures may allow males with different sizes or gnathopod
morphologies to succeed under different microhabitat conditions, highlighting the role of habitat
architecture in modulating sexual dimorphism [28].

The coastal habitats of the Canary Islands, which include black coral forests, rhodolith beds,
seagrass meadows and macroalgae-dominated beds on reefs [29-32]. Such ecosystem engineers are
species or communities that modify, create, or maintain habitat structures, thereby influencing resource
availability, shelter, and interactions among other organisms [33,34]. These complex habitats can affect
survival, predation risk, mate encounters, and the expression of morphological and behavioural traits.
Although all four habitats share three-dimensional architecture, they differ in structural arrangement,
a factor that may shape the selective pressures acting on amphipods and the development of sexually
dimorphic traits [28]. Amphipods, in particular, maintain a close relationship with their habitats
due to their direct development, limited mobility and, in some cases, specialized feeding strategies,
which constrain their dispersal [16,35]. Taking advantage of this strong habitat association, we studied
amphipods across habitats with varying structural complexity to assess how these differences influence
trait expression and sexual dimorphism. We sampled amphipod species across the four aforementioned
benthic habitats in Gran Canaria. Morphological traits (i.e., body length and gnathopod 2 size) were
measured as functional traits to assess how habitat influences sexual dimorphism. We focused on
two amphipod species, A.ramondi and C.acanthifera, exhibiting contrasting morphologies and mating
strategies, allowing us to explore how sexual dimorphism varies across habitats. We hypothesize that
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sexual dimorphism is more pronounced in structurally intricate habitats, where fine-scale complexity
intensifies selective pressures.

2. Materials and Methods
2.1. Study Region

Specimens were collected from two locations at each of four marine habitats around the eastern
coastal areas of Gran Canaria (Figure 1), including seagrass meadows, rhodolith beds, macroalgae-
dominated reefs, and black corals. All sampling was conducted between November and December
from 2018 to 2022. Because the sites are geographically close and experience similar broad-scale
environmental conditions, any differences observed in sexual dimorphism among habitats are likely
attributable to habitat-specific structural features rather than overall environmental variation. The
eastern coast of Gran Canaria is characterized by steep volcanic slopes and a mixture of hard and soft
substrates that support diverse benthic habitats. Local hydrography is influenced by persistent north-
east trade winds, which generate wind-driven waves and swells [36], while surrounding waters are
largely oligotrophic, with occasional inputs of cooler, nutrient-rich water from coastal upwelling [37].
The eastern shoreline features a range of subtidal habitats including extensive rocky platforms, sandy
plains, and biogenic assemblages. Based on existing knowledge of habitat distribution and ecological
relevance to amphipod assemblages, representative sites were selected within the four most abundant
and structurally distinct habitats in the region.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. (A) The Canary Islands Archipelago (28.292° N, 16.629° W) lies in the Atlantic Ocean off northwestern
Africa. (B) Gran Canaria (27.9202° N, 15.5474° W) is located approximately 150 km from the Moroccan coast;
sampling was focused on the eastern shore (grey inset). (C) Map of sampling sites across four benthic habitats
- black coral, macroalgae-dominated reefs, rhodolith beds, and seagrass meadows, surveyed at five distinct
locations along the eastern coast of Gran Canaria, viz. Jindmar, Tufia, Gando, Risco Verde, and Arinaga (from
north to south). (D) Representative habitat images: (i) black coral forests, (ii) macroalgae-dominated reefs, (iii)
seagrass meadows, and (iv) rhodolith beds, photographed at study sites around Gran Canaria. (@photo credit:
Franck Gazzola and Fernando Espino

2.2. Sampling Design and Specimen Processing

Sampling was conducted by SCUBA diving at depths of 18-50 m for rhodolith beds, 8-12 m
for seagrass meadows, 3-8 m for macroalgae-dominated reefs, and 25-32 m for black coral forests.
Samples associated with each habitat were retrieved and processed in the laboratory to extract epifaunal
amphipods. For rhodolith beds, five random 25 x 25 cm quadrats of rhodolith nodules were hand-
collected by SCUBA divers, frozen at —20 °C, followed by epifaunal extraction and sorting. For
seagrass meadows, five random 25 x 25 cm quadrats containing seagrass canopy were bagged, cut
at sediment, and sieved for epifauna. For macroalgae-dominated reefs, holdfasts were cut within
five random 25 x 25 cm quadrats, bagged, frozen, washed, sieved, and mobile fauna was identified.
Following the method described by [38], for black coral forests, epifauna was collected by briefly
vacuuming the top branches of Antipathella wollastoni underwater and preserved in ethanol. Collected
epifaunal samples were transported to the laboratory in seawater-filled containers. Except for black
coral samples, which were processed fresh to prevent epifaunal damage, all other samples were stored
at —20 °C until sorting. In the laboratory, each samples was inspected, and the epifauna was separated
from plant and and algal matter, sediment and coral mucus using a 250 ym mesh. All organisms
were preserved in 96% ethanol and identified to the lowest possible taxonomic level. No ethical
approval was required for all but one species, the black corals [39], as none of the other sampled
species are legally protected in Spain. All individuals were sorted under a stereomicroscope (OPTIKA
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SZP-10, Ponteranica, Italy) and a microscope (Leica DM1000 LED, Wetzlar, Germany), identified to
the nearest taxonomic level [40-42], and preserved in absolute ethanol. Ampithoe ramondi and Caprella
acanthifera were the primary focus of this study, as sufficient individuals of both sexes were collected
across habitats to allow analysis of sexual dimorphism. However, neither species was observed across
all four habitats. Ampithoe ramondi occurred in three habitats, rhodolith beds, seagrass meadows
and macroalgae-dominated reefs, whereas Caprella acanthifera was restricted to only two habitats,
macroalgae-dominated reefs and black coral forests.

2.3. Morphometric Measurements

In the laboratory, individuals were examined under a stereomicroscope (OPTIKA, SZP- 10, C-PS,
Ponteranica, Italy) mounted with its associated camera. Images were analysed using Image]J (Schneider
et al.,, 2012). Morphometric traits measured included body length (determined by measuring the
distance from the dorsal margin at the base of the first antennae to the posterior end of the telson
following the methodology described by Wilhelm et al., 1998) and Gnathopod 2 length which was
calculated following the methodology of Navarro-Mayoral et al., 2025 (refer Supplementary Table
1 and Figure 2). Measurement precision was estimated at 0.01-0.05 mm, depending on image scale
calibration (either 0.5 mm or 1 mm per image). To avoid underestimating mean body size, only the
largest individuals were included in analyses.

Figure 2. Images for body length (panel a) and gnathopod 2 length (panel b) measurements in a male Ampithoe

ramondi individual. Representative images for other species are provided in figure 1 of Supplementary Information.

2.4. Data Analysis

The Sexual Dimorphism Index (SDI) was calculated using the standard formula:

SDI = (mean male trait — mean female trait) / mean female trait,

which was applied to each of the traits analyzed, refer Supplementary Figure 2. A positive SDI
value indicates that males have larger average trait values, reflecting male-biased sexual selection,
whereas a negative SDI suggests female-biased sexual dimorphism, reflecting fecundity-based selection.
This approach follows the widely used method proposed by [44] for quantifying sexual dimorphism
in morphological traits.

Data wrangling and statistical analysis were carried out in RStudio version 2024.09.1+394 “Cran-
berry Hibiscus” using R version 4.4.2 [45]. For interspecific comparisons, we included a minimum of
five individuals per sex of the two targeted species and fitted linear models to test the effects of species,
sex, and their interaction on body length and gnathopod ratio. Gnathopod ratio was calculated by
dividing the gnathopod length by the individual’s body length to account for differences in body size.
For species-specific analyses, univariate linear models were applied separately to each species to test
for the effects of sex and habitat on each morphometric trait. For gnathopod ratio data, which are con-
strained between 0 and 1, beta regression models were implemented using the glmmTMB package [46].
with a logit link. Model diagnostics- including residual distribution, heteroscedasticity, and normal-
ity, were assessed visually and using simulation-based methods via the DHARMa package [47]. We
computed estimated marginal means (EMMs) using the emmeans package [48] to examine interaction

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1399.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2026

60of 17

effects (Sex x Habitat), followed by visualization of these contrasts. Visualizations were generated
using ggplot2 [49].

3. Results
3.1. Sex-Specific Allometry Comparisons

In A. ramondi, gnathopod 2 length scaled positively with body size (8 = 0.95, p < 0.001; Figure 3),
with males exhibiting a marginally steeper slope than females (8 = 0.13, p = 0.32), although this
difference was not statistically significant. The sex effect alone was also non-significant (8 = 0.21,
p = 0.36), indicating that while males tend to have longer gnathopods, the scaling relationship between
gnathopod length and body length is broadly similar across sexes. Conversely, in C. acanthifera, neither
body length (8 = —0.03, p = 0.93), sex (B = —0.46, p = 0.56), nor their interaction (3 = 0.68,
p = 0.21) significantly predicted gnathopod 2 length. These results suggest that sexual dimorphism in
gnathopod 2 exaggeration is less pronounced or absent in C. acanthifera, with both sexes exhibiting
comparable scaling patterns.

A. ramondi C. acanthifera
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Figure 3. Sex-specific allometry of gnathopod 2 length in Ampithoe ramondi and Caprella acanthifera. Points
represent individual measurements, and shaded areas around regression lines indicate 95% confidence intervals.

3.2. Species-Specific Models
3.2.1. Ampithoe ramondi

Body Length

Ampithoe ramondi occurred in rhodolith beds, macroalgae-dominated reefs, and seagrass meadows
and was absent from black coral forests. Body length in Ampithoe ramondi was significantly influenced
by habitat, sex, and their interaction (adjusted R* = 0.27, p < 0.001; Figure 4). Individuals from
macroalgae-dominated reefs were significantly smaller than those from rhodolith beds (8 = —2.64,
p < 0.001), while body length in seagrass meadows did not differ significantly from rhodolith beds
(B = —0.56, p = 0.45). Although males were on average larger than females, this difference was
not statistically significant overall (B = 0.36, p = 0.68). A significant Sex x Habitat interaction
(p < 0.005) indicated that the effect of sex on body length varied among habitats, with the greatest
difference observed in macroalgae-dominated reefs, where males were larger than females. In contrast,
sex-related differences were negligible in seagrass meadows and rhodolith beds.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Box plot showing body length differences between females (pink) and males (blue) of Ampithoe ramondi
across rhodolith beds, macroalgae-dominated reefs, and seagrass meadows. Sample sizes (F = female, M = male)
for each habitat are as follows: rhodolith beds — F = 10, M = 12; macroalgae-dominated reefs — F =45, M =9;
seagrass meadows — F =29, M = 12.

Gnathopod ratio

Beta regression analysis revealed significant effects of sex (p < 0.001), habitat (macroalgae-
dominated reefs: p = 0.035; seagrass meadows: p = 0.016), and their interaction (male x macroalgae-
dominated reefs: p < 0.001 ) on gnathopod ratio (Figure 5). The difference between males and females

was negligible in macroalgal-dominated reefs, but males had higher gnathopod ratios than females in
seagrass meadows and rhodolith beds.
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Figure 5. Box plot showing gnathopod ratio differences between females (pink) and males (blue) of Ampithoe
ramondi in thodolith beds, macroalgae-dominated reefs and seagrass meadows. Sample sizes for each species and
sex are provided in Figure 4).

3.2.2. Caprella acanthifera

Body Length

Caprella acanthifera was recorded only in macroalgae-dominated reefs and black coral forests
and was not observed in the other sampled habitats. The linear model indicated a significant effect
of sex on body length (p = 0.01, Figure 6), with males larger than females (8 = 1.54, p = 0.009).
Habitat had a significant effect, with individuals in black coral forests being smaller than those in
macroalgae-dominated reefs (3 = —0.85, p = 0.0006), but the interaction between sex and habitat was
not significant (§ = —0.38, p = 0.37), indicating that the male—female size difference was consistent
across habitats.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Box plot showing body length differences between females (pink) and males (blue) of Caprella acanthifera
in macroalgae-dominated reefs and black coral forests. Sample sizes for each habitat are as follows (F = female, M
= male): Macroalgae-dominated reefs — F = 28, M = 6; Black coral forest —F =9, M = 6.

Gnathopod Ratio

Beta regression analysis revealed significant effects of sex (p < 0.001), habitat (p < 0.001), and their
interaction (p < 0.001) on gnathopod ratio in C. acanthifera (Figure 7). Males had higher gnathopod

ratios than females in macroalgae-dominated reefs, whereas the male-female difference was reduced
in black coral forests.
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Figure 7. Box plot showing gnathopod ratio differences between females (pink) and males (blue) of Caprella
acanthifera in macroalgae-dominated reefs and black coral forests. Sample sizes for each species and sex are
provided in Figure 6).

4. Discussion

Sexual dimorphism in amphipod morphology varied significantly by species and habitat. Amp-
ithoe ramondi exhibited pronounced male-biased dimorphism in body length and gnathopod ratio,
particularly in macroalgae-dominated reefs. Similarly, Caprella acanthifera showed male-biased dimor-
phism in body length in macroalgae-dominated reefs, but gnathopod size was similar between sexes
across habitats. Differences in reproductive strategies, mating competition [50,51], and habitat-specific
factors such as resource availability or predation [52] likely underlie the observed patterns. However,
direct comparisons between Ampithoe ramondi and Caprella acanthifera are constrained by the fact that
macroalgae-dominated reefs were the only habitat common to both species.

Habitat plays a central role in modulating trait expression. In A. ramondi, individuals from
rhodolith beds were consistently larger than those from macroalgae-dominated reefs or seagrass
meadows. This pattern may reflect differences in available colonizable space and niche diversity
among benthic habitats, where structurally complex environments can reduce competition for space
and resources and support larger body sizes [16]. Bathymetric range may further mediate these patterns
through differences in environmental stability and resource availability, including light penetration
and epiphytic development, which increase habitat complexity and vary temporally. Shallow habitats
are often subject to strong intra-annual variability, such as winter storms and swell, favoring species
adapted to fluctuating habitat structure and resource inputs, whereas deeper habitats tend to experience
lower but more stable resource availability. Compared to the other habitats considered in this study,
rhodolith beds occur at greater depths and are characterized by extensive interstitial spaces [53] that
may buffer hydrodynamic stress, potentially allowing greater energetic investment in body growth
despite reduced oxygen levels.

The largest degree of sexual dimorphism in body size in A.ramondi, occurred in macroalgae-
dominated reefs, where males were significantly larger than females. Macroalgae provide both
shelter [54] and trophic resources supporting diverse and stable amphipod communities [55]. They are

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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well-established facilitators of amphipod assemblages, with more diverse macroalgae-dominated reefs
supporting higher biodiversity richness due to enhanced niche partitioning and habitat complexity [56].
The three-dimensional structure of macroalgae-dominated reefs promotes sediment accumulation and
increases prey availability, benefiting both detritivorous and carnivorous species [57]. Amphipods
often function as mesoherbivores, consuming macroalgae directly [58], and forming close associations
with these habitats [59]. This pattern may reflect higher mating competition or more favorable energetic
and ecological conditions for trait exaggeration in macroalgae-dominated reefs, which offer increased
food resources, structural complexity, and refuge [56,57].

4.1. Sexual Selection, Trait Scaling, and Ecological Modulation

Allometric scaling of gnathopod 2 length in A. ramondi indicated a consistent positive relationship
with body size, and a trend toward steeper scaling for males. Though not statistically significant, this
pattern is consistent with male-specific investment in sexually selected structures, as seen in other
amphipods and crustaceans [50]. Alternatively, lower relative investment in gnathopod 2 length could
reflect selection for larger overall body size, which may also influence reproductive success [21] or vice
versa [20]. No such pattern was detected in C. acanthifera, where scaling relationships did not differ
by sex, and trait values were more conserved across habitats. C. acanthifera exhibits limited sexual
dimorphism, likely due to its mobile lifestyle and generalist diet that includes macroalgae, detritus
and epiphytes, minimizing resource monopolization [60,61]. Mobility possibly reduces the need for
males to defend fixed territories, lowering male-male competition. Together, these factors decrease
sexual selection pressures for exaggerated male traits [62].

Unlike carrier species that grasp females by hooking unenlarged gnathopods under the coxae
or anterior pereon segments, caprellid males typically guard mates by attending, i.e., maintaining
close proximity, often by positioning themselves over the female or sharing her tube [50]. In these
mate-guarding taxa, the enlarged gnathopods are held free and not used for grasping; instead, they
are employed in mate takeovers, agonistic interactions, defense, and possibly to assess the female’s
reproductive state through contact pheromones [50]. Due to their sedentary and often gregarious
habits, attending males are not energetically burdened by physically carrying a mate, but since they
remain close to the female and must actively defend her, there is selective pressure for mechanisms that
signal dominance or reproductive quality [50]. As a result, some attending species exhibit strong sexual
selection on exaggerated traits wherein some males monopolize females [51], and others defend mating
clusters [63]. Several species evolve conspicuous weaponry on the gnathopods for use in fights, such
as poison spines in Caprella gorgonia [64] or thumb-like projections in Dyopedos porrectus [65]. That both
C. acanthifera and A. ramondi belong to mate-attending superfamilies (Caprellidea and Corophioidea,
respectively) yet show contrasting levels of dimorphism suggests that even within a shared guarding
strategy, habitat use, and competitive context can shape the strength and nature of sexual selection.

These findings suggest that sexual dimorphism in Caprelloidea may be less labile or subject to
different selective pressures compared to Corophioidea.

4.2. Ecological Complexity and Habitat Structure

A. ramondi and C. acanthifera share broadly similar feeding habits: both species rely heavily on detri-
tus (over 65% of their diets), with A. ramondi supplementing its detritivorous diet with herbivory [66,67]
while C. acanthifera also consuming algae as an herbivore and exhibiting omnivory [68]. Despite this
overlap in dietary preferences, differences in their mobility, habitat use, competitive strategies, or
mating behaviours may better explain variations in sexual dimorphism than diet alone.

The four habitats studied, viz. rhodolith beds, macroalgae-dominated reefs, seagrass meadows,
and black coral forests, differ markedly in structural complexity, resource distribution, and potential
for predator avoidance. Macroalgae-dominated reefs are relatively open but structurally intricate at a
small scale, offering numerous attachment sites and food sources [54], possibly enhancing male—female
encounter rates and facilitating the evolution of conspicuous or exaggerated male traits. Rhodolith
beds, composed of free-living coralline algae, form three-dimensional matrices that vary in complexity
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depending on rhodolith size and aggregation [25]; they may support high amphipod densities and
moderate encounter rates but impose spatial constraints on movement. Seagrass meadows, while
highly productive, are often more homogenous in structure [32] and may support lower refuge from
predation compared to macroalgae-dominated reefs or rhodolith beds, possibly dampening selective
pressures for extreme trait expression. However, more structurally complex seagrass meadows have
been shown to support higher densities and species richness of amphipods [26], suggesting that
ranking habitats by complexity and heterogeneity is not always straightforward.

In contrast, black coral forests are among the most complex and vertically stratified habitats.
Despite this, black coral forests can support high predator diversity and, particularly in deeper habitats,
experience low light levels, which may limit active mate searching and favor cryptic behaviors or
morphologies [38]. Their three-dimensional structure atop rocky substrates also creates numerous
microhabitats that support diverse associated species [69]. When sufficiently dense, they form dense
aggregations known as ‘coral forests’ (a type of marine animal forest, see [70]) and provide protection
against currents and predators [71]. Thus, habitat characteristics likely shape amphipod abundance
and behavior, but their influence on trait exaggeration and sexual dimorphism varies between species,
reflecting species-specific responses to ecological complexity.

4.3. Future Directions

While this study demonstrates the influence of habitat and sex on amphipod morphological traits,
incorporating adult sex ratio (ASR) would provide deeper insight into the demographic mechanisms
driving sexual dimorphism. ASR is often used as a proxy for the strength and direction of sexual
selection [72], and its variation across habitats may correlate with shifts in dimorphism intensity. For
example, female-biased ASRs, potentially arising in energetically constrained or high-predation habi-
tats, could lead to reduced male-male competition and diminished exaggeration of sexually selected
traits [73]. Conversely, male-biased ASRs may amplify selection for competitive traits and accentuate
dimorphism [73]. ASR could not be reliably calculated due to sampling limitations, including selective
counts (e.g., stopping after obtaining enough males in A. ramondi) and damaged specimens that
prevented sex identification and use in analysis.

As habitat structure shifts under ongoing environmental change, these alterations will reshape
the ecological context in which sexual traits evolve. Seagrass meadows which are key ecosystem
engineers, support diverse epifaunal communities as well as epiphytic macroalgae [74], are experi-
encing widespread decline at local, regional, and global scales [75]. Under changing environmental
conditions, sexual selection may increase rates of adaptation and aid evolutionary rescue [76]. In
this context, tracking future trends in sexual dimorphism, and how such changes influence both
population dynamics and life-history traits like mating behavior and reproductive strategies, will be
crucial. Temperature-dependent increases in amphipod metabolic rates can accelerate life history traits
such as growth and reproduction [77], potentially leading to higher population growth and faster age
at maturity. These shifts may intensify competition for mates or alter mate choice dynamics, ultimately
influencing sexual selection intensity and contributing to variation in sexual dimorphism. Future
studies should explore how these temperature-driven changes impact sexual selection processes and
sexual dimorphism patterns.

A key limitation of this study is the absence of direct measurements of habitat complexity, which
constrains our ability to explicitly link morphological variation to environmental structure. Future
research should therefore include quantitative assessments of habitat complexity to better connect
habitat heterogeneity with sexually dimorphic trait divergence.

5. Conclusions

Our findings show that sexual dimorphism in amphipod morphology is influenced by both
sex-specific selective pressures and ecological context, with outcomes that vary across species and
habitats. Ampithoe ramondi demonstrated clear sexual dimorphism in body size and gnathopod lengths,
with habitat-specific expression suggesting plasticity or condition-dependent trait development. In
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contrast, Caprella acanthifera showed weaker, more conserved patterns. Due to limited within-species
comparisons across all four habitats and mixed patterns across traits, no uniform relationship could
be established. The interaction between natural and sexual selection, modulated by habitat structure
and possibly adult sex ratios, governs the expression of sexually dimorphic traits. Species with
greater plasticity in trait development may adjust their morphological strategies depending on local
competition, resource availability, or predation risk.

The inclusion of demographic, behavioral, and genetic variables in future studies will be essen-
tial to disentangle these complex evolutionary pressures. While sexual selection may not strongly
drive adaptation under changing environmental conditions, it remains relevant. Environmental shifts
can alter the costs of sexually selected traits, potentially leading to evolutionary hedging of those
traits.Habitats such as seagrass meadows are often structurally simple, but can attain fine-scale com-
plexity through epiphytic communities, including macroalgae, which increase surface area, enhance
nutrient-rich food availability, provide habitat for epifauna, and modulate predation pressure [78,79].
Rhodolith beds too gain a secondary structural layer from epiphytic algae, creating a cascade effect that
enhances habitat complexity. These epiphytes provide numerous microhabitats, refuge from predators,
and a wider range of body sizes, reducing intra- and interspecific competition. Macroalgae-dominated
reefs similarly form dense, structurally intricate habitats that trap sediment and detritus, supplying
both physical structure and trophic resources. In contrast, black coral forests lack epiphytic layers,
resulting in a more uniform and competitive environment. Accounting for these layered habitat
components in future studies will be crucial for better understanding how habitat-specific factors
influence the intensity and expression of sexual dimorphism.
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