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ABSTRACT

Aim: Understanding how diverse communities respond to environmental fluctuations is a central challenge in ecology. Here, we
assessed how communities responded to environmental variation over the past 23years and evaluated the extent to which these
responses can be associated with taxonomic relationships, as well as biological and ecological species traits.

Location: Central portion of the Humboldt Upwelling Ecosystem, with 22 rocky shore survey sites spanning 8° of latitude
(28°S-36°8S).

Time Period: 2000-2023.

Major Taxa Studied: Intertidal zone communities.

Methods: We used joint species distribution models to integrate quantitative survey data, satellite sea surface temperature (SST)
as a proxy for environmental conditions, taxonomic information and species biological traits along a latitudinal gradient with
heterogeneous thermal conditions.

Results: Our proxy for environmental variation revealed weak and non-significant SST cooling at central sites, whereas sites
near 30°S showed slight warming trends. Taxonomic relationships and individual species traits were weakly associated with
their collective responses to SST variability. However, we identified a consistent increase in the occurrence of both macroalgal
and invertebrate species across the region. The occurrence of macroalgal species was more sensitive to SST variation than inver-
tebrates, with responses shifting from positive at equatorward sites to increasingly negative at poleward sites. Patterns of species
co-occurrence were strongly dependent on spatial scale, particularly among invertebrates.

Main Conclusions: Species occurrences increased across the region, but these responses were not significantly associated with
taxonomic relatedness or with easily assigned species traits. This pattern likely indicates comparatively low niche conservatism
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within these communities in relation to SST responses, while other structuring processes—such as species interactions—are not
well captured by the traits examined. As other studies have detected slight cooling trends over the past two decades, our results
suggest that the lack of community-wide reorganisation reflects the absence of a clear environmental driver.

1 | Introduction

Understanding how multiple co-occurring and interacting spe-
cies respond to environmental change is a central quest in bio-
geography, macroecology and evolutionary ecology (Wiens
et al. 2010). Species respond to environmental variability either
by migrating or adjusting their physiological and overall indi-
vidual performance (Green et al. 2022). In many cases, these
responses to environmental variation are conserved among spe-
cies within lineages (Wiens and Graham 2005), generating cor-
related responses among related species (Wiens et al. 2010). On
the other hand, species traits can modulate interactions within a
community, as well as responses of the species to environmental
stress, thus helping to explain patterns of community structure
across environmental gradients (Herrera et al. 2023). Rapid en-
vironmental change is reshaping local communities as species
shift ranges, alter their ecological performance and form novel
assemblages, thereby altering ecological interactions (Fossheim
et al. 2015; Pinsky et al. 2020; Vergés et al. 2019). Consequently,
identifying community responses to environmental variation re-
quires data across diverse taxa and matching the relevant spatial
and temporal scales.

Temperature influences multiple physiological and ecologi-
cal processes, both directly and indirectly (Bowler et al. 2017;
Koussoroplis and Wacker 2016). Shifts in temperature—
whether in average long-term values, ranges, extreme events,
or overall thermal regimes—can compromise local population
abundance and viability by limiting propagule production, re-
production and offspring survival (Bowler et al. 2017). For in-
stance, in some species, survival declines at high temperatures,
while reproduction can fail at low ones, so population growth
peaks at intermediate temperatures, dropping at the extremes
(Koussoroplis and Wacker 2016). In marine systems, seawater
temperature also covaries with many other physical-chemical
variables, such as inorganic nutrients, pH and dissolved oxygen
(Mann and Lazier 2006). Ocean temperature, driven primarily
by water movement, influences propagule dispersal and key
ecological processes—both bottom-up (e.g., productivity) and
top-down (e.g., predation)—that shape community structure
(Menge et al. 2003; Sanford 1999).

Coastal upwelling in temperate eastern boundary regions is
driven by equatorward winds that bring cold, nutrient-rich
deep water to the surface (Bakun 1973; Mann and Lazier 2006).
Global warming has strengthened land-ocean pressure gradients
(Bakun 1990), intensifying upwelling and causing nearshore
cooling in ecosystems like the Humboldt Current (Garcia-Reyes
et al. 2023; Sydeman et al. 2014). In situ and satellite datasets
reveal modest but significant cooling trends from central Peru
down to southern Chile, which are attributed to a poleward
change in the position of the South Pacific Anticyclone (Aguirre
et al. 2018; de la Maza et al. 2024; Garcia-Reyes et al. 2023;
Schneider et al. 2017; Weidberg et al. 2020).

The rocky shores of the Humboldt Current have served as key sites
for studying the role of environmental processes on species ad-
aptation, interactions and community dynamics in the intertidal
system (Broitman et al. 2001; Castilla 1999; Navarrete et al. 2005;
Santelices and Marquet 1998). So far, long-term shifts in species
occurrences remain rare (Aguilera et al. 2020). Experimental ma-
nipulations have evidenced the strong influence of top-down pro-
cesses in shaping local community structure, while regional-scale
variation in bottom-up forcing drives shifts in community regula-
tion pathways (Castilla 1999; Navarrete et al. 2022, 2005). These
communities are taxonomically, trophically and functionally di-
verse, and include species with varyinglife histories (Castilla 1999).
Given this complexity, understanding how Humboldt Current in-
tertidal communities respond to environmental change requires
examining how species' traits and taxonomic identities contribute
to broader patterns of community assembly (Herrera et al. 2023).

Estimating temperature's direct effects on species traits is chal-
lenging due to its strong covariance with other environmental
variables (Koussoroplis and Wacker 2016) and its influence on
species interactions (Sanford 1999). Because temperature affects
competitors and predators differently, and can result in measur-
able changes in species occurrences, single-species responses
rarely scale up to communities. Moreover, trait-based responses
to temperature may vary widely among species unconstrained
by phylogeny. Understanding these responses requires examin-
ing multiple biological traits locally, and integrating them across
broader spatial scales. Merging taxonomic, trait-based and envi-
ronmental data offers a powerful framework for understanding
community assembly (Ovaskainen et al. 2017), especially under
the current scenario of global change. Nevertheless, applying
integrative approaches to species-rich, taxonomically diverse
communities is more complex than in homogeneous systems
(Ford and Roberts 2020; Weigel et al. 2023). This complexity
underscores the need for long-term, high-resolution ecological
datasets across broad phylogenetic and taxonomic groups to
capture shifts in species occurrences and their consequences for
community assembly (Ovaskainen et al. 2017).

Unlike the global trend of warming, the Humboldt system's
regional cooling presents a unique opportunity to explore how
diverse communities respond to long-term environmental
variability across a latitudinal gradient. We analysed 23 years
of standardised, multi-site, ecological surveys using joint spe-
cies distribution models, integrating taxonomy, species traits
and sea surface temperature. We asked: (1) Can species traits
predict their responses to environmental variation in macro-
invertebrates and macroalgae? (2) Do related species share
occurrence patterns and respond similarly to environmental
variability, and thus show a broad form of niche conservatism?
(3) Are community responses spatially structured along lati-
tude, and do producers and consumers respond similarly? (4)
Do species co-occurrence patterns vary across spatial scales,
and how can such variation inform our understanding of
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underlying ecological processes? Our goal is to assess whether
species’ occurrences share trends of increase or decline, and
to examine how taxonomy, species traits and environmental
variation jointly structure long-term community response
patterns.

2 | Methods
2.1 | Study Region

Stretching over 6000km (5°-56°S), the south-eastern Pacific
coast spans multiple ecoregions with distinct biota (Herrera
et al. 2023). Coastal upwelling is a mesoscale process (10-100s
of km) that, along the Humboldt region, exposes benthic or-
ganisms to cold, nutrient-rich, but low-oxygen and low-pH
waters (Strub et al. 1998). This persistent oceanographic pro-
cess shapes both local community dynamics and the biogeo-
graphical patterns in this region (Lara et al. 2019; Navarrete
et al. 2005).

2.2 | Surveys, Data Collection and Local
Environmental Filters

We compiled a long-term dataset from 22 sampling sites along
the Chilean coast (28.09°S-36.07°S), sampled between 2000
and 2023. It includes extensive surveys from 2003 to 2005
(Broitman et al. 2011), unpublished data from 2012 to 2021-
2023, and partial sampling from other years (2000-2002, 2006-
2011, 2013-2020). In total, the dataset comprises 5536 sampling
units collected mostly during spring and summer, with some ad-
ditional samples obtained in winter and autumn. While broad in
geographic and temporal scope, the dataset remains incomplete
due to variability in sampling effort across years and sites (see
Appendix S1 in Supporting Information: Figure S1.1).

Sampling methods consisted of three to six transects at each
site—carried out during daytime and at low tide—where we
located seven to 20 0.25m? quadrats that were distributed hap-
hazardly along the transect. At each site and date, we aimed at
sampling the three main intertidal zones (high, mid and low
tidal heights). We note that using Mean Low Water, or other
physical tidal benchmarks based on ocean level, is ineffective
in Chile's wave-dominated intertidal zones (Flores et al. 2019).
To ensure consistent delimitation of intertidal zones from the
onset of the monitoring programme, we relied on well-known
biological indicators: a band of the kelp Lessonia spp. in the low
zone; extensive cover of macroalgae and/or mussel beds in the
mid zone; and widespread distribution of chthamalid species
or bare rock at higher levels. To standardise surveys, transects
for all quadrats were established and maintained using photo-
graphs and drawings. In addition, 18 of 22 of the sites are or were
part of a larval supply monitoring programme, with collectors
affixed to the rock with stainless-steel bolts at two different tidal
heights since 1997; we consistently utilised the permanent bolts
as benchmarks for transects (Navarrete et al. 2022, 2005). To re-
duce among-site differences, we deployed the transects on rocky
shore platforms with an area greater than 30X 5m, character-
ised by a gentle shoreward slope (~20°-30°), a flat morphology,
and similar wave exposure to the prevailing southwestern swell,

while avoiding crevices, tide pools and vertical walls. Full de-
tails of the sampling protocols and site locations are provided
elsewhere (Broitman et al. 2001).

2.3 | Temperature Patterns and Regional
Environmental Filtering

To characterise site-level thermal patterns, we used satellite-
derived night-time Sea Surface Temperature data (SST, °C) from
MODIS Aqua (2000-2023), sourced from NASA's Ocean colour
website (http://oceancolor.gsfc.nasa.gov), and created monthly
gridded composites at 0.009° spatial resolution. While satellite
data may miss high-frequency variability, it correlates closely
with in situ SST over different timescales (Aravena et al. 2014;
Lagos et al. 2005; Tapia et al. 2009).

For each site and year, we calculated five SST metrics: the 5th,
50th and 95th quintiles, the annual mean SST (SSTM) and the
standardised annual anomaly (SSTA). Due to high collinearity,
we retained SSTM to represent long-term thermal regimes, and
SSTA to capture interannual variability. To assess the tempo-
ral and spatial trends, we estimated rates of change (°C/year)
by regressing each selected metric against year (2000-2023) and
subsequently related these rates to latitude. Since surveys were
not conducted for all sites in 2001, 2007 and 2020 (Appendix S1:
Figure S1.1), these years were excluded from the estimation of
rates of change.

2.4 | Species Identification

We surveyed macroscopic organisms (ca. >5mm), identifying
them to the lowest possible taxonomic level, typically species,
collecting specimens when necessary. When field identifica-
tion was limited by mixed stands (e.g., Gelidium chilense and
Gelidium lingulatum; Broitman et al. 2011) or cryptic morphol-
ogy (e.g., scurrinid limpets), we recorded taxa at the genus or
family level as appropriate.

2.5 | Species Biological Traits and Attributes

To take full advantage of the large phylogenetic diversity of our
dataset (10 phyla), we separated it into two categories—mac-
roalgae and invertebrates—and compiled multiple life-history-
related traits based on the available literature (Table 1). To
assess species’ environmental responses, we used standardised
categorical traits. Macroalgal attributes included life cycle and
life span; invertebrate attributes included tiering position, feed-
ing mode and larval development. In addition, maximum body
size was included for both. While species attributes differed be-
tween macroalgae and invertebrates, they reflect comparable
ecological strategies across groups (Table 1).

2.6 | Evolutionary Relations Among Species
In the absence of well-resolved phylogenies encompassing all

species present in our communities, to account for an evolu-
tionary correlation among species traits, we used taxonomic
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TABLE1 | Traitsand attributes of intertidal species of (a) macroalgae and (b) invertebrates recorded at sites between 28°S and 36°S of the Chilean

coast from 2000 to 2023.

Trait Attribute Description
@
LC Het Species with the gametophyte and sporophyte of different morphology and size.
Iso Species with the gametophyte and sporophyte of similar morphology and size.
Mon Species with non-alternation of generations in morphology and size.
LS Ann A phenological pattern where species appear only in specific seasons/periods of the year.
Per A phenological pattern in which species are present throughout the entire year.
ML Nva Theoretical maximum length that the species would reach (cm).
(b)
TI Ere Species attached to substrate with vertical growth that favours the capture of food.
Sur Species actively moving and adhering to intertidal substrates.
Inf Species living in a three-dimensional substrate matrix with unrestricted movement.
FM Sus Species that capture food particles from the water column by filtration.
S De Species that capture accumulated loose particles from a substrate.
Gra Species that scrape or graze algae on the substrate.
Pre Carnivorous organisms that actively hunt and capture prey.
LD Plan Larval stage that feeds on plankton favouring the duration of the larval stage and dispersal.
Lec Larval stages with a yolk reserve which reduces larvae duration and dispersal.
Dir No larval stage but with competent juveniles.
ML Nva Theoretical maximum length that the species would reach (cm).

Abbreviations: (a) Ann, annual; Het, heteromorphic; Iso, isomorphic; LC, life cycle; LS, life span; ML, maximum length; Mon, monomorphic; Nva, numerical variable;
Per, perennial. (b) cm, centimetres; Dir, direct; Ere, erect; FM, feeding mechanisms; Gra, grazer; Inf, infaunal; LD, larval development; Lec, lecithotrophic; ML,
maximum length; Nva, numerical variable; Plan, planktotrophic; Pre, predatory; S De, superficial deposit; Sur, surficial; Sus, suspension; T1, tiering.

classification as a basic approximation for phylogenetic rela-
tionships. While we recognise that taxonomy does not fully
capture the complexity of evolutionary history, this approach
provides a fair approximation of phylogeny across the full
set of species. We confirmed the current taxonomic status
of all species sampled using the World Register of Marine
Species website (www.marinespecies.org; see Appendix S2:
Tables S2.1 and S2.2).

2.7 | Statistical Analyses

We used the joint species distribution model Hierarchical
Modelling of Species Communities (HMSC) to model inter-
tidal community responses (Ovaskainen and Abrego 2020).
We conducted separate analyses for the macroalgal and inver-
tebrate groups. Data were modelled at the level of sampling
unit (n=5536 quadrats; Appendix S1: Figure S1.1). Due to the
zero-inflated nature of the data, we modelled species presence—
absences, assuming the probit link function and Bernoulli dis-
tribution and then abundances conditional on species presence
(with linear regression on log-transformed data, with absences
masked as missing data). To model environmental filtering
at the local and regional scales, we included as fixed effects

intertidal height (categorical predictor with three levels), season
(categorical predictor with four levels), SSTM and SSTA (con-
tinuous predictors) at each site. We included tidal height in the
models to account for the effects of zonation in the analyses, and
consequently to allow for making appropriate comparisons of
environmental responses across species groups. To assess long-
term changes beyond the SST covariates mentioned above, we
included ‘year’ as a fixed linear-trend effect. We modelled spa-
tial structure with random effects for ‘site’ (22 sampling sites)
and rocky shore platform (41 platforms). To capture year-to-
year variation unexplained by SST or the linear year effect, we
further included ‘year’ (21 sampling years) as a random effect.
We note that as HMSC implements random effects at the com-
munity level through a latent factor approach, including these
random effects also evaluates species’ residual associations at
these spatial and temporal levels (Ovaskainen et al. 2016). Such
associations may arise from species responses to unmeasured
environmental conditions, biotic interactions, stochasticity or
historical contingencies (Ovaskainen and Abrego 2020).

We used published data to construct a species-by-traits matrix
linking traits to environmental responses in the HMSC framework
(Appendix S2, Tables S2.3 and S2.4). Macroalgal traits included life
cycle (3 levels), and life span (2 levels); invertebrate traits included
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FIGURE1 | Rate of change (°C/year) in (a) annual mean of SST (SSTM) and (b) annual SST anomalies (SSTA) across 22 sites along the central
Chilean coast from 2000 to 2023 (excluding 2001, 2017 and 2020). Trend lines show the linear relationship between the rate of change and site lati-
tude. In (a) the red dot highlights the only site (APOL) with a significant temporal trend (p <0.05).

tiering (3 levels), feeding mechanisms (4 levels), and larval de-
velopment (3 levels). Log-transformed maximum length was in-
cluded for all species. These traits were used in the second-level
regression model of HMSC, which evaluates how the traits influ-
ence the species-specific responses to the fixed effects included in
the model. Then, we built the taxonomic trees with equal branch
lengths across levels (i.e., kingdom, phylum, class, order, family,
species). These trees were then converted into correlation matrices
and used as a phylogenetic random effect in the models to exam-
ine whether closely related species show similar responses beyond
what can be explained by their traits. This includes the estimation
of the strength of the taxonomical signal parameter p, with p=1 if
species responses to the fixed effects are fully distributed accord-
ing to the taxonomic relationships, and p=0 if they are randomly
distributed with respect to the taxonomy.

We fitted the models with the HMSC R package ‘Hmsc’, assum-
ing the default prior distribution (Ovaskainen and Abrego 2020).
We sampled the posterior distribution of each model with four
Markov chain Monte Carlo (MCMC) chains, each of which was
run for 37,500 iterations, of which the first 12,500 were dis-
carded as burn-in. The chains had a thinning of 100 to yield 250
posterior samples per chain, resulting in 1000 posterior samples
per model in total. We assessed MCMC convergence by exam-
ining the potential scale reduction factors of the model param-
eters (Gelman and Rubin 1992). We evaluated the explanatory
and predictive powers of the presence-absence models through
the Area Under the Curve (AUC) statistic, and of the abundance
conditional on presence models through R?; explanatory power
through a model fitted to all data and predictive power through
two-fold cross-validation across the sampling units (Abrego and
Ovaskainen 2023).

To explore potential latitudinal changes in community-level
response to the predictors, we summarised the species-specific
responses to community-level metrics that described the extent

to which the community showed positive versus negative re-
sponses to each predictor at each sampling site. For this, we
computed the community-weighted mean response over the
species, weighted either by species occurrences, that is those
species that were observed at least once in the focal site, or by a
measure of species incidence expressed as the number of times
the species were observed in the focal site.

3 | Results
3.1 | Temperature Patterns

Annual rates of change in SST exhibited a strong positive rela-
tionship with latitude (p <0.001, Figure 1). At the site level, most
regressions of SST metrics against year were small in magnitude
and not significant, except for APOL for SSTM (Figure 1a).
Overall, some of the northern sites (28°S-30°S) showed higher
positive rates of SSTM and SSTA than southern sites, and trends
were nil poleward of 30°S (Figure 1a,b).

3.2 | Patterns of Species Richness

The separate HMSC models included 54 macroalgal and 57 in-
vertebrate species. Among macroalgae, Florideophyceae were
the more diverse class (n=32), followed by Phaeophyceae
(n=11), Ulvophyceae (n=9) and Bangiophyceae (n=1),
including one species of the Eurotiomycetes fungus class
(Appendix S2: Table S2.1). Generally, the number of macroal-
gal species was lower towards the northern part of our study
area (i.e., 28°S-30°S, except for HUAS) when compared to
sites located between 30°S and 36°S (Figure 2). For inver-
tebrates (Appendix S2: Table S2.2), the most common class
was Gastropoda (n=22), followed by Polyplacophora (n=9),
Thecostraca (n=7), Malacostraca (n=6), Bivalvia (n=3),
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tional to this number. The Eurotiomycetes class (represented by one species) was included in the macroalgal group and in calculating the total occu-

pied space (%) by sessile species in the field. The full names of the sites are detailed in Appendix S1: Figure S1.1.

Hexacorallia (n=4), Asteroidea (n=2), Echinoidea (n=2),
Ascidiacea (n=1) and Polychaeta (n=1). Unlike the spatial
trend for macroalgae, the total number of invertebrate species
ranged between ~30 and 45 across sites with no clear trend
(Figure 2). We note here that our surveys are not designed to
capture Polychaete species and other invertebrate groups (e.g.,
Peracarids) concealed within microhabitats, and thus the low
representation in our database does not reflect the local di-
versity of this group. Some of the more species-rich sites were
located around 30° S (GUAN, PTAL) and poleward.

3.3 | Species Traits and Attributes

In our surveys, macroalgal species mainly had an isomorphic
life cycle (n=37), followed by a heteromorphic cycle (n=14),
and only a few species showed a monomorphic life cycle (n=3;

Appendix S2: Table S2.3). In addition, about half of the algal
taxa had a perennial life span (n=31), while the rest had an an-
nual cycle (n=23). A total of 50 species of macroalgae reached a
maximum length below 50cm and only four reached large sizes
(i.e., > 50cm; Appendix S2: Table S2.3).

For invertebrates, 41 species were mobile and 16 sessile, while
most live primarily on the rock surface, and five species mostly
among or within kelp holdfasts (Appendix S2: Table S2.4). In
terms of feeding habits, most invertebrates were grazers (n =32),
filter-feeders (n=11), carnivores (n=10) and deposit feeders
(n=4). Almost half of the invertebrates had a lecithotrophic
larval strategy (n=23), while the other half had a planktotro-
phic larval mode (n=29), with fewer species exhibiting direct
development (n=5). More than half of the invertebrate species
reached a maximum length of up to 10cm (n=47), while a few
reached larger sizes of up to 33cm (Appendix S2: Table S2.4).
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3.4 | MCMC Convergence and Model Fit

The HMSC models reached adequate convergence; the me-
dian value of the potential scale reduction factors over the
regression parameters in the models was 1.04 (macroalgae;
presence-absence), 1.02 (macroalgae; abundance conditional
on presence), 1.06 (invertebrates; presence-absence) and 1.01
(invertebrates; abundance conditional on presence). In the
macroalgae model (presence-absence), the mean AUC for
explanatory power was 0.91, and the mean AUC for predic-
tive power was 0.86. In the invertebrate model (presence-ab-
sence), the mean AUC for explanatory power was 0.92, and the
mean AUC for predictive power was 0.87. Thus, both models
were fitted well to the data and showed no major signs of over-
fitting. For the abundance conditional on presence models,
the mean R? for model fit was 0.31 for macroalgae and 0.49 for
invertebrates, while the cross-validated R? values were 0.12
and 0.28, respectively.

3.5 | Species Responses to Environmental
Predictors

In the presence-absence models, there was no evidence for the
species responses being taxonomically structured: for mac-
roalgae, the posterior probability by which the parameter p is
positive was Pr[p>0]=0.37, whereas for invertebrates it was
Pr[p>0]=0.31 (Figure 3). There was however a high and statis-
tically well-supported taxonomical structure in the abundance
conditional on presence models: for macroalgae Pr[p>0]=1
and E[p]=0.89, whereas for invertebrates, Pr[p>0]=1 and
E[p]=0.95 (Appendix S1: Figure S1.2).

In the presence-absence models, year explained the largest
amount of variation among the random effects for both commu-
nities (Table 2), consistent with the temporal changes in species
occurrences (Figure 3). Among the fixed predictors, tidal height
emerged as the most important, followed by year and SSTM,
whereas season and SSTA contributed the least to explain com-
munity responses (Table 2). Except for a few taxa, macroalgae and
invertebrates had higher occurrences in low and mid-intertidal
zones compared to the high intertidal zone, as evidenced by con-
sistently positive 8 coefficients (Figure 3). Only seven species of
macroalgae (including the Verrucaria fungus genus) had lower
occurrences at low intertidal levels than higher levels (Figure 3a).
Similarly, most invertebrates had higher occurrences in the low
and mid-intertidal zones (Figure 3b). The exceptions to this pat-
tern were eight species that had their lowest occurrences at both
mid and low-intertidal levels (i.e., had their highest occurrences
in the high intertidal level), and another group of five species that
only occurred less in low levels (Figure 3b).

Both presence-absence models showed a consistent positive
temporal response, with many macroalgae and invertebrates
increasing in occurrence over time (33 and 42 species, respec-
tively; Figure 3). Only two species of macroalgae decreased in
occurrence over time (Figure 3), while season had a modest
effect overall, with both groups occurring less frequently in
spring than in summer (Figure 3). Regarding ocean tempera-
ture, we observed that 21 species of macroalgae reduced their
occurrences with increasing SSTM, especially Florideophyceae

species; 22 showed no significant response, and 11 increased
their occurrences (including the Verrucaria genus, Figure 3a).
In the case of invertebrates, most species showed no statistically
supported responses (33 species); however, 19 species increased
their occurrences with increasing SSTM, and five species had
negative responses (Figure 3b).

Community-weighted mean response (CWMR) allowed us to
identify latitudinal trends in the community response to model
predictors (Figure 4). The linear effect of the year was homo-
geneous across the region, except for the macroalgal species
incidence-based metric, which showed that CWMR was slightly
less positive towards higher latitudes (p < 0.001; Figure 4i). When
looking at intertidal elevations (Figure 4b,c,j,k), no latitudinal
trends were evident for invertebrates (except for Figure 4k), but
for macroalgae both metrics evidenced a positive relationship,
indicating that species ‘preference’ for lower and mid intertidal
levels (compared to the high intertidal level) is stronger at pole-
ward sites (p<0.001). Similarly, the community response to
SSTA differed between the groups: invertebrates showed weaker
responses than macroalgae, which showed increased response
to SSTA towards the south (p<0.001; Figure 4d,l). CWMR to
SSTM was not uniform across the coast, and both macroalgae
and invertebrates responded more negatively at increasing lat-
itudes. Although the two groups followed the same trend, the
steeper slope for macroalgae evidenced a stronger response
(p<0.005; Figure 4e,m). Moreover, there is a clear shift in the
responses of macroalgae, going from positive responses in the
northern sites (~30°S) to negative responses towards the south
(Figure 4e,m). For invertebrates, communities only showed
positive responses with the lowest values in the most southern
sites (i.e., above 35°S, Figure 4e,m). In the case of macroalgae,
the latitudinal change in community responses seemed to be
related to changes in community structure as in the southern
sites, the proportion of species that responded negatively to
SSTM increased (Figure 5). The pattern held for invertebrates
but only in the southernmost sites (Figure 5). Seasonal commu-
nity responses varied little across latitude. While both groups of
species had generally higher prevalence in the autumn than in
the summer, for macroalgae the difference decreased towards
the south (p <0.01; Figure 4f). Macroalgae were more abundant
in winter than in summer, whereas invertebrates showed the
opposite pattern; both trends were consistent but not signifi-
cant across latitudes (Figure 4g,0). In spring, both communities
showed lower abundances than in the summer (Figure 4h,p),
with the smallest difference observed for macroalgae in the
south (p <0.01; Figure 4h).

3.6 | Species Responses to the Environment
Explained by Traits

In presence-absence models of both community groups, size
(maximum length) was associated with species distributional
patterns across the intertidal zones, with larger individuals
being more prevalent in the mid and lower than in the higher
zones (Appendix S1: Figure Sl1.3a,c). Isomorphic macroalgae
were also more prevalent in the lower and mid than high in-
tertidal zones, while lecithotrophic invertebrates did so only
in the lower zone (Appendix S1: Figure S1.3a,c). In macroal-
gae, large-bodied species responded especially negatively to
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FIGURE3 | Taxonomicallystructured responses of presence-absences species of (a) macroalgae and (b) invertebrates to the predictors included in
the HMSC models. Red, blue and white colours represent the average estimated effect of the predictors on species’ occurrence across the study region.
Positive responses are shown in red, negative in blue, and responses without strong statistical support in white (less than 95% posterior probability).
Responses to the categorical predictors shown on the x-axis, that is low intertidal and mid intertidal levels, as well as autumn, winter and spring, are
shown in comparison to the reference ‘high intertidal’ level and ‘summer’, respectively. The predictor ‘“Year’ indicates the overall linear effect of the
time; and the environmental variables. SSTA, the standardised annual SST anomaly; SSTM, the yearly SST mean.
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TABLE 2 | Percentage (%) of variation in species occurrences explained by different groups of predictors in the presence—absence models.

Random Fixed
Model Year Site Platform Year Height SSTA SSTM Season
Macroalgal 3.0 2.3 1.3 2.0 7.3 0.4 1.9 0.3
Invertebrates 2.8 1.9 1.4 1.6 7.0 0.4 1.7 0.5

Note: The values shown sum to the explanatory power of the model in units of Tjur's R. Values show averages over all species.
Abbreviations: SSTA, annual sea surface temperature anomaly; SSTM, annual mean sea surface temperature.
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FIGURE4 | Community-weighted mean responses (CWMR) of macroalgae (closed black circles) and invertebrates (open circles) to variations in

the fixed predictors included in the HMSC models across the latitudinal gradient. Each point corresponds to a site (n =22). Top panels (solid box)

show community responses using a metric based on weighting by presence-absence (i.e., species that occurred at least once per site: a-h). Bottom

panels (dashed box) show responses with a metric calculated based on weighting by incidence (i.e., the number of times the species was observed

on each site: i-p). p-values are reported for significant relationships. The full name, latitude and longitude of each site are detailed in Appendix S1:

Figure S1.1.

SSTM, whereas planktotrophic invertebrates responded espe-
cially negatively to SSTA (Appendix S1: Figure S1.3a,c). Traits
did not significantly explain seasonal variation in macroalgae,
whereas autumn negatively affected both lecithotrophic and
planktotrophic invertebrates. In abundance conditional on pres-
ence models, traits did not structure the responses of macroal-
gae in a statistically supported manner, and in invertebrates,
such responses were limited to season and SSTA (Appendix S1:
Figure S1.3b,d).

3.7 | Scale-Dependent Species Co-Occurrence
Patterns

Residual associations quantify patterns of species co-occurrence
that persist after accounting for the species’ responses to envi-
ronmental predictors (Figure 6). Here, the species’ residual co-
occurrences had scale-dependent patterns that differed between
macroalgae and invertebrates. Both groups displayed high year-to-
year variation in community structure, with a large block of species

Global Ecology and Biogeography, 2025

9of 14

85UB017 SUOLULLOD 9AIIE8.D) 3[cfedt|dde U Ag peusencb afe o e O ‘8sn JO S3|n 1oy Afeld ) 8UIIUQ AB]1M UO (SUOIPUOD-PUE-SLUIBIW0D A8 | ARIq 1 UIIUO//SANY) SUONIPUOD PUe sWie | 84} 89S *[6202/2T/70] Uo AriqiTauliuo AB|im * e1|pdiuo ap 91sieAIuN - Uewniog opeussg Ag 9102 GOB/TTTT 0T/10p/L09 48| M Ake.q 1jpul|uoy/:schiy Woly popeojumoq ‘2T 'S20Z ‘8528997 T



PRESENCE-ABSENCE INCIDENCE

year hLei ht ha?gl SSTA SSTM ~ Season season  season

autumn  winter spring
o0 00 o0 00

autumn spring

year hfci)%t hﬁ/iﬁ;gt SSTA SSTM  season smelians‘gr season
. . CARR

HUAS

BURR o0

APOL [ X J

TEMB o0

ARA o . . community

GUAN . . \s’, macroalgae
LX) iy

POSG . . % invertebrates

MoLL

Latitude

response

. negative

MONT

CURA

L J QUNT o0 -
90 6060 00 00 .- [ X ) .posmve
90 006 00 00 ... (X J

20 00 00 90 ... (X J

o0 006 00 00 .. (X J

0 60 00 00 . o0

o0 00 00 00 .. papd

00 00 00 00 . papd

o0 00 00 00 .. oo

o0 00 00 00 oo

o Wo Wo We Tty Wo o W o We
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that responded synchronically to yearly variations (Figure 6a,d). low number of significant associations (i.e., colour-marked squares;
However, macroalgal communities had few species responding Figure 6b,c, respectively). In contrast, invertebrates showed a
consistently at both the site and platform levels, evidenced by the greater number of associations at the platform level than at the site
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level, with a broad cluster of species frequently co-occurring and a
smaller group displaying negative associations (Figure 6e,f).

4 | Discussion

Our results show that both macroalgae and invertebrates
have generally increased in the central Humboldt Upwelling
Ecosystem, with variation in species occurrences responding
to low-frequency environmental variability—summarised by
annual sea surface temperature patterns—as well as to inter-
tidal zonation and seasonality. Some of this variation was fur-
ther explained by the species traits included in the model, such
as maximum size of the species (Question 1). Beyond the effect
of these traits, we did not observe a taxonomic structure in how
species occurrences depended on the environmental predic-
tors, although such a signal was evident in the abundance con-
ditional in presence models (Question 2). Regarding latitudinal
variation in species responses, macroalgae showed stronger
and more spatially structured responses to SST than inverte-
brates, with positive responses at lower latitudes and negative
ones towards the south (Question 3). Species associations were
temporally consistent but varied across groups and spatial
scales: macroalgae had fewer associations overall, whereas in-
vertebrate associations were more frequent at smaller spatial
scales (Question 4).

4.1 | Environmental Change and Patterns
of Community Structure: A Global and Regional
Outlook

Climate change has driven major shifts in marine ecosystems,
including altered species interactions and poleward range
shifts (Pinsky et al. 2020). Tropicalization and borealization
have been reported in coastal regions (Fossheim et al. 2015;
Vergés et al. 2019), yet our long-term data showed no evidence
of community reorganisation across a broad latitudinal gradi-
ent that includes a biogeographical transition zone. Given the
extensive spatial and temporal coverage of our study, together
with the taxonomic breadth of our dataset, we anticipated de-
tecting changes if they were occurring (Aguilera et al. 2020;
Rivadeneira and Fernandez 2005; Smith et al. 2006). Instead,
our results highlight the long-term stability of the Humboldt
Upwelling Ecosystem. Our environmental estimates relied on
MODIS SST data averaged over annual scales. Moreover, sat-
ellite SST can underestimate cooling in coastal sites of intense
upwelling (Meneghesso et al. 2020). Although we did not de-
tect region-wide cooling, in line with prior evidence of cooling
trends along the southeastern Pacific (Aguirre et al. 2018; de
La Maza and Farias 2023; Garcia-Reyes et al. 2023; Sydeman
et al. 2014; Weidberg et al. 2020), our study region is not warm-
ing. Hence, the intensification of coastal upwelling seems to buf-
fer coastal communities against climate-driven restructuring,
and the absence of community reorganisation is not a sampling
artefact. In this way, our findings establish a community-wide
baseline for the region that sets a benchmark for detecting fu-
ture climate impacts. Incorporating higher-resolution satellite
data and long-term in situ measurements will be essential to
test and predict how future changes may shape the structure of
intertidal communities.

Along this line, our analyses revealed an overall increase in
the occurrences of both invertebrates and macroalgae, but with
contrasting latitudinal patterns. For invertebrates, this increase
was consistent across latitudes and occurred without significant
changes in species richness, suggesting a broader tolerance to
environmental variability, and perhaps more importantly, that
non-climatic drivers may play a stronger role in structuring
these communities (Castilla 1999; Menge et al. 2003; Navarrete
et al. 2005). In contrast, macroalgae showed a poleward increase
in species richness and slight shifts in community structure, as
southern communities contained a higher proportion of spe-
cies responding negatively to temperature variation (Broitman
et al. 2001, 2011; Santelices and Marquet 1998). These differ-
ences likely reflect how temperature extremes affect macroal-
gae: warm conditions increase physiological stress affecting key
processes such as photosynthesis and respiration, whereas cold
extremes mainly pose physical risks, such as tissue damage,
which tend to be more evident in larger individuals. Since cool-
ing in our study region remains within the thermal tolerance of
most macroalgae, cold-affinity species have persisted, and their
negative responses drive the community-level latitudinal signal
we detected (Monteiro et al. 2022).

4.2 | Trait Selection and Interpretative Constraints

Our trait-based approach revealed limited explanatory power
for species responses to SST, except for maximum size in mac-
roalgae and planktotrophic invertebrates in the presence-ab-
sence models. Given the fundamental biological differences
between macroalgae and invertebrates, we relied primarily on
categorical traits rather than continuous or physiological traits.
While these traits capture key life history aspects and ecological
strategies, they may lack the resolution needed to detect more
nuanced responses to environmental gradients. Additionally,
standardised and comparable trait data across species (n=111)
were not always available in the literature, especially for mac-
roalgae, which may constrain the likelihood of detecting trait
signals in the species’ responses. However, it is also possible that
the few trait-environment associations observed reflect the ab-
sence of extreme SST events in the study region over the past
two decades, resulting in more gradual or diffuse biological re-
sponses. Future studies incorporating quantitative traits (e.g.,
thermal tolerance, metabolic and growth rates) could provide a
finer-scale understanding of species’' responses.

4.3 | Macroalgal Versus Invertebrate Responses

Macroalgae not only provide food for many invertebrates but
also offer protection from predators, facilitation of invertebrate
recruitment, and refuge from desiccation and thermal stress
(Aguilera et al. 2020; Menge and Sutherland 1987; Nielsen and
Navarrete 2004). Considering the generally positive associa-
tion between macroalgae and invertebrates, both assemblages
should share responses to environmental gradients. However,
our results indicated that macroalgae occurrences decreased to-
wards the poleward end of the region in response to SSTM, but
increased in response to SSTA, while invertebrates showed no
clear latitudinal pattern. These broad differences between pro-
ducers and consumers may stem from the inverse relationship
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between nutrients and seawater temperature across upwell-
ing systems (Nielsen and Navarrete 2004; Palacios et al. 2013).
Warmer waters are associated with nutrient depletion, re-
duced macroalgal growth and diminished biomass (Navarrete
et al. 2025; Vergés et al. 2019), likely affecting macroalgae
more uniformly than invertebrates. Although temperature af-
fects invertebrate physiology, activity patterns, and other vital
rates (Bowler et al. 2017; Koussoroplis and Wacker 2016), its
population-level impacts are usually complex. For example, re-
cruitment is frequently decoupled from temperature yet remains
crucial for local abundance. The equatorward sites that showed
a positive CWMR have the lowest number of macroalgal species
in the region. These positive community responses are likely
driven by the match between a constrained species pool and a
more stressful environment, while the opposite remains true for
the poleward sites, allowing for more species to coexist (Menge
and Sutherland 1987). The latter is particularly important. No
major heatwaves have been reported in our study region, yet
they are predicted to become more common towards the end of
the century (Wang et al. 2023).

Finally, we also found distinct species association patterns at dif-
ferent spatial scales for macroalgae and invertebrates. Residual
associations represent how species co-occur beyond what can be
explained based on the spatio-temporal context in the model. In
our study, invertebrate species showed more significant (either
positive or negative) associations at small scales, while macroal-
gae showed fewer associations at finer resolutions. Both groups,
however, displayed consistent patterns of co-occurrences across
time. This temporal consistency of macroalgae and inverte-
brates likely reflects the persistence of long-established patterns
of zonation—kelps and mussels remain restricted to the low and
mid shore, respectively, and fleshy Rhodophytes remain rare at
mid intertidal zones of northern sites, consistent with early ob-
servations (Broitman et al. 2001). The more frequent and struc-
tured residual associations observed among invertebrates at the
platform level suggest that fine-scale ecological processes, such
as microhabitat heterogeneity (e.g., crevices, shading or mois-
ture retention), behavioural aggregation, or biotic interactions,
may play a stronger role in shaping their spatial distributions.
In contrast, the weaker residual associations among macroalgae
at the same spatial scale may reflect their stronger reliance on
broad-scale environmental drivers, such as nutrient availability,
salinity and upwelling intensity, which tend to be more homoge-
nous at the platform level. While some of this unexplained vari-
ation may reflect unmeasured environmental variables (Weigel
etal. 2023), it also highlights that invertebrates may be more sen-
sitive to localised conditions and interactions than macroalgae.

5 | Conclusions

This study provides a rare, community-wide insight into how
benthic, polyphyletic assemblages in a major eastern boundary
upwelling system respond to environmental variation. By inte-
grating long-term survey data with environmental predictors,
we show that neither taxonomic relatedness nor simple species
traits strongly predict species responses, suggesting compar-
atively low niche conservatism in these communities (sensu
Wiens et al. 2010). Instead, environmental context and lati-
tude emerged as the dominant drivers of species occurrences.

Macroalgae and invertebrates showed contrasting latitudinal
responses: invertebrate occurrences varied across latitude with-
out changes in species richness, whereas macroalgal occur-
rences and richness increased poleward but included a higher
proportion of species responding negatively to temperature
variation in southern communities. Our findings challenge the
prevailing assumption that climate-driven community change
in the coastal ocean generally follows a trajectory of tropical-
ization. In the Humboldt Upwelling System, stable or cooling
conditions coincided with an overall increase in occurrences
for both invertebrates and macroalgae, revealing that ecolog-
ical trajectories under climate change are more diverse than
often recognised. This highlights the importance of long-term,
in situ physical and ecological monitoring for disentangling the
interacting roles of environment, species interactions, and bio-
geographical context in shaping biodiversity in complex coastal
communities.
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