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Abstract

Aim: The influence of niche and neutral mechanisms on the assembly of ecological
communities have long been debated. However, we still have a limited knowledge on
their relative importance to explain patterns of diversity across latitudinal gradients
(LDG). Here, we investigate the extent to which these ecological mechanisms contrib-
ute to the LDG of reef fishes.

Location: Eastern Atlantic Ocean.

Taxon: Reef-associated ray-finned fishes.

Methods: We combined abundance data across ~60° of latitude with functional trait
data and phylogenetic trees. A null model approach was used to decouple the in-
fluence of taxonomic diversity (TD) on functional (FD) and phylogenetic (PD) diver-
sity. Standardized effect sizes (SES FD and SES PD) were used to explore patterns of
overdispersion, clustering and randomness. Information theoretic approaches were
used to investigate the role of large- (temperature, geographic isolation, nitrate and

net primary productivity) and local-scale (human population and depth) drivers. We
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further assessed the role of demographic stochasticity and its interaction with species
trophic identity and dispersal capacity.

Results: Taxonomic diversity peaked at ~15°-20°N, with a second mode of lower mag-
nitude at ~45°N; a pattern that was predicted by temperature, geographic isolation
and productivity. Tropical regions displayed a higher proportion of overdispersed as-
semblages, whilst clustering increased towards temperate regions. Phylogenetic and
functional overdispersion were associated with warmer, productive and isolated re-
gions. Demographic stochasticity also contributed largely to community assembly, in-
dependently of ecoregions, although variation was dependent on the trophic identity
and body size of species.

Main conclusions: Niche-based processes linking thermal and resource constraints to
local coexistence mechanisms have contributed to the LDG in reef fishes. These pro-
cesses do not act in isolation, stressing the importance of understanding interactions

between deterministic and stochastic factors driving community structure in the face

KEYWORDS

1 | INTRODUCTION

Understanding the processes that structure biodiversity along large-
scale environmental gradients is a core challenge in ecology and
evolutionary biology (Gaston, 2000). Among the most universal eco-
logical paradigms, the latitudinal diversity gradient (LDG) predicts
that species diversity (taxonomic diversity, TD) sharply declines
from the tropics towards the poles (Willig et al., 2003), a pattern
that has received empirical support for a wide range of marine and
terrestrial organisms (Edgar et al., 2017; Hillebrand, 2004; Tittensor
et al,, 2010). Numerous evolutionary and ecological mechanisms
have been suggested to generate and maintain the current LDG (e.g.
Brown, 2014), with recent developments of eco-evolutionary mech-
anistic models shedding light on the relative importance of these
processes over geological and ecological time-scales (Gaboriau et al.,
2019).

At the forefront of the debate on mechanisms underpinning the
LDG, is the relative importance of processes that shape commu-
nity dynamics (i.e. selection, ecological drift and dispersal; Vellend,
2010), and how they interact with regional-scale process (i.e. specia-
tion) to determine the diversity, composition and structure of local
assemblages (Ricklefs, 1987). Early synthesis in community ecology
focused on the concept of niche (Hutchinson, 1957), whereby deter-
ministic fitness differences between species in response to abiotic
(i.e. ‘environmental filtering’) and biotic (i.e. ‘limiting similarity’) fac-
tors determine which species from the regional pool are able to co-
exist in a local community, and their relative abundances (Macarthur
& Levins, 1967). In contrast, the neutral theory (Hubbell, 2001) and
the lottery hypothesis (Sale, 1977, 1978) proposes that species are

of rapid biodiversity change.

demographic stochasticity, dispersal limitation, environmental filtering, limiting similarity,
niche partitioning, trophic drivers

ecologically equivalent, and thus local community dynamics are the
result of stochastic changes in birth, death, emigration and immi-
gration rates (i.e. ecological drift). The relative importance of these
processes may be reinforced by the potential of species to colonize a
local site (i.e. dispersal; Vellend et al., 2014), which may not necessar-
ily be independent of species identity. For instance, in regions where
species have low dispersal capacity (Chust et al., 2016), and habitat
patches and/or trophic resources are heterogeneously distributed
in space and time, fluctuations in local population abundances (i.e.
demographic stochasticity) may be high, which in turn may promote
local coexistence mechanisms and the accumulation of species
across spatial and temporal scales in a metacommunity (Mouquet &
Loreau, 2003). Conversely, high dispersal capacity may result in local
assemblages that are more similar to the regional pool (i.e. less turn-
over across sites), particularly if dominant species possess traits that
make them competitively superior (Mayfield & Levine, 2010) and/or
exert strong trophic control on prey populations (Chase et al., 2009).

Advances in the taxonomic coverage and resolution of species
trait data and molecular phylogenies, coupled with large-scale data
on species geographic distributions, have advanced our understand-
ing of the importance of community assembly mechanisms across
spatial environmental gradients (Cadotte et al., 2013). Traits are
morphological, physiological or phenological features that influence
species’ performance (Violle et al., 2007), and therefore, determine
species niches (Mcgill et al., 2006). Likewise, based on the assump-
tion that closely related species are ecologically more similar (i.e.
phylogenetic niche conservatism, Losos, 2008), patterns of phylo-
genetic community structure have been widely used to infer assem-
bly mechanisms (e.g. Montafo-Centellas et al., 2019; Webb et al.,
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2002). Investigating the amount (i.e. richness) and degree of differ-
entiation (i.e. divergence) in functional traits (functional diversity,
FD) and evolutionary histories (phylogenetic diversity, PD) offers
invaluable insights on community assembly mechanisms (Cavender-
Bares et al., 2009; Tucker et al., 2017). However, to date, only a few
studies have investigated the relative importance of these processes
across broad latitudinal gradients (e.g. Kraft et al., 2008; Lamanna
et al., 2014), and most fail to integrate information on species rela-
tive abundances.

Marine fishes are a highly diverse taxon (> 35,000 species), oc-
cupy contrasting environments, have high dispersal capacities, and
encompass a wide range of ecological strategies that are key to me-
diate ecosystem resilience and productivity (Duffy et al., 2016). The
recent publication of reconstructed time-calibrated phylogenetic
trees for ray-finned fishes (Rabosky et al., 2018), coupled with vast
information on ecological trait data (Villéger et al., 2017), makes
them an ideal model taxon to test macroecological predictions on
the relative importance of deterministic versus neutral processes. At
large spatial scales, information on species traits and evolutionary
histories have contributed to enhance our knowledge of ecological
and historical factors driving TD, FD and PD (e.g. Barneche et al.,
2019; Leprieur et al., 2016; McLean et al., 2021). At regional scales,
empirical studies have provided insights on the relative importance
of niche (Pecuchet et al., 2016) and neutral processes (Hubert et al.,
2011) in driving assemblage structure in both temperate and trop-
ical ecosystems. However, most empirical analyses of these pro-
cesses have focused on high diversity systems (Indo-Pacific Ocean;
e.g. Ford & Roberts, 2019), raising questions of whether ecological
mechanisms that have contributed to LDG in species-rich ocean ba-
sins can be generalized across species-poor regions (e.g. Atlantic and
Pacific Oceans).

Here, we fill this knowledge gap by compiling abundance, trait
and phylogenetic information on shallow-water (< 30 m), reef-
associated, ray-finned fishes from 851 standardized underwater
visual census transects across 279 sites (i.e. reefs) in the eastern
Atlantic Ocean, from the equator (~0°N of latitude) to near the
Arctic Circle (~60°N of latitude). This ocean basin has a deep history
of isolation from the marine biodiversity hotspot in the Indo-Pacific,
being subjected to intense glaciation periods during the Quaternary
(2.6 Ma to present), resulting in an impoverished reef fish fauna with
remarkable levels of regional endemism (Almada et al., 2013; Floeter
et al., 2008). To date, studies on the biogeographical and environ-
mental constraints that have shaped the functional and phylogenetic
structure of reef fish faunas in this basin have been restricted to
tropical regions (Bender et al., 2013, 2017), or constrained to sin-
gle traits (e.g. Beukhof et al., 2019). We used a unified framework
based on generalizations of hill numbers (Chao et al., 2014), to quan-
tify the local (alpha) TD, FD and PD of eastern Atlantic Ocean reef
fishes, whilst varying the sensitivity of the metrics to species rel-
ative abundances. By comparing observed values of FD and PD to
those expected under a null model (Ulrich & Gotelli, 2013), we tested
macroecological predictions on the relative importance of assembly
rules, and explore the putative drivers of the patterns (temperature,
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productivity, area, geographic isolation, depth and human popula-

tion). Specifically, we formulated the following questions:

1. Are FD and PD lower than sampling expectation (i.e. clustered)
at higher latitudes due to energetic and resource constraints?

2. Are FD and PD higher than sampling expectation (i.e. overdis-
persed) in the tropics as a result of resource and energy avail-
ability, stronger historical competition and more stable climates
leading to higher niche partitioning?

3. Do FD and PD decline with latitude at the same rate that would be
expected from sampling expectation (i.e. randomness)?

4. Do demographic stochasticity vary consistently with latitude in-

dependently of species functional identity?

2 | MATERIALS AND METHODS

2.1 | Surveydata

We compiled abundance data for reef fishes from two independent
data sources: the Reef Life Survey Program (RLS; Edgar et al., 2020)
and a comprehensive data synthesis from a collaborative network of
researchers in the eastern Atlantic Ocean (Supporting Data). Survey
sites consisted of shallow (9.4 + 4.9 m, mean + SD) rocky reefs, sepa-
rated by at least 1 km to minimize non-independence of fish counts.
A total of 279 sites, spread through six biogeographic regions, were
surveyed: Gulf of Guinea Islands, Cabo Verde, Webbnesia, South
European Atlantic Shelf, Celtic Sea, and North Sea (Freitas et al.,
2019; Spalding et al., 2007; Figure 1). All surveys were conducted
during daylight hours (~9 am to 5 pm) throughout 2010 to 2018.
Where multiple years were available for a single site, we retained
the most recent survey (mean 2013 + 2 SD).

Fish counts were performed using standard underwater visual
census belt-transects, although slight differences in transect dimen-
sion existed depending on the data source. The RLS program uses
trained, volunteer, SCUBA divers to perform counts of fishes along a
fixed transect (50 m length x 10 m width; 500 m?; Edgar et al., 2020).
In the eastern Atlantic dataset, all transects were 25 m length x 4 m
width (100 m?). A small subset of the data, in the Celtic Sea (30 m
length x 4 m width; 120 mz) and Cabo Verde (20 m length x 2 m
width; 40 m?), used a different area (Supporting Data). To minimize
the potential bias introduced by varying transect dimensions, we ex-
cluded non-sedentary fish families with anti-diver behaviour and very
patchy distributions (e.g. sharks and rays, and families Carangidae and
Scombridae; Kulbicki et al., 2010). We also excluded small-bodied pe-
lagic schooling species (families Clupeidae and Atherinidae) and small
(< 5 cm) cryptobenthic species (e.g. families Gobiidae, Blenniidae), as
these fishes were not consistently sampled. Fishes were identified to
the species level, although a small proportion (8.5% of the total) were
identified to a higher taxonomic level (minimum at the family level).
Our analyses comprised conspicuous reef fish families, for a total of
188,881 individual fish belonging to 162 species within 94 genera, 48
families and 14 orders (Appendix S1, Table A1).
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FIGURE 1 Map of eastern Atlantic ocean ecoregions, including survey sites where census of reef-associated fishes were conducted: (a)
North Sea (17 sites; n = 67 transects), (b) Celtic Sea (18 sites; n = 64 transects), (c) South European Atlantic Shelf (75 sites; n = 228 transects),
(d) Webbnesia (117 sites; n = 282 transects), () Cabo Verde (34 sites; n = 166 transects), and (f) Gulf of Guinea Islands (18 sites; n = 44
transects). Satellite measures of mean ocean sea surface temperature (SST) are overlaid in the map. Coloured dots within panels indicate
groups of sites within a 12-km distance. Maps and points are projected on WGS84

2.2 | Trait and phylogenetic data

We selected a set of five functional traits to capture variations in
the ecological roles of eastern Atlantic reef fishes. Traits selected
represent key attributes of species that are linked to species life his-
tory strategies, behaviour, trophic ecology and habitat utilization
(Stuart-Smith et al., 2013): maximum length, trophic guild, water col-
umn position, habitat and gregariousness (Appendix S1, Table A2).
These traits are known proxies for ecosystem functions and have
been consistently used in previous biogeographical analyses of reef
fish FD (Mouillot et al., 2014). Trait values were mainly obtained
from Fishbase (Froese & Pauly, 2012), and were cross-checked with
the published literature and the authors knowledge of the species.

Species with missing trait information (~5%) were assigned trait val-
ues from a conspecific, often within the same genus and geographic
area. Records of species that were not identified to the species level
(~8%) were assigned an averaged value of the same genus (or fam-
ily). Since all traits were categorical, species were grouped into func-
tional entities, that is, groups of species with unique combinations
of trait values.

The all-taxon assembled phylogenetic tree was sourced from
time-calibrated phylogenies in the ray-finned fish tree of life (https://
fishtreeoflife.org/), downloaded as nexus format using the ‘fishtree’
0.3.2 R package (Chang et al., 2019). A total of 21 species (12% of
the total) were missing in the phylogenetic tree, mainly species not
identified to the species level. These species had a low contribution
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to the overall abundance (2.7% of the total), and there were no sys-
tematic biases in their geographic location; therefore, we excluded
them from the analyses. We assessed the extent to which phyloge-
netic distances were good proxies of ecological similarities (i.e. “phy-
logenetic signal”, Losos, 2008), as specified by the traits considered,
by running a mantel test (via Pearson correlation, through 999 per-
mutations) between the cophenetic distance matrix and the gower
dissimilarity matrix. There was a connection between both matrices
(p = 0.001), although the moderate correlation coefficient (r = 0.35)
indicated the presence of both conserve and labile traits.

2.3 | Diversity indices

We used a unified framework based on generalizations of Hill num-
bers to measure TD, FD and PD of local (alpha-diversity) eastern
Atlantic reef fish assemblages (Chao et al., 2014). All metrics were
calculated at the site scale, with transect-level species abundances
pooled (summed). Hill numbers provide a parametric family of diver-
sity indices, differing by a parameter “q” that determines their sen-
sitivity to species relative abundances: “q” = O (species composition
only), “g” = 1 (more weight on common species) and “q” = =2 (more
weight on dominant species). For FD and PD, the metric measures
the effective number of phylogenetic and functional entities in an
assemblage, which are defined by a time T parameter (i.e. time since
divergence) in a phylogenetic tree for PD, and by a threshold level
of trait dissimilarity T between any two species for FD (Chao et al.,
2019). Species within the specified threshold value are functionally
and phylogenetically equally distinct (i.e. belong to the same func-
tional or phylogenetic entity). Within this framework, changes in the
“q" parameter not only influence the sensitivity of the metric to abun-
dance information, but also the diversity dimension being measured
(Tucker et al., 2017). For “q” = 0, the metric aligns with a richness (i.e.
how much; e.g. Faith's PD index and Functional Attribute Diversity)
dimension. For “q"” > 0, the metric aligns more closely with a diver-
gence dimension (i.e. how different; e.g. Mean Pairwise Distance and
Rao's quadratic entropy). We defined T as the mean branch length
in the phylogenetic tree (Chao et al., 2014), whilst 7 is defined as the
average of all Gower distances between FEs present in the global
species pool (Chao et al., 2019). We chose a Gower dissimilarity ma-
trix to represent functional distances, as this allows mixing different
types of variables, whilst giving them equal weight. All indices were
calculated in R (R Core Team, 2019) via the ‘hillR’ 0.4.1 package (Li,
2018) and R code at https://github.com/AnneChao/FunD.

2.4 | Null models

Numerical dependencies between species richness and FD and PD
limits their ability to make inferences about the relative importance
of assembly rules. To overcome this limitation, we used a null model
approach, in which species identities were reshuffled randomly from
aregional pool of species, maintaining species occurrence frequency
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and sample species richness (Gotelli, 2000). We defined the regional
pool as all the species observed in the surveys within the eastern
Atlantic Ocean, as we were interested in testing how large-scale
variation in abiotic and biotic factors shape patterns of species oc-
currences and abundances (Lamanna et al., 2014). We iterated this
randomization 999 times and subsequently computed a standardized
effect size (SES), by estimating the divergence between observed
diversity and the average diversity of the null model, divided by
the standard deviation in the null communities; SES = (obs - mean
(null))/sd(null) (Ulrich & Gotelli, 2013; Figure A1). This was done for
FD and PD, under each “q” parameter, to test whether the detection
of assembly rules was influenced by the relative weight on species
relative abundances, as well as the diversity dimension being meas-
ured (i.e. richness vs. divergence components; Miinkemdller et al.,
2020). Our SES metrics were unaffected by the addition of species
for FD, whilst they were only weakly affected for PD under “q” = 0

(=)

and “q" = 1 (Figure A2). Following Pecuchet et al. (2016), we classi-
fied assemblages within the interquartile range of the null distribu-
tion as being purely random, whilst assemblages below or above the
25th and 75th percentiles, respectively, were considered as being
predominantly overdispersed (i.e. higher than sampling expectation)
or clustered (i.e. lower than sampling expectation). Assemblages
that differed significantly (i.e. outside the 95th range) from the null
model were considered as being purely overdispersed or clustered.
Null models were created in R using an independent swap algorithm

in the ‘picante’ 1.8 package (Kembel et al., 2010).

2.5 | Drivers of the LDG

We compiled a set of 20 explanatory covariates capturing biophysi-
cal and biogeographical drivers receiving empirical support in previ-
ous macroecological analyses of reef fish diversity. These included:
temperature (Edgar et al., 2017; Tittensor et al., 2010), productivity
(Stuart-Smith et al., 2013), habitat area (Barneche et al., 2019) and
geographic isolation (Bender et al., 2017; Appendix S2, Table A3).
Temperature and productivity were sourced from the Bio-ORACLE
database (Tyberghein et al., 2012), which included satellite-derived
monthly climatologies from Aqua-MODIS (sea surface temperature
[SST], °C) and model-interpolated values of nitrate (NO3, pmol/L)
and phosphate (PO4, pmol/L), respectively. We additionally sourced
values of net primary productivity (NPP, mgC/m?day) from the ma-
rine socio-environmental covariates database (Yeager, Marchand,
et al,, 2017). Several climatological metrics were initially consid-
ered: mean, minimum, maximum and range; due to collinearity is-
sues (r > 0.8), we retained the mean for consistency with previous
large-scale studies. Habitat area and geographic isolation were
represented by extracting map-derived variables from a global ba-
thymetric grid, sourced from the MARSPEC database (Sbrocco &
Barber, 2013), including: continental shelf area, number of adjacent
ecoregions, distance to the nearest continental mass and geographic
connectivity to shallow water (< 30 m) habitats (Appendix S2, Table
A3). Detailed explanations on how the covariates were sourced and
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computed, including spatial and temporal scales, are provided in the
supporting information (Appendix S2, Table A3).

In addition to these macroecological drivers, we included two
local scale predictors that might contribute to explain local devi-
ations in TD, SES FD and SES PD: human population (i.e., sum of
population density values around a 50-km buffer from the LandScan
2011 population density grid) and depth (i.e. average depth of tran-
sects at each site; Appendix S2, Table A3). Predictor variables with
skewed distributions were log (x + 1) or square-root transformed.
We tested for collinearity and variance inflation factors (VIF) in the
covariates, which resulted in the selection of six predictors (SST,
Nitrate, NPP, Human population, Geographic isolation, and Depth)
with VIF < 5, indicating multicollinearity was not a concern (Figure
A3). All continuous covariates were standardized (mean O + 1 SD)

prior to analyses to account for differences in scaling.

2.6 | Statistical modelling

Prior to analyses, TD, SES FD and SES PD estimates were corrected
for local variations in the survey effort (i.e. total area sampled per
site). First, we ran a linear regression between each local diversity
estimate and the total number of individuals sampled at a site. Then,
we extracted the residuals of each linear regression, which were used
as a new metric that corrected for total fish abundance (Appendix
S1, Figure A4). For these analyses, TD indices and site abundances
were a priori log (x + 1) transformed to improve normality.

We tested for latitudinal variation in TD, SES FD and SES PD of
eastern Atlantic reef fishes. Models were developed using general
additive models (GAMs), fitted using cubic regression splines via the
‘mgcv’ 1.8.31 R package (Wood, 2006). The basis dimensions “k” of
the smoothers were limited to five, to avoid overfitting and ensure
monotonic relationships. Comparison of modelled curves under
varying “q” parameters provide information on the degree of even-
ness in an assemblage (Chao et al., 2014), as well as potentially sig-
nalling the role of demographic stochasticity in community assembly
(Vellend, 2010; Vellend et al., 2014). High reductions in attribute val-
ues under increasing “q” depicts highly uneven assemblages, and/or
high variance in species abundances across sites within a metacom-
munity (here ecoregions). Additionally, we compared the relative
contribution (%) of overdispersion, clustering and randomness to the
assembly of reef fish assemblages across ecoregions, each depicting
a latitudinal midpoint.

The influence of covariates on TD, SES FD and SES PD of eastern
Atlantic reef fishes was determined using linear models, for each “q”
parameter and biodiversity dimension, via the ‘stats’ 3.6.2 R package
(Bates et al., 2014). Model selection was carried out in the ‘MuMIn’
1.43.17 R package (Barton, 2018), by fitting models with all possible
combinations of predictor variables up to four to avoid overfitting,
and comparing models based on the Akaike Information Criterion
corrected for small sample sizes (AIC). A null model containing
the intercept was also included in the model set. When competing
models had comparable levels of support (within two units of the

lowest AIC, model), we selected the most parsimonious (i.e. fewer
parameters; Burnham & Anderson, 2003). The absolute importance
of explanatory covariates was then inferred from model-averaged
conditional regression coefficients (Galipaud et al., 2017).

Finally, we investigated whether demographic stochasticity var-
ied across latitude. First, we computed the mean and variance (SD)
in the abundance of each species across sites within each ecoregion
(i.e. metacommunity; Appendix S1, Figure A5). Then, the variance of
species abundances was regressed against latitude using GAMs to
capture potential nonlinearities, following identical criteria as spec-
ified above. GAMs were run independently for each major trophic
guild in the dataset (i.e. planktivores, benthic invertivores, higher
carnivores, omnivores and herbivores/detritivores). This enabled us
to test whether there are deterministic factors that shape the ex-
tent of demographic stochasticity along latitudinal gradients. We
accounted for the potential role of species dispersal potential in ei-
ther increasing or decreasing demographic stochasticity by including
the species-specific body size (maximum length from fishbase) as a
covariate in the models. Latitude and body-size had correlations co-
efficients < 0.5 for any trophic guild, indicating no collinearity issues
when including them in the same model.

All models were visually inspected for residual patterns, and we
assessed the presence of spatial autocorrelation via semivariograms
plots using the ‘gstat’ 2.0.4 R package (Pebesma, 2004) and global
Moran's | test (with p-values estimated via 999 Monte Carlo sim-
ulations) through the ‘ape’ 5.3 R package (Paradis & Schliep, 2019).
Semivariogram plots indicated the presence of weak, positive, spa-
tial autocorrelation in the residuals of TD, SES FD and SES PD, gen-
erally within distances of 10-20 km (Appendix S1, Figures A6 and
A7). This indicates the presence of other local factors not accounted
for in the model, that are unlikely to have biased the macroecological
patterns reported here (Diniz-Filho et al., 2003).

3 | RESULTS

3.1 | Latitudinal diversity gradients
The TD of eastern Atlantic reef fishes consistently declined with lati-
tude, peaking at ~15°-20°N, and displaying a second mode (of lower
magnitude) at ~45°N (Figure 2a). The modelled curves diverge at
low-latitude (< 20°N) regions, when increasing the weight on com-
mon (“q” = 1) and dominant (“q” = 2) species, indicating high uneven-
ness in the local assemblages and/or high demographic stochasticity.
Latitude was a good predictor of the spatial patterns in TD, explain-
ing ca. 40% of the variance in species richness (TD'? = 9), with the
goodness of fit of the model consistently declining when increas-
ing the weight on common (“q” = 1, ca. 33% explained variance) and
dominant (“q" = 2, ca. 26% explained variance) species (Appendix 52,
Table A4).

After controlling for the effect of species richness on FD
and PD, we found that SES FD and SES PD varied significantly
across latitude, independently of the weight on species relative
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abundance at sites (see Appendix S1, Figure A4)

abundances, and therefore the dimension measured (richness,
“q" = 0 vs. divergence, “q" = 1 and “q” = 2; Appendix S2, Table
A4). At low latitude, FD was higher than sampling expectation (i.e.
overdispersed), with SES FD peaking at approximately the same
latitude as TD (~15°-20°N; Figure 2b). Values of SES FD progres-
sively declined with increasing latitude, gradually shifting from
overdispersion to clustering (i.e. lower than sampling expecta-
tion); this pattern was disrupted at high latitude (> 45°N), where
modelled curves became closer to random expectation. Latitude
alone explained ~15% of the variance in SES FD values, irrespec-
(Appendix S2, Table A4). The SES PD
steadily declined with latitude, from overdispersed to clustered

« "

tive of the “q” parameter
assemblages (Figure 2c). The magnitude of overdispersion and
clustering was stronger for the richness dimension (“q” = 0), with
latitude explaining ca. 20% of the variance (Appendix S2, Table
A4). Increasing the sensitivity on species relative abundances re-
sulted in the pattern becoming closer to random expectation, with
the variance explained by latitude decreasing when increasing the
weight on common (“q” = 1, ca. 13% explained variance) and dom-

inant (“q” = 2, ca. 9% explained variance) phylogenetic entities.

3.2 | Contribution of overdispersion,
clustering and randomness

The relative contribution of overdispersion and clustering to the
assembly of eastern Atlantic reef fishes shifted predictably with
latitude, from a higher proportion of overdispersed assemblages
at low-latitude ecoregions, to increasingly higher proportion of

clustered assemblages at high-latitude ecoregions. However, a
substantial proportion of assemblages were not different from
random expectation in all the ecoregions investigates, and the
majority of overdispersed and clustered assemblages were within
the interquartile range (i.e. not statistically different from the null
model). Increasing the sensitivity of SES FD and SES PD to relative
abundances (“‘q” > 0, Figure 3b,c,e,f) generally resulted in a larger
proportion of assemblages displaying no deviation from random ex-
pectation. Importantly, SES FD and SES PD displayed similar pat-
terns, although the latter failed to detect patterns of overdispersion
that significantly (> 95th) differed from the null model.

3.3 | Influence of environmental, geographical and
local-scale drivers

The taxonomic richness (TD'? ~©) of eastern Atlantic reef fishes was
best predicted by a model containing the effect of SST, geographic
isolation and NPP (Table 1). This model received large support
(wAIC_=0.67) and explained ca. 32% of the variance. Increasing the

« n

q'=1

()

weight on common ( ) and dominant (“q” = 2) species resulted
in the inclusion of human population within the top-ranked mod-
els, and a consistent decline in the variance explained by the models
(ca. 24% and ca. 19% for “q” = 1 and “q” = 2, respectively). SST was
the strongest predictor irrespective of the “q” parameter, followed
by NPP and geographic isolation (Figure 4a). These predictors had
a positive effect on TD, but the absolute importance declined under

increasing “q” parameters, except for SST that remained invariant
(Figure 4a).
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The SES FD of eastern Atlantic reef fishes displayed a weak as-
sociation with the set of predictors considered, with the top-ranked
models explaining ~7% of the variance irrespective of the weight on
functional entities relative abundances (i.e. “q” parameter; Table 1).
As in TD, the relative support of the models declined under increas-
ing ‘q" (wAIC_=0.35,0.20and 0.21 for ‘q" =0, “q" =1,and “‘q" = 2 re-
spectively). The richness dimension (SES FD'?" =) was best predicted
by a model containing the effect of geographic isolation, NPP and
human population. Geographic isolation had the strongest associa-
tion with SES FD'¥ =°, with increasing isolation from the continent

having a positive effect on SES values (i.e. greater overdispersion;
Figure 4b). NPP also had a positive association with SES FD7 =9 but
its effect was comparatively smaller. In contrast, increased human
population was associated with lower SES FD'9 = © (i.e. higher clus-
tering). The divergence dimension (SES FD'? = *?) was best predicted
by a model containing the effect of SST, nitrate and depth; however,
the effect of the nitrate and depth was relatively weak, with stan-
dard errors close to the null expectation (Figure 4b). SST had a pos-
itive effect on SESFD @ =12, suggesting higher overdispersion was

associated with warmer environments.
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TABLE 1 Best (most parsimonious within two units of the lowest AIC ) linear models predicting variation in taxonomic (TD), standardized
effect sizes functional (SES FD) and SES phylogenetic (SES PD) diversity of eastern Atlantic reef fishes, under varying “q” parameters: “q” = 0

(species compositions only), “q” = 1 (higher weight on common species) and “q” = 2 (higher weight on dominant species). The degrees of
freedom (df), Akaike weights (wAIC ) and goodness-of-fit (R?) are provided for model comparisons

Diversity "q" Best models df oAIC, R?
TD “‘9"=0 SST+Geographic isolation+NPP 5 0.67 0.32
“‘"=1 SST+Geographic isolation+NPP+Human population 6 1.00 0.24
‘q9"=2 SST+NPP+Human population 5 0.34 0.19
SES FD ‘9"=0 Geographic isolation+NPP+Human population 5 0.35 0.07
‘9" =1 SST+Nitrate+Depth 5 0.20 0.08
‘q9"=2 SST+Nitrate+Depth 5 0.21 0.07
SES PD ‘9"=0 SST+Nitrate+Depth 5 0.44 0.20
‘"=1 SST+Depth+Human population 5 0.20 0.12
‘q9"=2 SST+Depth+Human population 5 0.26 0.09
Abbreviations: NPP, net primary productivity; SST, sea surface temperature.
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FIGURE 4 Model-averaged coefficients (+SE) from linear models testing the effect of explanatory covariates on (a) taxonomic (TD),
(b) standardized effect size functional diversity (SES FD), and (c) SES phylogenetic diversity (SES PD) of eastern Atlantic reef fishes, under

« n « n [

varying “q” parameters: “q” = 0 (black, species compositions only), “q” = 1 (dark grey, higher weight on common species), and “q" = 2 (light
grey, higher weight on dominant species). Coefficients depict the partial effect of the predictor, whilst controlling for other covariates, and
accounting for the uncertainty of the models

The richness dimension (“‘q” = 0) of SES PD was best predicted greater phylogenetic clustering (Figure 4c). In contrast, SST had a
by a model containing the effect of SST, nitrate and depth. This positive effect on SES PD9' =0, indicating a transition from overdis-
model received moderate levels of support (wAIC. = 0.44), and persed assemblages at warm environments to clustered assem-
explained ca. 20% of the variance. Nitrate had a strong negative blages at cooler environments. Although weaker in its effect, depth
effect on SES PD? = ©, with increased concentrations resulting in also displayed a positive association with SES pPD7 =0, indicating
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higher overdispersion at greater depths. Models for the divergence
dimension (SES PDY = % 2) had comparatively weaker support
(wAIC_ = 0.20, and 026, for “g” = 1 and “q" = 2 respecitvely), and
lower explanatory power (ca. 12% and ca. 9% explained variance, for
“q" =1 and “q" = 2, respectively; Table 1). The best model explaining
variation in SES PD? = 2 contained the effect of SST, depth and
human population. These predictors had a positive effect, indicating
higher overdispersion at warmer environments, and reefs that were

deep and close to large urban centres.

3.4 | Demographic stochasticity

Demographic stochasticity (i.e. variances of species abundances
within an ecoregion) varied significantly across latitude for all trophic
guilds investigated, although the pattern was non-significant when
accounting for differences in species-specific body size in omnivores
and herbivores/detritivores (Appendix S2, Table A5). Planktivores
displayed, by far, the strongest variation across sites in their popula-
tion abundances, with latitude explaining ca. 19.4% of the variance
(Figure 5a). Remarkably, we found that demographic stochasticity for
planktivorous fishes peaked at ~15°-20°N, matching the observed
peak of diversity for TD, SES FD and SES PD (Figure 5a). Benthic
invertivores displayed a U-shape relationship, peaking at low (0°N)
and high (60°N) latitude regions, with latitude explaining ca. 13.1%
of the variance (Figure 5b). Higher carnivores also displayed a U-
shape relationship with latitude, which explained ca. 21.1% of the
variance (Figure 5c). Interestingly, in this case, demographic sto-
chasticity was maximal at high latitude regions (> 45°N), which was
mainly attributed to the high variance in population abundances of
the gadids Pollachius virens and P. pollachius (Figure A4c). Body-size
had either a strong negative relationship with the variance of spe-
cies abundances (planktivores and herbivores; Figure 5f,j), or was
maximal for small-sized species (benthic invertivores and omnivores;
Figure 5g,i). However, carnivores departed from this expectation,
and maximal variability in species population abundances was found

for species in the middle of the size spectrum (Figure 5h).

4 | DISCUSSION

Our results provide an understanding of the ecological mechanisms
that have contributed to the generation and maintenance of LDGs
in reef fishes. Using impoverished eastern Atlantic reef fish assem-
blages, we empirically demonstrated that neutral and determinis-
tic hypothesis of community assembly are non-mutually exclusive.
Instead, these can be placed in a continuum (Vellend et al., 2014),
depicting a shifting importance from overdispersion at low latitude
(< 20°N, tropical) ecoregions to clustering at high latitude (> 20°N,
subtropical and temperate) ecoregions. A large proportion of assem-
blages displayed no deviation from random expectation across all
ecoregions investigated, a pattern that was more marked when in-
creasing the weight on species, functional and phylogenetic entities

relative abundances, indicating high demographic stochasticity in
reef fishes plays an important role in community dynamics (Hubbell,
2001). However, we found that latitudinal variation in demographic
stochasticity is contingent on the trophic identity and dispersal
capacity of species, providing a novel view of ecological pathways
that may boost and/or constrain the accumulation of species across
space and time.

The observed peak of TD at ~15°-20°N matches that reported
in recent large-scale empirical analyses in several marine taxa
(Chaudhary et al., 2016), including actinopterygian fishes at global
scales (Edgar et al., 2017). Recently, Chaudhary et al. (2021) showed
that, since the 1970s, this dip in marine biodiversity has become
more pronounced, an effect that can be attributed to ocean warm-
ing. This was supported in our analyses, where temperature had the
strongest effect on TD, independent of the weight on species’ rela-
tive abundances. Temperature-dependent metabolic processes are
known to constrain local abundance and occupancy patterns over
ecological time-scales (Edgar et al., 2017; Tittensor et al., 2010), with
temperatures at the equator already exceeding the physiological
performance thresholds of many reef-associated fishes (Chaudhary
et al., 2021). Other factors could also enhance TD at these latitudes,
exemplified in the importance of both geographic isolation and
NPP. The positive effect of geographic isolation in TD is surprising,
as the theory of island biogeography predicts that increasing isola-
tion should result in lowered species richness (MacArthur & Wilson,
2001). However, this effect is likely confounded in our study by the
proximity of sites in the equator (i.e. Gulf of Guinea Islands) to the
equatorial west African margin, characterized by high mean annual
precipitation and large inputs of turbid riverine waters (Polidoro
et al., 2017), which may constrain the availability of shallow biogenic
reef habitats. Likewise, the more oceanic location of the Cabo Verde
archipelago may entail higher inputs of allochthonous planktonic
production (i.e. ‘island mass effect’; Gove et al., 2016), which may be
more readily available for reef fishes in clear, sediment-free waters
(Johansen & Jones, 2013). Overcoming the logistical challenges of
surveying continental masses at these latitudes will help to clarify
the relative importance of these mechanisms.

Tropical regions have been climatically more stable in the geo-
logical past, which have contributed to narrow environmental
tolerances among tropical reef fish lineages (i.e. “tropical niche con-
servatism”, Wiens & Graham, 2005). In contrast, high latitude re-
gions have been subjected to marked extinction events in response
to glacial periods, a phenomenon that has played a strong role during
the quaternary in the eastern Atlantic (Floeter et al., 2008). Under
these circumstances, PD at high latitude regions should increasingly
represent a filtered subset of lineages, which poses traits to colonize
these environments and/or adapted lineages that have originated at
high latitude regions (e.g. Gadids, Briggs & Bowen, 2013). Our results
support these predictions, with increasing importance of phyloge-
netic clustering (i.e. ‘environmental filtering’) at regions > 20°N of
latitude, an effect that was stronger when considering the amount
(i.e. richness) of PD, and that was partly explained by variations in
SST. Considering that cold-temperate and polar lineages originate
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at a faster rate than tropical ones (Rabosky et al., 2018), historical
and contemporary niche constraints are a plausible agent that culls
regional to local levels of diversity at these latitudes. Conversely,
topical regions (< 20°N) displayed phylogenetic overdispersion (i.e.
‘limiting similarity’), indicating that more stable and warmer climates
might have enhanced the diversification of closely related species
across more specialized niches (Brown, 2014). This is clearly exem-
plified in the evolution of tropical herbivorous fishes (Siqueira et al.,
2019), which have evolve ecological, morphological or behavioural
specializations that enable them to finely partition resources across
space and time (Fox & Bellwood, 2013; Nicholson & Clements, 2021).
Nitrate concentration also had a strong effect on PD, with nutrient
enriched waters filtering the amount (i.e. richness) of phylogenetic
entities present at site. It is likely that high turbidity (which cor-
relates with nitrates) in areas of large terrestrial run-offs inhibit the

feeding performance of many reef-associated lineages (Johansen &
Jones, 2013), with a subset of specialized families supported in these
environments.

Functional diversity revealed a more complex pattern under-
lying the assembly of eastern Atlantic reef fishes, with a weak as-
sociation with the set of predictors considered. This might result
from the coarse environmental predictors included in the mod-
els, which do not account for fine-scale habitat features that may
correlate with the availability of niche space at the local-scale
(Yeager, Deith, et al.,, 2017). Despite the higher uncertainty in
the models, we still detected patterns of functional overdisper-
sion in tropical regions, a result that was partly associated with
warmer environments, increased primary productivity and isola-
tion. This reinforces our findings for PD, with lower energetic and
resource constraints in the tropics allowing greater partitioning
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of the available niche space (Brown, 2014). Because of the lim-
ited functional redundancy of reef fish assemblages in the tropical
eastern Atlantic (Mouillot et al., 2014), the increase in FD likely
arises as a result of species exploiting unfilled portions of the
niche space (i.e. niche expansion driven by ecological opportu-
nities) rather than niche packing (Pellissier et al., 2018). This rep-
resents a plausible explanation for the increased overdispersion
with geographic isolation, as the Cabo Verde archipelago contains
a higher heterogeneity of habitats (Pérez-Ruzafa et al., 2005).
Contrary with the expectations, we found an inverted pattern for
FD at high latitude (> 45°N) regions, where modelled curves be-
came closer to random expectation. We suggest that this might
have arisen through two non-mutually exclusive mechanisms, and
might be related to the second mode of TD observed at ~45°N.
Firstly, this corresponds to the latitudinal point at which there
is a transition from warm Lusitanian to cool Boreal reef fish as-
semblages (Almada et al., 2013), which markedly differ in their
trait composition and structure (McLean et al., 2018). Second, this
might be an imprint of the historical overexploitation of large de-
mersal predatory species (especially from the family Gadidae) in
the Celtic Seas and North Sea (Pauly et al., 2002). This have likely
contributed to the increased demographic stochasticity of large
higher carnivores at these latitudes, increasing spatial heteroge-
neity in the trophic control exerted by these species and in turn
augmenting the turnover (beta-diversity) of co-occurring fish as-
semblages (Ellingsen et al., 2020).

In Hubbell's neutral theory (Hubbell, 2001) and Sale's lottery
hypothesis (Sale, 1978), stochastic fluctuations in species popula-
tion abundances and immigration from the regional pool irrespec-
tive of species identity (i.e. functional equivalence) promotes the
coexistence of species with similar habitat and resource require-
ments. Our results partly support these hypotheses, exemplified
in the increased relative importance of ‘neutral stochasticity’, and
higher uncertainty in the models, when increasing the weight
on species’ relative abundances. However, we found that demo-
graphic stochasticity was contingent on the trophic identity and
body-size of species, suggesting that deterministic and neutral
processes interact to shape community dynamics (Vellend, 2010;
Vellend et al., 2014). Smaller-bodied species generally had higher
variance in their population abundances within a metacommu-
nity (here, ecoregions), likely as a result of their lower dispersal
capacities preventing larvae to reach ecologically optimal sites
(Chust et al., 2016). Remarkably, we found that the peak of TD, FD
and PD found at 15°-20°N, closely resembled the peak in demo-
graphic stochasticity for small-bodied planktivorous fishes, a re-
sult that was independent of variations in species body size. This
aligns with the recently observed contribution of small-bodied
planktivorous fishes to the bulls-eye pattern of reef fish diversity
in the Indo-Australian archipelago (Siqueira et al., 2021). Our re-
sults extend this finding to a species-poor ocean basin, and sug-
gest that planktivorous fishes may boost the observed latitudinal
peak of reef fish diversity. Planktivorous reef fishes were not only
diverse and abundant at these latitudes, but their populations

were far more variable than any other trophic guild (Appendix S1,
Figure A5). We suggest that high, spatially and temporally variable
(Aristegui & Montero, 2005), planktonic production within ocean
islands at these latitudes (Gove et al., 2016), promotes the coex-
istence of planktivorous fishes by partitioning resources across
space and time.

Our quantitative synthesis of reef fish assemblages used a
compilation of data. Although methods of fish counts were com-
parable, differences in transect dimension and inter-observer
variability might have introduced certain biases (Kulbicki et al.,
2010). However, our local diversity metrics statistically controlled
for varying survey effort (i.e. total number of individuals sampled
at a site), and sites within ecoregions that were surveyed with dif-
ferent transect dimensions (e.g. RLS data vs. scientific surveys)
did not depart from the ecoregional pattern. Another caveat may
be the lack of fine-scale habitat data, which might have contrib-
uted to the presence of weak spatial autocorrelation in the re-
siduals of our models. Expansion of systematic methods of data
collection for reef ecosystems that involve a combination of cit-
izen scientist and academics, such as the RLS, represent a key
step for advancing global biodiversity monitoring systems (Edgar
et al., 2020). Lastly, we note that the coarse nature of traits se-
lected (da Silva et al., 2019) and the large species pool (eastern
Atlantic Ocean) used in the null models, might have underscored
the importance of biotic mechanisms (e.g. competitive exclusion)
driving reef fish assemblage structure (Miinkemidiller et al., 2020).
In this context, the creation of open access repositories of reef
fish traits (Parravicini et al., 2020), coupled with the application
of novel frameworks that statistically control for the effect of ‘en-
vironmental filtering’ (de Bello et al., 2012), would advance our
knowledge on biotic mechanisms underlying community assembly
across global gradients.

Our study brings together long debated ecological mechanisms
underpinning LDGs, and have important implications in an era of
rapid biodiversity change (Blowes et al., 2019). Niche and neutral
assembly mechanisms both contribute to the observed LDG in reef
fish diversity, with a shifting importance from overdispersion at
tropical to clustering at temperate ecoregions. We show that, de-
spite these patterns can be predicted based on large-scale climatic
and geographic variables, variation in local-scale factors (e.g. human
population and depth) and high stochasticity in species abundances
place challenges to understand and predict community dynamics in
the face of increasing anthropogenic pressures. Climate warming,
increased nutrient pollution, habitat loss and fisheries exploitation
are all expected to alter community dynamics. By placing increas-
ing niche constraints on biota, reshaping biological interactions, and
driving local population collapses, understanding and forecasting
their eco-evolutionary implications remains a critical knowledge gap

to conserve the Earth's biological processes and services.
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