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Macroecological patterns of
planktonic unicellular eukaryotes
richness in the Southeast Pacific
Ocean
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In recent years, studies focusing on microbial biogeography have been developed, but macroecological
processes in marine microorganisms remain unclear, especially in seemingly continuous environments
such as the Southeast Pacific Ocean (SPO), where information on microbial distribution patterns is
limited, and they may vary depending on the habitat and lifestyle. We used unicellular planktonic
eukaryotes as model organisms to determine their biogeographic patterns in the SPO, identify the
underlying ecological and historical-evolutionary processes and compare with other microorganism
groups. Our analyses were based on the Niche Theory to model species diversity distribution using
large open-access ecological and physical-biogeochemical databases based on Bayesian approaches,
an integrated nested Laplace approximation (INLA), and Generalized Additive Models (GAM). As a
result, two richness hotspots were observed, which are associated with coastal and offshore regions
in the central southern areas of SPO. The richness hotspots were associated mainly with nutrients
(N/Si ratio) and Mixed Layer Depth (MLD), which could be explained by highly productive upwelling
events in the SPO. In contrast, the negative correlation of predicted richness with low pH is strongly
related to the effect of calcareous shells (tests), as lower pH levels hinder the formation and stability
of calcium carbonate shells in protists like foraminifera and radiolaria, thereby affecting overall
unicellular planktonic eukaryote diversity. Our results support the role of ecological processes related
to productivity, energy dynamics, and ecological limits in shaping broad-scale diversity patterns of
unicellular planktonic eukaryotes in the SPO. The results show colonization and extinction dynamics
through species replacement (i.e. High Turnover) along the Chilean and Equatorial coasts associated
mainly with the Hotspots of their biodiversity, but also a gradual species loss (i.e. High Nestedness)
along the Peruvian Coast associated mainly with the Coldspots of their biodiversity; highlighting
how local environmental fluctuations can shape these planktonic microorganisms’ behavior, ecology
and distribution. The distribution patterns of planktonic unicellular eukaryotes show little evidence
of the effects of historical and evolutionary processes. This is because the high dispersal capacity

of planktonic microbes probably dilutes the influence of these processes in environments lacking
clear barriers to species dispersal. Additionally, the effect of historical events could be highlighted in
specific taxonomic groups at the kingdom, phylum level or habitat type and addressing gaps about
latitudinal richness in the SPO. This provides insight into the spatial distribution of marine microbes
and contributes to conservation efforts, as these organisms are an essential foundation of the upper
levels of the food web.
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The question of spatial distribution and the processes that determine diversity in microorganisms has been
considered one of the most relevant topics in ecology. However, it is still widely debated and has not reached a
consensus to clarify wide-scale distribution patterns"2. Furthermore, the uncertainty and scarce knowledge of
the global diversity of microorganisms®~> have restricted advances in the biogeography and macroecology of this
group®-8, despite its relevance in understanding the general rules of biodiversity®.

Planktonic eukaryotic microorganisms have traits that enable them to disperse passively over long distances.
Key traits that facilitate passive dispersal are their typically large population sizes, which increase the likelihood
of dispersal events; small size, which allows them to be carried by wind or water currents; and the ability to form
resistant cysts or spores, which provide protection during adverse environmental conditions®!®!!. They also
exhibit rapid diversification due to their short generation times!>-!*, compared to macroorganisms.

Generally, the biogeographic processes determining diversity distribution can be ecological and/or
historical-evolutionary (e.g. Martiny et al.'%; Fine!6). These processes act at different temporal scales, either
through generational times (ecological processes)!” or geological (historical-evolutionary processes)!®. In the
case of ecological processes affecting the species’ dispersal and distribution, the co-existence and survival of
species are modulated by abiotic parameters. The range of environmental tolerance plays a fundamental role,
reflecting the limits (upper and lower) of an environmental parameter at which a species thrives'. This is related
to the environmental requirements of each species (e.g. generalists or specialists), where specialization increases
the number of available niches, influencing speciation and extinction rates. This will depend on the carrying
capacity for species within localities or regions, determined by resource availability!®?’. Therefore, the extent of
ranges is modulated by the persistence of populations, which respond to changing conditions at temporal and
spatial scales®!.

In the ocean, ecological processes are focused on hypotheses such as energy availability (measured through
environmental variables such as Mixed Layer Depth, and Eddy kinetic Energy), ecological limits (e.g. salinity,
dissolved oxygen concentration and pH) and productivity (e.g. nutrients, chlorophyll-a and upwelling index),
which modulate marine diversity'*?2-2°,

Meanwhile, historical-evolutionary processes operate on geological time scales and depend on the time
and rate of diversification, involving the effect of historical geographic barriers on biota’s speciation and
extinction rates. This affects species” distribution ranges, either expanding or fragmenting them!>2%3°. These
abrupt changes in past climatic conditions (e.g. transgressions and regressions) lead to local extinctions and
changes in the dispersal of the most tolerant species, as evidenced during the Pleistocene in southwestern South
America®!. Therefore, these processes can be assessed by the niche conservatism hypothesis®>?, which indicates
the persistence of species in environmental conditions similar to those in which their ancestors evolved*-34,
Additionally, dispersal-extinction dynamics®> reflect variation in species composition within a community,
exhibiting a turnover-nestedness pattern (beta diversity)*’, suggesting that variability in species richness results
from a non-random mechanism.

The effect of these biogeographical processes on the spatial distribution of microorganisms may differ
depending on the taxonomic group studied or their lifestyle (planktonic or benthic), which has been widely
debated based on the principle "everything is everywhere, but the environment selects™®*. Among the
ecological processes that have determined the distribution of microorganisms are: (a) productivity measured
through chlorophyll and nutrients in marine protists of phytoplankton and microzooplankton®-43, (b) energy
availability reflected by temperature gradients according to the thermal tolerance limits of terrestrial and marine
protists species?*%4177 and (c) ecological limits due to constraints in resource availability (e.g. salinity, oxygen)
in marine protists, bacterioplankton and microeukaryotes?**>. On the other hand, historical-evolutionary
processes have been found to have influenced the distribution of microorganisms, where the distribution pattern
is determined by regional and local historical conditions that have generated and contributed to the formation
of geographic barriers. These barriers restrict dispersal and produce physical isolation, leading to colonization
limited to purely local scales in free-living bacteria and cyanobacteria®”4%.

Therefore, it has been suggested that new microbial biogeography studies be developed, where diverse data
sets from various habitats and environmental conditions are analyzed>!** to address the mechanisms driving
microbial biogeographic patterns. For this reason, it is essential to study the biogeography of microorganisms
at a macroecological level, using unicellular planktonic eukaryotes from the Southeastern Pacific Ocean as a
study model. Additionally, more information is needed on their latitudinal distribution and the biogeographic
processes that shape diversity in this region, as it is the largest and one of the most productive oceans globally>*>!.
This will allow for comparisons with the biogeographic processes observed in other microorganisms with
different lifestyles and ecosystems.

Material and methods

Study area: the coastal regions in the South Pacific Ocean (SPO) as an ecosystem model

The Humboldt Current Large Marine Ecosystem (HCLME) in the Southeast Pacific Ocean is widely recognized
as the most productive marine ecosystem for the open ocean and closed areas®>* (Fig. 1), where the coastal
upwelling process plays a fundamental role driven by the wind-induced offshore movement of surface waters
mainly in central-south and northern area®». It occurs along certain coastlines where the prevailing wind
blows parallel to the shore, causing surface waters to move away from the coast®>*. This movement brings
up nutrient-rich, cold, and poorly oxygenated deep waters®®. Southward, the Patagonian Fjords ecosystem is
one of the most extensive fjord regions of the world*, and some of the most biogeochemically active areas of
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1. A map of the study area with the Humboldt Large Marine Ecosystem is shown as a hatched fill area.

the biosphere with invaluable ecosystem goods and services primarily through aquaculture and tourism. The
Equatorial divergence, on the other hand, has been described as an ecosystem with high N/Si nutrient ratios and
elevated chlorophyll concentrations at the pelagic layers (100 m depth). In comparison, the subtropical band
exhibits a high N/Si nutrient ratio at the surface and 100 m depth. Nutrient availability enhances productivity in
the upper layer, supporting phytoplankton (diatoms) patches in these ecosystems®.
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Environmental database and processing

Data from the Marine Environment Monitoring Service was used to compile and build a database of
environmental variables to a 0.25x0.25 degrees resolution. The Copernicus (http://marine.copernicus.eu/servi
ces-portfolio/access-to-products) open-access databases were explored and used for selected variables: Salinity
(Sal), Mixed Layer Depth (MLD), Phosphate (PO 4‘3), Silica (Si), Potential temperature (Tpot), pH and Dissolved
Oxygen Concentration (DO) and from 0 to 200 m in discrete vertical levels; Chlorophyll-a (Chl-a),Eddy Kinetic
Energy (EKE), Sea Level Anomaly (SLA) at surface. All data were compiled from 1992 to 2022.

Pearson’s rank correlation index and the variance inflation factor®! were calculated before running the models
to avoid the correlation and collinearity among explanatory variables (Supplementary Fig. 2). Specifically,
correlations among the variables were assessed by performing a Pearson’s correlation test and VIF with the R
packages corrplot and usdm, respectively®>%. Pairs of variables with high correlation values (Pearson correlation
r>0.6) or low variance inflation (VIF >2) were identified, and only one was included in the modelling process.
We adopted this threshold based on what Jeng® proposes for r=0.6, k=8. We found that the main environmental
variables drivers of richness were N/Si ratio, MLD and pH.

Data sources-occurrences database and richness estimation

The ecological/biological data were obtained from the Ocean Biogeographic Information System (OBIS) and
Global Biodiversity Information Facility (GBIF.org [11th November 2020; GBIF Occurrence Download http://
doi.org/https://doi.org/10.15468/dl.wnjjkc]). We matched the latitude and longitude coordinates for OBIS and
GBIF species records to seas after cleaning the data for taxonomy. Considering the posterior analyses based on
species distribution models (SDMs), we only included taxa with at least ten occurrences in the database®. The
data were obtained for all occurrences between 0 and 200 m of the study area from 1992 to 2022. Following the
data retrieval, we eliminated records without information on the geographic coordinates, coordinates equal to
zero, or records located inside continents. We selected only records at the level of genus/species and excluded
duplicate records. The different sources of information were compiled in a spatial database using QGIS 3.12.1
(QGIS Development Team, 2020), a free and open-source Geographic Information System and ArcGIS Pro
(Esri, 2023).

The raw data was organized to evaluate geographic areas with high levels of species richness within the
Humboldt Current Large Marine Ecosystem (HCLME), based on the proportion of sites occupied. This metric
helps detect clusters of cells containing higher-than-expected richness values, indicating spatial clustering®. To
assess this observed species richness (alpha diversity), we constructed a presence-absence matrix (PAM) using
species occurrence data within the study area. We defined the study area using a shapefile and later imported
a second shapefile containing species occurrence records with geographic coordinates (longitude and IA grid-
based PAM was created using the lets.presab.points() function from the letsR package. The study area was divided
into 1°x 1° grid cells, where species presence (1) or absence (0) was recorded. Cells without species records and
species absent from the dataset were removed to optimize the matrix. Species richness per grid cell was extracted
from the richness raster (PAM$Richness_Raster) and visualized. The richness raster was exported in ASCII
format for GIS applications, while the PAM was saved as a CSV file for further analysis. Beta diversity and its
components (i.e. species turnover and nestedness) were analyzed using a presence-absence matrix generated
with the “fuzzySim”, “betapart”®” and CommEcol®, packages in R software (R Core Team, 2021).

Species richness (alpha diversity) is the absolute number of species living in each area, given equal weight
to all resident species®. Beta diversity measures the differences in species composition between two ecological
communities”’. In this study, we calculated alpha diversity as species richness. Also, we assessed two components
of Beta diversity in the Southeast Pacific Ocean space using the R package betapart” following the methodology
proposed by Baselga (2010, 2012)%7 that allows us to decompose beta diversity into two distinct components:
species turnover and nestedness-resultant dissimilarity, providing a clearer understanding of the processes
driving community composition across sites (see equations in Supplementary Table S4). High turnover reflects
increased environmental variability, while nestedness represents the effects of variability on species colonization
and local extinction. The identification of high species richness levels was done using the Gi* statistic’®, which
detects spatial concentrations of high values of an entity (i.e., species richness). A significant area is characterized
by high values surrounded by other high-value cells. Using the Z-score statistic, the local sum for an entity and
its neighbourhood is compared to the total sum of all entities to determine if the local sum deviates significantly
from random expectations. Significant Z-scores above 0 indicate hotspots (high diversity), while values below
0 suggest coldspots (low diversity). Additionally, Alpha and Beta diversity and hotspots were visualized using
empirical Bayesian Kriging interpolation. Hotspots and Kriging models were determined using ArcGIS Pro
software (Esri, 2023).

Because species richness in a sample depends on sample size and sampling effort”!, in oceanic regions, spatial
biases in the distribution of sampling locations’? can lead to under-sampled areas, potentially distorting observed
patterns of marine species richness. To address this, redundancy statistics were used to estimate the total number
of species, and sample completeness was assessed using the R package iNEXT, which can be applied to both
abundance and incidence data”!. This package provides functions to compute and visualise seamless rarefaction
and extrapolation sampling curves. The rarefaction-extrapolation curve (Supplementary Fig. S3), which shows
the estimated species richness as a function of sampling effort, exhibits an asymptotic trend, suggesting that
while most species in the area have likely been sampled, further sampling could reveal additional diversity. This
supports the adequacy of the sampling to describe the general macroecological patterns, but continued sampling
is necessary to ensure a comprehensive assessment of marine biodiversity in the study area.

We created a biological-environmental spatial database, where each cell contained biogeographic information
on eukaryotic cell richness alongside environmental data from selected variables. This database was generated
using the ‘raster, ‘purr; and ‘sf” packages in R software. This approach enabled the extraction of environmental
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data values corresponding to the latitudinal/longitudinal richness data, ensuring that both datasets shared the
same spatial resolution. We conducted a Pearson correlation analysis to identify and remove highly correlated
variables (Supplementary Fig. 2). As seen in the matrix, there is a high negative correlation (highlighted in dark
red) between pH_mean and sal_mean (—0.80) and between DO_mean and sal_mean (-0.71). While strong
positive correlations (highlighted in dark blue) between DO_mean and pH_mean (0.85). Other variables exhibit
moderate to weak correlations, with richness showing relatively weak correlations with the other parameters.
Therefore, three predicted variables were selected as explanatory variables in the predicted richness models:
MLD, pH and N/Si ratio.

Validation of species records

Once the table of occurrence data from OBIS and GBIF was available, the information was filtered: (1) it was
corroborated that each species recorded was indeed a marine eukaryote and planktonic species. The most
updated marine database, the World Register of Marine Species (WoRMS; https://www.marinespecies.org/),
was consulted for this. In the case of species not found in this database, we reviewed scientific articles that
recorded the species of interest; (2) The taxonomy of each eukaryotic species was updated using the “Match
Taxa” tool of the WoRMS (https://www.marinespecies.org/aphia.php?p=match) to ensure the most accurate
and current information possible. Due to the frequent changes in the classification and taxonomic categories
of microorganisms (and the fact that some still have an uncertain taxonomic status), this step was essential to
ensure data consistency and reliability (Table S1).

Species spatial distribution models

The Integrated Nested Laplace Approximation (INLA) framework’® was implemented using the R package
inla to implement a hierarchical Bayesian spatial GAM for modelling eukaryotic unicells richness. INLA uses
the Stochastic Partial Differential Equations approach’ to account for spatial effects. Under this framework,
the smoothness of the spatial field is typically denoted by the Kappa statistics”>. We incorporated a stochastic
spatial effect using the Stochastic Partial Differential Equation (SPDE) approach’®; this numeric vector links
each observation to a spatial location, capturing region-specific noise that the available covariates cannot be
explained””. Following Lindgren and Rue’®, the spatial component was modelled using multivariate Gaussian
distributions with zero means and a spatially structured covariance matrix; this allows us to model spatial
autocorrelation in species distribution over a triangulated mesh. The mesh was constructed to balance
computational efficiency and spatial resolution, ensuring that areas with higher sampling density had finer
resolution while maintaining adequate coverage in under-sampled regions.

The species richness was modelled using the common Poisson family and logit link function. Except for the
set type, selected explanatory variables (pH, N/Si ratio, MLD) were modelled using a second-order random walk
(RW2) latent model, accommodating potential non-linear relationships’®. Posterior distributions were obtained
for all the parameters, with the 0.025 and 0.975 quantiles defining the 95% credible intervals, indicating that each
unknown parameter has a 95% probability of falling within this range of values’®.

Multiple models were generated to obtain the best-fitting model. First, variables with linear relationships
were included using a GAM. Second, the influence of the spatial effect was evaluated by removing it from the
model. Final model selection was performed using a forward stepwise procedure. The performance of these
models was assessed based on Watanabe-Akaike Information Criterion (WAIC), where a lower value indicates a
better model fit, meaning it is more likely to accurately predict unseen data, as it balances model complexity with
how well it explains the observed data within a Bayesian framework; essentially, a lower WAIC value represents a
better trade-off between model fit and overfitting, with smaller values being preferred when comparing different
models. We use WAIC mainly because, according to Gelman et al.”?, it is a fast and computationally convenient
alternative, is fully Bayesian (using the posterior distribution rather than a point estimate), gives reasonable
results, and has a more-or-less explicit connection to cross-validation.

A cross-validation approach was applied with a k-fold partitioning method (with k=5) to assess model
performance®®8!. The relationship between occurrence data and the environmental variables was modelled
using a training dataset comprising 80% of the data. At the same time, the quality of predictions was assessed
using a test dataset for validation with the remaining 20%%*-34. Validation was repeated five times for the best-
performing model, and results were averaged across the different random subsets. Models were evaluated to
formally assess their overall spatial effect and mean of the posterior distribution of predictive performance by
calculating the Spearman rank correlation. Finally, posteriori GAMs models were run to test the effects of pH,
N/Si ratio associated with Upwelling index and Mixed Layer Depth (MLD) on Predicted richness.

Ecological processes

We tested three ecological hypotheses to investigate contemporary processes’ role in shaping planktonic protists’
latitudinal diversity gradient (i.e. Productivity, Ecological Limits, and Energy; Table 1). Each hypothesis was
represented by a set of explanatory variables frequently used as surrogates for these hypotheses. The model
parameters used to test the productivity hypothesis were associated with upwelling events, such as chlorophyll,
nutrients (e.g. phosphates, silica, nitrogen) and their export fluxes through N/Si ratios, which affect the growth
of many planktonic eukaryotes species and food web structure®>%, Additionally, the upwelling index was
used, which estimates upwelling intensity over a time series, reflecting the distribution and spatial dynamics
of plankton and marine resources®”%8. On the other hand, the ecological limits hypothesis was explained by
resource availability constraints? (salinity, pH, oxygen), determined by the environmental tolerance ranges for
each species. This can lead to adaptation to strictly local conditions, as seen in specialist organisms®*~°!. Finally,
the variables used to estimate the energy hypothesis were Eddy Kinetic Energy (EKE), Temperature potential
(Tpot), Sea Level Anomaly (SLA) and Mixed Layer Depth (MLD), which correspond to physical processes driving
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N/Si ratio

productivity. Low temperatures and oxygen associated with upwelling

Ecological
hypothesis Model parameters Prediction References

Phosphate (PO4-3), Nitrogen, Silica (Si), | Positive relationship between population sizes and available energy. Higher Bode et al.¥’, Jetz and Fine®,
Productivity Chlorophyll-a (Chl-a), upwelling index, probability of speciation and lower probability of extinction in areas with higher | Hurlbert and Stegen?’; Coogan

etal.”’, Goldenberg et al.5

Ecologal limits

Salinity, Dissolved oxygen concentration
(DO), pH

The carrying capacity of species within an area is determined by the availability
of resources, so species diversity is balanced by immigration, speciation

or extinction. Predominance of competition between species with similar
ecological requirements

Balzano et al.”°, Rabosky and
Hurlbert?, Rabosky et al.?%;
Fine'®

Energy

Eddy Kinetic Energy (EKE), Potential
temperature (Tpot), Mixed Layer Deep
(MLD) and Sea Level Anomaly (SLA)

Species richness increases according to the energy input to the ecosystem

Currie’8; Evans et al.5,
Brown?!, Freilich et al.?3,
Moreles et al.™

Table 1. Ecological hypotheses tested to explain the latitudinal diversity gradient of planktonic unicellular
eukaryotes richness in the Southeast Pacific Ocean.

the vertical movement of water masses and the export of phytoplankton from de surface®>?. This determines the
available thermal energy and the energy and its exchange between the atmosphere and the ocean®%.

The model parameters for each hypothesis were preselected based on Deviance Information Criterion
(DIC), AUC, and Logarithmic Conditional Predictive Ordinate criteria (LCPO). All parameters correspond to
environmental variables frequently used as surrogates for productivity, ecological limits, and energy (Table 1).

Historical-evolutionary processes

Given the absence of adequate and well-resolved phylogenies for unicellular planktonic eukaryotes of our
dataset, the Index of Taxonomic Distinction (A +) was conducted in PRIMER 6. This index was estimated using
different taxonomic levels (species, genus, families) based on how occurrences were recorded in the database
extracted from GBIE. However, according to Clarke and Warwick®, this analysis accounts for taxonomic
precision by incorporating the taxonomic hierarchy level recorded for each sample (e.g. species, genus, family,
order, class). With this approach, the index calculates the average taxonomic distance between all pairs of taxa
in a community, using a taxonomic classification tree to approximate evolutionary relationships**1%. It assigns a
weight to the taxonomic distance (w) according to the taxonomic hierarchy and weights taxa richness according
to each of these hierarchies®.

The observed A+ values were compared to a null model generated through 10,000 iterations (repeatedly
subsampling), resampling species richness for each latitude®. This is intended to compare the observed values
with the expected values and detect deviations in diversity, indicating communities significantly different than
expected by random chance!®!. Communities with A+values similar to those predicted by the null model
suggest that historical-evolutionary processes are weak and contemporary ecological factors primarily shape
diversity. In contrast, A + values significantly higher than expected indicate taxonomically diverse communities,
where evolutionary novelties may have arisen as adaptations to environmental challenges**. On the other hand,
A+ values significantly lower than expected suggest communities dominated by closely related taxa, likely due to
niche conservatism and environmental filtering®>3>44,

Results
Diversity of planktonic unicellular eukaryotes in the SPO
We found occurrences data from OBIS and GBIF of 110 genera distributed in two kingdoms: Chromista and
Protozoa, with 24 phyla, 34 classes, 56 orders and 70 families (Table S2).The most representative phylum was
Foraminifera, found in 31% of the total latitudes evaluated. Followed by Euglenozoa and Amoebozoa, which had
19% and 16%, respectively (Fig. 2). The most widely distributed protozoan genus was the flagellate kinetoplastid
Rhynchobodo sp., recorded at 23 latitudes, primarily between 5°S and 19°S, and the species Bodo saltans,
recorded at 20 latitudes, mainly between 8°S and 18°S. These taxa were followed by the euglenids Eutreptia sp.
and Eutreptiella gymnastica, found at 15°S and 17°S, respectively (mostly between 8°S and 15°S) (Fig. 3, Table
S1).

Chromista was mainly represented by foraminiferal species. Among these, Globigerina bulloides, Globigerinita
glutinata, and Neogloboquadrina species (Fig. 4) were the most widely distributed, occurring across 17°S to 19°S,
predominantly between 28°S and 40°S (Fig. 3, Supplementary Table S1).

Spatial gradients of unicellular planktonic unicellular eukaryotes richness

Two major hotspots of species richness were identified (Fig. 5a,b): (1) along the equatorial coast (0° to 5°S), and
(2) in the Chilean central/south coastal regions (28°S to 44°S). This latter region was more extensive, with higher
hotspot intensity detected in offshore areas (32° to 35°S) and coastal zones (38°to 43°S). In contrast, coldspots
were located in the Peruvian coastal region (8°S to 17°S), the northern coast (18°S to 22°S), and the Patagonian
channels of southern Chile (Fig. 5a,b).

On another hand, the species composition across the SPO exhibited high turnover rates associated with
the Chilean coast, except between 25° and 30°S, and in equatorial regions (Fig. 6a). In contrast, the Peruvian
coast exhibited low turnover but high nestedness values (Fig. 6b). These spatial variations in turnover displayed
a negative correlation from high latitude to equator (Supplementary Fig. Sla, Rho=-0.55; P<0.05), while
nestedness showed a positive correlation from high latitude to equator (Supplementary Fig. S1b, Rho=0.53;
P<0.05).

Scientific Reports |

(2025) 15:18833 | https://doi.org/10.1038/s41598-025-03220-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

100% I
80% I

40% |
30%
20%
10%
0%
2 0

Percentage contribution
[l
o
N

30.93%
B 2.65%
H 1.32%
3 517%
B 1.56%
Hl 2.89%
E Others

/ Hl 1661%

1 0.84%

B 6.02%

' Bl 1047%
[ 19.49%

Total=831

¥ Sulcozoa Radiozoa uMyzozoa u Loukozoa Euglenozoa mChoanozoa mBigyra 1 Amoebozoa
u Sarcomastigophora ~ mPercolozoa  mMetamonada = Foraminifera  m Cryptophyta m Cercozoa Apusozoa

-2

10 - 18 22 25
Latitude

i I LY ) N
g it I
-4‘ -6 -8 12 -14 -16 -28 -30 -32 -34 -36 -38 -40 -42 -44 -49 -61

Fig. 2. Taxonomic composition of phyla of planktonic unicellular eukaryotes of Southeast Pacific Ocean.

Species spatial distribution models and Ecological processes

All possible models derived from the predictors were evaluated, and the results of the model comparisons based
on WAIC criteria identified the best-performing model as one that combined the N/Si ratio and spatial effect.
This model was followed closely by models that included Mixed Layer Depth (MLD) and the N/Si ratio plus
spatial effect (Table 2 and Fig. 7). Thus, data analysis revealed that the primary environmental drivers of richness
were the N/Si ratio, MLD, and spatial effect.

The richness patterns predicted by the selected model were consistent with the observed richness, validating
the model with a high positive Pearson correlation (Fig. 8, r=0.8; p>0.001). Also, the spatial outputs from this
model effectively account for habitat variability mainly from N/Si ratio (Table 2), producing a more natural
representation of unicellular eukaryotic richness patterns, including the spatial effect (Fig. 8a) and the mean of
the posterior predictive probability distribution (Fig. 8b) coherent with the observed richness distribution, and
validated with also high positive Spearman rank correlation r=0.81, p <0.001 (see Fig. 8c).

Finally, to better understand the ecological processes underlying the spatial distribution of unicellular
eukaryotes, we run a posteriori GAMs models to test the effects of pH, N/Si ratio associated with Upwelling
index and Mixed Layer Depth (MLD) on predicted richness; those results showed that all of them are significative
positive related with variability of predicted richness (p <0.001).

Historical-evolutionary processes

The taxonomic distinctiveness (A+) does not show communities for each latitude with values higher than the
null model (Fig. 9), suggesting that historical-evolutionary processes are weak and contemporary ecological
factors primarily shape diversity. These results show that the species are not relatively distantly related to each
other, mainly northern 20° and southern 39° S (A +: 1.53 to 2, Supplementary Table S3). On the other hand, the
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Pacific Ocean.

Fig. 4. Examples of widely distributed planktonic unicellular eukaryotes in the Southeast Pacific Ocean.
Phylum Foraminifera: (a) Neogloboquadrina dutertrei, (b) Neogloboquadrina incompta, (c) Orbulina universa
and (d). Phylum Radiozoa: Carposphaera sp. *The white bar indicates a size scale of 1 mm.
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results indicated a trend of lower values than expected by the null model between 20°S and 44°S (A +: 1—1.24,
Supplementary Table S3), indicating communities with species that are more closely related to each other,
suggesting a narrower range of taxonomic groups likely due to niche conservatism and environmental filtering.

Discussion

Our results, based on Bayesian species distribution models with key environmental variables and spatial
effects to investigate the spatial distribution patterns and drivers of unicellular eukaryote richness along the
Southeast Pacific Ocean (SPO), support the idea that ecological processes (i.e. productivity, energy dynamics,
and ecological limits) are the fundamental drivers modulating the spatial distribution of these microorganisms
along the SPO. This is because the high dispersal capacity of planktonic microbes probably dilutes the influence
of historical-evolutionary processes in environments lacking clear barriers to species dispersal. The general
patterns of its biodiversity show two hotspots (i.e. coastal and offshore regions in the central southern areas of
SPO) associated mainly with nutrients (N/Si ratio) and Mixed Layer Depth (MLD), which could be explained
by highly productive upwelling events in the SPO. These hotspots were associated with colonization and local
extinction dynamics through species replacement (i.e. High Turnover); in contrast, the coldspots were associated
with a gradual species loss (i.e. High Nestedness), highlighting how local environmental fluctuations can shape
these planktonic microorganisms’ behaviour, ecology and distribution.

Richness hotspots
The first hotspot, located along the equatorial coast (0° to 5°S), was mainly composed of amoeboids of the class
Discosea, Tubulinea and Variosea, recorded in three latitudinal bands. These results may reflect the thermal
preferences of amoeboid communities, reflecting both homothermal and heterothermal systems!%1%%. The
lobose testate amoebae species (Tubulinea) have a K-strategy by homothermal conditions, by tropical currents
(e.g. Gunther Current and Peru-Chile Countercurrent), without presenting a cyst stage in conditions with
lower temperatures!%2%. Conversely, filose testate amoebae species (Discosea and Variosea) present an r-strategy,
indicating a heterothermal system!?? by mixing between tropical currents and the Humboldt Current in the
Ecuador and Pert latitudes (2°S to 5°S).

Yet, the second hotspot (28°S to 44°S) was formed by many taxonomic groups of foraminifera, Choanozoa,
Cercozoa, Amoebozoa, Euglenozoa and Radiozoa, forming the highest probability of hotspot in offshore regions
(32°S-35°S, Fig. 5). In coastal regions (38°S-44°S), the hotspots were represented mainly by foraminifera species
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belonging to Globigerinidae and Globorotaliidae families. The greatest representation of the diversity hotspot in
the central-southern Chile regions coincided with the three most important upwelling areas in Chile (23°S, 30°S
and 33°S)!%-197_ The increase in nutrients and primary productivity leads to a rise in tropical and subtropical
species, which are characteristic of subsurface water upwelling and well-adapted to strong mixing and eutrophic
conditions!%’-1%. Similar patterns have also been observed in regions like the Benguela Upwelling System!®.
South of 39°S, low temperatures driven by the increased influence of the coastal branch of the Humboldt Current
System and the Cape Horn Current!!®!!! limit the distribution of warm-water and subtropical foraminifera
species. Instead, these areas show a higher occurrence of typical cold environment species, polar waters with
broad temperature tolerances, such as N. incompta and G. bulloides.

Bimodal richness gradient

Several studies have evaluated the latitudinal diversity gradient of organisms, highlighting geographic bimodal
patterns'!>-'!%, These studies emphasize areas of high diversity associated with high productivity conditions,
such as upwelling zones, which align with the biodiversity hotspots observed along the south-central coast of
Chile and Ecuador. In our study, a distinctive bimodal pattern is also evident in unicellular eukaryotes cells,
which could indicate that these organisms respond more sensitively to local factors at a smaller scale. This
contrasts with other planktonic organisms, whose diversity follows a continuous and monotonic latitudinal
diversity gradient and is less influenced by local productivity, likely due to their greater mobility and ability to
adapt to broad environmental gradients!!>!1°.

In the case of SPO, the Humboldt Current and the coastal upwelling in the central-southern region of Chile
are well-known for sustaining communities rich in zooplankton and other organisms due to the high availability
of nutrients and trophic resources in these areas'!”. Furthermore, equatorial areas favoured by mixing warm and
cold-water masses typically show an increase in multicellular planktonic species richness, similar to what was
observed in the protists in this study!!#-12°. However, unlike unicellular eukaryotic cells, multicellular planktonic
organisms often exhibit distributions more strongly structured by latitudinal gradients and show greater
dependence on currents for dispersal'!®!2!. Unicellular eukaryotic cells respond with greater sensitivity to
changes in local environmental variables, such as mixed layer depth, nutrient, and pH concentrations (Fig. 7). In
contrast, the distribution patterns of planktonic multicellular organisms are more predictably and continuously
influenced by factors such as temperature and current dynamics'?>123,
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Model WAIC

N/Si ratio + Spatial effect 595.90
MDL + N/Si ratio + Spatial effect 596.64
pH +N/Si ratio + Spatial effect 597.64
Spatial effect 597.10
MDL + Spatial effect 598.32
pH +MDL +N/Si ratio + Spatial effect 597.82
pH + Spatial effect 598.61
pH +MDL + Spatial effect 599.18
pH+MDL +N/Si ratio 19,674.68
MDL +N/Si ratio 18,440.99
pH +N/Si ratio 4968.22
N/Si ratio 5896.79
pH+MDL 18,864.02
MDL 13,782.75
pH 3551.41
Intercept 3064.53

Table 2. Model comparison for the richness of eukaryotic cells based on Watanabe-Akaike Information
Criterion (WAIC). The table compares various models incorporating combinations of environmental
predictors (N/Si ratio, MLD, pH) and spatial effects. Lower values of WAIC indicate better model performance.

Ecological processes

According to the results based on WAIC values for model selection, different ecological processes in the SPO
modulate the diversity of planktonic unicellular eukaryotes. The first process was the productivity, associated
with N/Si ratio and upwelling index, followed by energy processes, measured with the Mixed Layer Depth (MLD)
and finally, the ecological limits reflected by pH values (Table 2, Fig. 7). Several of the latitudes with the highest
species richness are coincident with upwelling areas such as Mejillones Bay (23 °C), Punta Lengua de Vaca (30°S)
and Concepcion Bay (36.5 °C) described by Thiel et al. %, suggesting the upwelling events locally drive changes in
the richness and species composition in the unicellular eukaryotic cells, concurrent with recent studies in high-
productivity coastal areas'?*!2°. This positive relationship between upwelling and diversity was corroborated by
other microorganisms, such as nanoflagellates and bacterioplankton'?6-128, The increase in nutrients and food
availability favours the proportion of primary producers and, in turn, the presence of heterotrophic eukaryotic
cells. Thus, these upwelling conditions control the planktonic food webs.

On the other hand, the MLD reflects the thermal stratification pattern that indicates changes in temperature
ranges in the water column in oceanic and coastal regions, as well as the vertical light available and as a heat
source!?. This variable drives the spatial diversity of plankton, such as unicellular eukaryotes, because many
of these taxonomic groups (e.g. dinoflagellates, foraminifera) photosynthesize, and their photosynthetic rate
increase as a function of available irradiance!*’. Shallower MDL, due to the warming of surface temperatures,
restricts the passage of available light and nutrients for the planktonic organisms, decreasing their biomass'*!.

The ecological limits reflected by pH values affect the diversity of unicellular eukaryotes, mainly in cells
with calcareous exoskeletons (e.g. foraminifera, coccolithophores)m, where acidic water conditions cause
a shift in carbonate chemistry reflecting lower concentrations of carbonate ions concentrations. This could
decrease calcium carbonate production by marine calcifying organisms and dissolve their exoskeletons, such as
shells or plates'®. Therefore, this causes a decrease in the survival of calcareous eukaryotic populations, being
more fragile to environmental stress conditions (e.g. pollution, hypoxia and eutrophication)!*2. However, the
calcification/dissolution rates fluctuate under different CO, concentrations, depending on taxa, nutritional
status, photosynthetic capacity, life stages and pH regulation!**13°,

The presence of organelles in eukaryotic cells enhances their adaptability, allowing them to perform a
diverse array of metabolic and biochemical reactions, maintain internal homeostasis, respond to environmental
changes, and adapt to new conditions. This adaptability is particularly pertinent in coastal upwelling areas,
where environmental conditions fluctuate significantly!'?%.

In examining coastal regions such as Peru and Chile, distinct environmental conditions emerged during
upwelling events. In Peru, unfavourable conditions for species diversity were observed, characterized by
decreased pH (7.87), a high N/Si ratio (>4), and a shallow MLD (< 15 m). These conditions limit light availability
in the water column and constrain cell growth, particularly for organisms with chloroplasts. Conversely, coastal
areas of Chile exhibited conditions conducive to cell growth, including nutrient availability (N/Si=1-4), higher
pH (>7.97), and a deeper MLD (40 m), resulting in increased species richness of unicellular eukaryotes (e.g.
Hotspots, see Fig. 5). These findings underscore the importance of considering local environmental dynamics in
understanding and predicting biological diversity patterns.

Therefore, this research suggests that the richness of planktonic unicellular eukaryotes is intricately linked
to local and regional ecological processes related to productivity, energy dynamics and ecological limits, with
specific environmental factors playing pivotal roles in shaping species diversity. Our study contributes to our
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broader understanding of marine ecosystem dynamics and biodiversity conservation efforts by elucidating the
nuanced relationships between environmental variables and biological responses.

Scientific Reports|  (2025) 15:18833 | https://doi.org/10.1038/s41598-025-03220-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Spatial random effect Posteriori predictive probability

ssW  80W  75°W W esw W W W W W
°' 7 ““ °' /\:22
5°s < 5°s s {
3 pa— 10°S \ .1
10°s 4 10°5 1
N
15°

15°S 15°S

20°5 20°S
oo
25

25°S 25°S

@
&

15°s

25°S

3596 35°s

45°S

-
@

45°S

L
&
]

mean 50°s

3
A\
r_f\”\%lrﬂ “"‘“x\’,_\_‘\ _,/\”\\‘\-
K’\VX L
3
3
he
¥ 7
& v

50°S 50°s
e s LR

5505 -5ss | 03 S s [ 0

85'W 80°W 75°W W 65w 85°w 80w ww 0°W 65°W

a). b).
[5)

@ K%}

8 T w — O.

= -

g ¢

3 ® o - °¢&

Q. N 8

»n = o %0 Yo

o E 60

2 L )

S c

? S @A

o wn

o
T T T T T 1
60 -40 -20 O

o). Observed Species Richness Latitude (°S)

Fig. 8. Maps showing (a) the mean posterior distribution of the spatial random effect of the INLA model, (b)
the mean posterior predictive probability of planktonic unicellular eukaryotes richness of coastal regions in the
Southeast Pacific Ocean, and (c) the Pearson correlation between the observed species richness and the model
predicted species richness.

Scientific Reports|  (2025) 15:18833 | https://doi.org/10.1038/s41598-025-03220-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

v
— N
+
=
) =t
n
g o~
2 v
o -
£
k7
8 o
L -
E
o
5 wn
=1 o
®
—
S
S

]

® Distinctiveness
Limits
°o e o
, : Qa0
i) ) o e°
« o ® ® ®c000 00,00 0
[5)
o
o =)
o evee 0000 00 o0
] ] 1 | | |
-50 -40 -30 -20 -10 0
Latitude
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Historical-evolutionary processes

According to the taxonomic distinctiveness index, the values between 0° and 19°S were inside expected
according to the null model (Fig. 9), indicating the formation of communities with closely related species, where
the signal of the phylogenetic novelties was attenuated or suggesting that historical-evolutionary processes are
weak and contemporary ecological factors primarily shape diversity. In this area, the warm currents of equatorial
origin enter, generating a transition zone represented by the interaction of subtropical and subantarctic origin
species, reducing the latitudinal environmental gradient, and the community structure does not change
considerably!'®!!! Furthermore, this area shows higher nestedness values (between 0.37 and 0.48), reflecting
rare species as a subset of richness areas®”!% and local extinction dynamic events modulating the species
richness in this area. But, at the same time, these high values of nestedness in ecological systems can mean
that a community is more stable and can coexist in a wider range of environmental conditions'*’”. What could
be caused by an environmental filter, where only a few species present wide ranges of environmental tolerance
to the usual low oxygen conditions (<22 pmol kg™!) in the northern Humboldt Current System between 4°S
and 18°S, with anoxic episodes due to it being one of the most intense and shallow Oxygen Minimum Zone
(OMZ)13%139_ This is located in the poorly ventilated zone of the Tropical Southeastern Pacific, where OMZ
waters have remained for a long time, and remineralising a high concentration of organic matter produces high
oxygen consumption!.

While south of 20°S to 44°S, we observed taxonomic distinctiveness lower than expected by the null model,
pointing to a community with a loss of phylogenetic diversity or suggesting a narrower range of taxonomic
groups likely due to niche conservatism and environmental filtering. The main taxonomic groups recorded
belong to the same phylum (Foraminifera), whereas the other groups were less represented at these latitudes.
Sampling bias probably affected these results or reflected a lack of records in the databases extracted for this
study. However, the increase in turnover between 30°S and 44°S (from 0.48 to 0.78) indicates colonization
dynamics of foraminifera species favored by the upwelling conditions. Where food is widely available, and
resources are not limited, suggesting an attenuation of environmental barriers'2!41:142, This could reflect low
allopatric speciation with low extinction rates, corroborated by decreased nesting (between 0.17 and 0.11) and
high local diversity'*. Therefore, taxonomic distinctiveness did not detect the phylogenetic novelties, probably
because the turnover was mainly between closely related species from similar phylogenetic clades. This allows
us to recognize the importance of publishing and recording marine unicellular microorganisms™ databases to
improve and disentangle the biogeography of unicellular eukaryotes.

Our results show local colonization and extinction dynamics, in which local environmental fluctuations can
shape these planktonic microorganisms’ behaviour, ecology and distribution. Thus, the unicellular eukaryotes
community in the SPO is consistent with other groups such as dinoflagellates!**, testate amoebae!>1%¢ and
microbial taxa!?’. Whereby the ecological drivers determine the biogeography of these groups. Unlike other
microorganisms such as bacteria!*®®, ciliates!*’; fungi'®, terrestrial protists***4!>! and marine eukaryotic
cells'>>153, where historical-evolutionary processes drive their distribution.

Planktonic habitats could benefit colonization if environmental conditions are appropriate for their survival
because marine currents more easily transport small organisms, and geographical barriers are less prominent,
making long-distance dispersal of microorganisms more common. Historical geographic barriers in other
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habitats, such as soils and marine benthos, decrease dispersal and restrict distribution?”1°2, This will also depend
on the morphological structures and behaviour of the microorganisms. For example, some eukaryotic cells can
form cysts that help them to transport widely and support adverse conditions'*>1°41%, while other species lack
structures for aerial or aquatic dispersal'®>!%; others may not have latency stages or do not form resistance
Cysts!S0I55157.

Sampling bias

The spatial sampling effort across the study area was assessed using rarefaction/extrapolation curves, grouping
cells according to the main surface current systems of the Southeast Pacific Ocean (Fig. S3). The species richness
curve has passed the initial rapid discovery phase and shows a decelerating increase, indicating that the most of
the species have been recorded, and therefore the sampling is adequate to describe the general macroecological
patterns. However, additional sampling could reveal further diversity, and continued sampling is needed to
ensure a comprehensive assessment of marine biodiversity in the study area.

Nonetheless, to address potential biases introduced by uneven sampling efforts, we applied the Integrated
Nested Laplace Approximation (INLA) framework, which enables robust spatial modelling of species richness
while explicitly accounting for spatial heterogeneity in sampling. Specifically, we incorporated a stochastic
spatial effect using the Stochastic Partial Differential Equation (SPDE) approach”!. This method models spatial
autocorrelation in species distributions by representing the spatial process as a Gaussian Markov Random Field
(GMREF) over a triangulated mesh. The mesh was designed to achieve an optimal balance between computational
efficiency and spatial resolution, ensuring finer resolution in areas with higher sampling density while maintaining
adequate coverage in under-sampled regions. By employing this spatially explicit approach, we accounted for
the underlying spatial structure in the data, reducing bias in parameter estimation and enhancing predictions of
species richness patterns. The spatial effect captures latent environmental gradients and spatial dependencies in
species distributions that are not directly explained by the included environmental covariates. The predictions
obtained with INLA help mitigate sampling biases and generate a more accurate and reliable spatial distribution
of species richness. This method significantly improves our ability to assess marine biodiversity comprehensively
and spatially explicitly, overcoming the limitations inherent in raw occurrence data and providing a more robust
ecological interpretation.

Conclusion

Understanding spatial patterns of microbial biodiversity is crucial for conservation efforts, as these unicellular
eukaryotes serve as a foundational food source for economically important planktonic metazoan groups, such
as fish and invertebrates. The influence of historical-evolutionary processes in shaping the latitudinal diversity
gradient in our model organisms appears attenuated in the SPO, with local ecological conditions predominantly
driving their spatial distribution (productivity, availability of energy and ecological limits). Addressing gaps
in the occurrence data across the latitudinal range in the SPO is recommended to build upon these findings
and further validate the observed patterns. Complementary analyses focusing on specific taxonomic groups
or clades—at the kingdom level (e.g., eukaryotic, chromists) or phylum level (e.g., Amoebozoa, Foraminifera,
Radiozoa)—and habitat types (e.g. plankton, benthos, soils) could enhance our understanding of additional
biogeographic processes, such as niche conservatism or historical drivers, that may also shape the distribution
patterns in other microorganisms. Further research will clarify the role of speciation, extinction, and resource
availability in driving microorganisms’ macroecological patterns by evaluating the fundamental interrelationships
among resource availability, community abundance, and species richness, as the recent equilibrium theory of
biodiversity dynamics (ETBD) proposes!>®.

Data availability

The supplementary material includes the validated occurrence database of taxa (Supplementary Table S1), taxo-
nomic information (Supplementary Table S2), the values of the Taxonomic Distinctness Index (Supplementary
Table S3), Beta diversity equation and its components (turnover and nestedness) estimation (Supplementary
Table S4), correlation graphs (Supplementary Fig. S1), Pearson correlation matrix (Supplementary Fig. S2) and
Rarefaction-extrapolation curve (Supplementary Fig. S3).
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