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Abstract

Geographic isolation plays a major role in biological diversification. Yet, adaptive divergence also can occur with ongoing
gene flow, but the minimal spatial scale required for this is unclear. Here, we hypothesized that local gradients in soil clay
and water contents respectively select for anti-adherent and hypoxia-tolerant phenotypes in soil invertebrates, thereby driv-
ing intraspecific phenotypic divergence despite unlimited, passive dispersal. We tested this idea using the parthenogenetic
oribatid mite Rostrozetes ovulum, an abundant species in tropical forest soils. We obtained 40 individuals from valleys and
uplands within 4 km? of rainforest in central Amazonia, and estimated soil clay and water contents for each site. Then, we
experimentally assessed submersion tolerance of each individual, measured its body size, shape and structural traits, and
inferred anti-adherence from the extent of debris attached to its body. We found that morphological distance was greater
between than within habitats while being independent of geographic distance, which itself was unrelated to habitat. Further,
using structural equation modelling, we found that clayish soils harboured mites with fewer, larger dorsal pits that were less
likely to have attached debris, consistent with an anti-adherent morphology. To a lower degree, individuals from moister
soils tended to survive submersion longer, likely through anaerobiosis. These patterns could reflect phenotypic plasticity,
local adaptation or some combination thereof. Altogether, they suggest that environmental gradients may trigger local-scale
animal diversification in soils, contributing to the exceptional biodiversity of this substrate.
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Introduction

The relative importance of geography vs. ecology in bio-
logical diversification has been highly debated (Sexton
et al. 2014; Shafer and Wolf 2013). On the one hand, geo-
graphic distance can foster diversification by limiting gene
flow while increasing the likelihood of contrasting selective
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regimes (Fitzpatrick et al. 2009; Gillespie et al. 2012; Kisel
and Barraclough 2010). In this view, environmental variation
within an organism’s dispersal range is generally expected
to favour plasticity (Hollander 2008). On the other hand,
there is increasing evidence for local adaptation at relatively
small spatial scales (Richardson et al. 2014), as well as for
fixation of plastic phenotypes through quantitative genetic
or epigenetic mechanisms (Schlichting and Wund 2014;
Vogt 2017). These findings suggest that specialization and
plasticity might be complementary rather than alternative
evolutionary responses to selection, in which case local envi-
ronmental gradients might play a key role as selective agents
(Caruso et al. 2017; Kaspari et al. 2010; MacColl 2011).
Most described species are invertebrates, most of which
dwell in soils during at least some life stage (Decaéns et al.
20006). Despite this, the mechanisms underlying the evolu-
tionary origins of these animals remain poorly understood,
and their remarkable species diversity has long been consid-
ered enigmatic (Anderson 1975). The small body size of soil
fauna correlates with high population density, high passive
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dispersal (e.g. through wind, water or attachment to larger
animals) and short generation time, which may foster local
adaptation along subtle environmental gradients (Kaspari
et al. 2010). For instance, soil invertebrates are commonly
challenged by natural variation in soil texture and moisture
(Villani et al. 1999). Finer, clayish soils have smaller inter-
stices (Grimaldi et al. 2003) and exert stronger adhesion
than coarser, sandy soils (Khan et al. 2010), both of which
could hinder microarthropod foraging (Hohberg and Traun-
spurger 2005). Therefore, clayish soils may select for smaller
or more slender bodies capable of moving though smaller
interstices, as well as for body surface depressions that
decrease the contact area with the soil matrix, thus increas-
ing anti-adherence and mobility (Raspotnig and Matischel
2010; Ren et al. 2001).

Likewise, soil waterlogging and flooding expose
soil invertebrates to hypoxia (Villani et al. 1999). Thus,
moister, flood-prone soils may select for higher tolerance
to hypoxia or submergence. This could involve a physio-
logical response, such as shifting to anaerobic metabolism
(Adis and Junk 2002), or morphological traits. For instance,
a smaller, more slender body may increase hypoxia toler-
ance by reducing internal oxygen diffusion time (Losi et al.
2013; Tufova and Tuf 2005). Likewise, cuticular rugosity
facilitates the formation of plastron structures, air films that
support underwater aerobic respiration (Marx and Messner
2012). Moreover, natural soil texture and moisture gradients
can be correlated, as soil texture affects water holding capac-
ity and often depends on topography, which in turn affects
drainage (Luizdo et al. 2004). Such a correlation is important
as it may select for trait correlations (MacColl 2011), thus
shaping further response to selection (Laughlin and Messier
2015). For instance, if soil clay and water contents correlate
negatively or positively, then trait values conferring anti-
adhesion and hypoxia tolerance may function as alternative
or synergic adaptations, respectively.

Tropical forests have offered important insights on bio-
logical diversification (Rull 2020; Leite and Rogers 2013;
Moritz et al. 2000). Yet, this knowledge has been highly
biased towards vertebrates, whose diversification is likely to
depend more on processes occurring at larger spatial extents.
Here, we used the soil mite Rostrozetes ovulum (Berlese,
1908) (Oribatida: Haplozetidae) to test for morphophysi-
ological divergence along soil gradients within 4 km? of
Amazonian rainforest. This species is numerically dominant
in tropical forest soils worldwide, feeds mainly on dead plant
matter, and has an average life cycle of 4-5 months (Beck
1969; Pequeno et al. 2017). Also, R. ovulum is partheno-
genetic: all individuals are female clones (Heethoff et al.
2013; Norton and Palmer 1991). In central Amazonia, there
is much variation in body size (280 to 450 um long) and
shape (stouter or more slender body) among individuals, as
well as in body surface structure (e.g. size and density of
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pits, occurrence of grooves connecting pits) (Beck 1965).
The reason is unknown, but the irregular topography of this
region (40-110 m a.s.1.) creates an alternation between pla-
teaus with clayish, well-drained soils and valleys with sandy,
poorly-drained soils over a few hundreds of meters (Chau-
vel et al. 1987; Luizao et al. 2004). Such variation could
select for morphophysiological divergence in soil-dwelling
animals.

We first predicted that morphology should diverge
between contrasting habitats (plateaus and valleys), but be
unrelated to geographic distance between individuals due to
passive dispersal. Likewise, there should be no relationship
between environmental and geographic distances at this spa-
tial extent. Next, we used structural equation modelling to
investigate relationships among environment, form and func-
tion. We predicted that clayish soils should favour smaller
and/or slenderer bodies with more surface depressions,
which should be less likely to have attached debris (anti-
adherence). Likewise, moister soils should favour smaller
and/or slenderer bodies with a higher capacity to survive
experimental submersion (hypoxia tolerance). Hypoxia tol-
erance should also increase with soil moisture, as a physi-
ological response. Lastly, we tested whether sandier, val-
ley soils were moister than clayish, plateau soils, which
should drive a trade-off between anti-adhesion and hypoxia
tolerance.

Materials and Methods
Mite and Environmental Sampling

The study was performed in ca. 4 km® of Amazonian non-
flooded forest or “terra firme” area in Manaus, Northern
Brazil (03°04'34"”S; 59°57'30” W). Annual rainfall is
2200 mm and mean monthly air temperature usually ranges
between 24 and 27 °C, with a drier, warmer season (monthly
rainfall below 100 mm) from July to September (Castilho
et al. 2000).

In April 2016, we sampled 17 sites over the study area.
Seven sites were located in valleys (drained either by tem-
porary or permanent streams), while the remaining transects
were located in uplands at least 150 m away from any stream
(Online Resource 1, Fig. S1). The distance among tran-
sects varied from 156 to 2989 m, averaging 1204 +653 m
(mean + SD). At each site, we recorded geographic coor-
dinates and altitude with a handheld GPS, and randomly
harvested the litter-soil interface along a 20 m-long transect
down to 5 cm deep, until filling a 30 L plastic bag. This
material was taken to the laboratory, where soil animals
were extracted into neutral water using Berlese-Tullgren
apparatus (Franklin and Morais 2006). Extracted animals
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were surveyed under a stereomicroscope for living and
undamaged R. ovulum adults, yielding 85 individuals.

In central Amazonia, soil clay content (%) increases very
tightly with altitude (m) (r=0.94) (Castilho et al. 2006;
Chauvel et al. 1987; Luizdo et al. 2004). Accordingly, we
used published granulometric and topographic data from a
well-studied forest reserve 3.7 km north of the study area,
Reserva Ducke (Luizéo 2001), to calibrate a model to predict
clay content from altitude for each sampled transect (1> =
0.91, n=72; Online Resource 1, Fig. S2). Soil water con-
tent (%) was measured directly for each transect using the
gravimetric method during a preceding drier season (April
2014), to assess the propensity of soils to retain hypoxic con-
ditions. Soil sampling followed the same design described
above, and water content was averaged over soil cores for
each transect.

Submersion experiment

Submersion tolerance was determined by subjecting col-
lected specimens to experimental submersion in water.
Each experimental unit consisted of a plastic pot (4 cm tall,
2.5 cm wide) with a 2.5 cm-thick layer of plaster of Paris
as substrate. One oat flake was added to feed the mite ad
libitum throughout the experiment. In each pot, a single mite
was introduced and completely submerged with sterilized,
neutral water to a depth of 0.5 cm. Experimental units were
kept in a BOD chamber (12 h with light at 27 °C, and 12 h
without light at 21 °C), and were monitored on alternate days
to determine submersion survival time (days). Mites were
suspected dead if unresponsive to tactile stimuli; in such
cases, they were further monitored for 2 weeks to confirm
death, which could be unambiguously determined by the
simultaneous spread of all legs. Throughout the experiment,
experimental units were cleaned from growing algae, and
water was replaced whenever it became turbid. Some indi-
viduals were lost, probably by hiding in unforeseen fractures
in the experimental substrate. Thus, submersion survival
time (days) was determined for 59 individuals, which were
preserved in 95% ethanol.

Morphological measurements and anti-adhesion
scoring

Specimens recovered from the submersion experiment had
their dorsal surfaces micrographed under an environmental
scanning electron microscope (Quanta 250, FEI Company,
USA), and these micrographs were used to measure sev-
eral traits (Online Resource 1, Fig. S3). Body length (L)
and width (W) were measured (Fig. 1) and used to estimate
body mass with an allometric equation having high predic-
tive power: — 17.17 + 3.0 log(L + W) (Caruso and Migliorini
2009). Body shape was expressed as length:width ratio, so

that larger values indicated a more slender body. Surface
rugosity was examined in a 50 X 50 um quadrat that was
delimited over the top of each mite’s dorsal surface, at the
intersection between the longitudinal and transversal axes of
the body. Within this area, pit density (i.e. number of pits)
and mean pit diameter (i.e. average of four random pits)
were determined. Further, we estimated the proportion of
the dorsum covered by grooves connecting pits; when pre-
sent, grooves always spread from the posterior to the anterior
part of the dorsum, forming a diffuse network. We scored
“groove cover” as an ordinal variable: (1) grooves absent; (2)
groves covering 0-33% of the dorsum; (3) groves covering
33-66% of the dorsum; and (4) grooves covering 66—100%
of the dorsum.

Anti-adhesion was inferred from the occurrence of debris
attached to the body, as observed in micrographs. In general,
oribatid mites look “shiny”” and “clean” under the micro-
scope, but they can carry debris (Raspotnig and Matischel
2010). Accordingly, individuals were classified as “dirty” if
they had debris attached to their body, or “clean” otherwise
(Online Resource 1, Fig. S4), and anti-adhesion was coded
as 1 if clean or O if dirty. Although we could not determine
the precise nature of debris—it could derive from the parent
soil or from the experimental setup, e.g. plaster of Paris and/
or organic matter—we judged this feature to be informative
because plaster resembles the granulometry of clayish soils,
and the latter also have more organic matter than sandy soils
(Castilho et al. 2006).

Because of body damage and the lower quality of some
micrographs, morphological traits could be reliably meas-
ured for only 40 individuals from 12 sites, with 23 indi-
viduals from seven plateaus and 17 individuals from five
valleys. These individuals composed the sample analyzed
in this study.

Data analysis

We assessed relationships between geographic, environ-
mental and morphological distances among individuals
using partial Mantel tests based on 999 permutations. All
distances were computed as pair-wise Euclidian distances
between individuals. Geographic distance was computed
from geographic coordinates of collection sites in UTM.
Environmental distance was computed from habitat coded as
0 (valley) or 1 (plateau), so that the resulting distance matrix
represented individuals occurring either in the same or in
different habitats. Morphological distance was based on the
five measured morphometric traits (body mass, length:width
ratio, pit diameter, pit density and groove cover), all scaled
to zero mean and unit variance to have similar weight on
Euclidian distance. We tested whether geographic and envi-
ronmental distances were related, as well as if they affected
morphological distance independently of each other. To
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Fig.1 Variation in body surface structure of the Amazonian soil mite
Rostrozetes ovulum. Individuals spanned a gradient from relatively
large pits at a lower density, without grooves connecting them (a,c),

visualize possible between-habitat variation in morphol-
ogy, scaled traits were summarized with Principal Compo-
nent Analysis (PCA). The first two principal components
accounted for 80% of the variance in the original traits, and
were used in further analyses.

To test for the expected relationships among environment,
form and function, we used piecewise Structural Equation
Modelling (Lefcheck 2016). Our path diagram included
direct effects of soil clay and water contents on PC1 and
PC2, representing selection on morphology, as well as cor-
related errors between soil clay and water contents, given
their expected relationship with topography and drainage
in the region. Further, we considered direct effects of mor-
phology (PC1 and PC2) on function (anti-adhesion and
submersion survival time); a direct effect of soil water con-
tent on submersion survival time, to test for a physiological
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to relatively small pits at a higher density, connected by grooves
(b,d). Images were obtained with environmental scanning electron
microscopy

response; and correlated errors between survival time and
anti-adhesion to test for a potential trade-off. Survival time
was log-transformed to account for heteroscedasticity.
Gaussian errors were assumed for all continuous response
variables, whereas binomial errors were assumed for anti-
adherence, whose path coefficient was computed follow-
ing Menard (2011). Overall model fit was assessed using
Fisher’s C statistic, which tests the null hypothesis that the
data were generated by the model; if so, P> 0.05 (Lefcheck
2016). Because individuals were clustered by transect, this
could induce some autocorrelation in the data. However,
the standard model assumption is of independent residu-
als, which may still hold if within-cluster residual variance
is relatively large after accounting for fixed effects. This is
important because overfitting the residual correlation struc-
ture reduces statistical power and precision and, thus, should
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be avoided (Barnett et al. 2010; Guerin and Stroup 2000).
Therefore, we fit one structural model with transect as ran-
dom factor and another one without it, and compared them
using Akaike’s Information Criterion (AIC) (Barnett et al.
2010; Guerin and Stroup 2000; Lefcheck 2016). The simpler
model was clearly favoured (AAIC=6.21), and thus we used
it for interpretation.

Prior to analysis, we observed that submersion survival
time had a markedly bimodal distribution: individuals either
survived less or more than three weeks, with a gap between
them (Online Resource 1, Fig. S5). This was supported by
a direct test of the null hypothesis of unimodality (Silver-
man’s test, P=0.034). Further, bimodality was not related to
habitat, as upland and valley mites both survived 20 days, on
average (¢ test on log-transformed survival times; #=0.009,
P =0.82). Thus, bimodality was likely caused by some
other, uncontrolled factor in our experiment. Therefore, we
assigned individuals to “experimental groups” surviving
either less than or more than three weeks, and included this
variable as another predictor of survival time to control for
any confounding effect this contrast could have. Significant
effects (P <0.05) were visualized by plotting partial residu-
als against predictors whenever there was more than one
predictor (Breheny and Burchett 2017). All analyses were
performed in R 3.6.3 (Core Team 2020), with aid of pack-
ages “vegan” (Oksanen et al. 2019), “diptest” (Maechler
2016), “Ime4” (Bates et al. 2015), “piecewiseSEM” (Lef-
check 2016) and “visreg” (Breheny and Burchett 2017).

Results

Morphological distance among R. ovulum mites was greater
between than within habitats while controlling for geo-
graphic distance (r=0.25, P=0.001), but was unrelated
to geographic distance while controlling for habitat (r =
—0.13, P=0.98). Also, there was no relationship between
geographic and environmental distance (r=0.02, P=0.16).
PCA revealed a major morphological gradient (PC1) com-
prising body surface structure (pit diameter, pit density and
groove cover) and a secondary gradient of body size and
shape (PC2) (Table 1). In general, individuals had either
a lower density of larger pits without grooves between
them, or the opposite suite of traits (Table 1; Fig. 1). In
parallel, larger individuals tended to be stouter (i.e. lower
length:width ratio) (Table 1). Individuals from different
habitats clearly tended to diverge in morphospace, albeit
with some overlap (Fig. 2).

Structural Equation Modelling revealed that the hypoth-
esized relationships between environment, morphology and
function of R. ovulum individuals provided a reasonable
description of the data (C;,=14.36, P=0.57). Yet, the pro-
portion of variance explained by submodels was generally

Table 1 Principal component analysis (PCA) applied to measured
morphological traits of the soil mite Rostrozetes ovulum (n=40)

Trait Mean (range) PC1 (62%) PC2 (18%)
Pit diameter (um) 4.05 (2.75-4.91) 0.47 -0.37
Pit density (um) 35.52 (31-49) —0.46 0.29
Groove cover (ordinal) 1.52 (1-4) —0.48 0.30
Body mass (ug) 6.06 (3.57-10.28) 0.39 0.60
Length:width ratio 1.64 (1.48-1.82) —0.41 —-0.55

Numbers in brackets indicate the proportion of explained variance

Body size and shape (PC2)

—2 -

B Valley
@ Plateau

I I I I I
-4 -2 0 2 4

Body surface structure (PC1)

Fig.2 Morphospace of the Amazonian soil mite Rostrozetes ovulum,
as represented by Principal Component Analysis (PCA). Each point
represents one individual (n=23 for plateaus and 17 for valleys); col-
ours represent habitats. Drawings represent the typical morphology of
the mite at that particular position of the morphospace, based on the
measured traits: larger, fewer pits without grooves between them in
plateaus, and smaller, more numerous pits connected by grooves in
valleys (see Table 1 for details)

low, and only some of the hypothesized effects were sup-
ported, all of which were positive (Fig. 3). First, soil clay
content had a moderate effect on body surface structure,
increasing PC1 scores (Fig. 3). Accordingly, individuals
from clayish soils had larger but fewer, unconnected pits
(Fig. 4a). Second, individuals with higher PC1 scores were
more anti-adherent (Fig. 3), i.e. had a higher chance of
having no debris attached (Fig. 4d). Third, soil water con-
tent had a weak effect on submersion survival time, with
individuals from moister sites surviving somewhat longer
to submersion (Figs. 3 and 4c), whereas soil water content
explained a negligible part of the variance in body size and
shape (PC2) (Figs. 3 and 4b).

@ Springer



Evolutionary Biology

Surface structure -
Cla -
y +0.45 (PC1) 2050 Anti aﬂhenence
content Rr=0.17 R?=0.19

Size and shape Submersion
Wat
oo:teer:t (PC2) survival time
R2=0.06 R2=0.80, Group = 0.94

Fig.3 Path diagram of structural equation model relating environ-
ment, phenotype and function of individuals of the Amazonian soil
mite Rostrozetes ovulum (n=40). Arrows indicate hypothesized
causal relationships; numbers in boxes indicate path coefficients. Uni-
directional arrows indicate asymmetric causal effects; bidirectional
arrows indicate correlated errors. Black arrows indicate significant
effects (P<0.05); grey arrows indicate otherwise. Arrow thickness
is proportional to the path coefficient. The variable “experimental
group” was omitted for clarity and is instead shown within the cor-
responding box of the response, along with its path coefficient
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Fig.4 Relationships between environment, phenotype and func-
tion of individuals of the Amazonian soil mite Rostrozetes ovulum
(n=40). Partial residuals represent variation in the response variable
after accounting for other predictors. Continuous response variables
were modelled using standard multiple regression, whereas anti-adhe-
sion (probability of no debris attachment) was modelled using logistic
regression. PC: principal component

Discussion
Although hundreds of animal species can be represented

in a single square meter of soil (Anderson 1975), they
have been largely neglected in research on biological
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diversification. Here, we found evidence for local, habitat-
driven morphological divergence in the Amazonian soil
mite Rostrozetes ovulum, which is consistent with selec-
tion for anti-adhesive morphology in clayish soils. To a
lower degree, soil moisture affected R. ovulum’s submer-
sion tolerance. Yet, contrary to our prediction, there was
no correlation between soil clay and water contents, or a
trade-off between anti-adhesion and submersion tolerance.
While shallow water tables in sandy soils increase soil
moisture, the high porosity of clayish soils may counteract
this effect, thus weakening a correlation between these
variables and their potential to drive trade-offs. Nonethe-
less, these findings suggest that local soil gradients can
drive intraspecific morphological divergence in soil ani-
mals, a hitherto neglected phenomenon in tropical forests.

The lack of relationship between morphological and geo-
graphic distance suggests no dispersal limitation, although
this interpretation assumes that morphological distances
reflect genetic distances to some degree. In parallel, the
lack of relationship between environmental and geographic
distance points to a decoupling between geographic isola-
tion and divergent selection. As geographic isolation is gen-
erally expected to facilitate population divergence (Sexton
et al. 2014; Shafer and Wolf 2013), these findings suggest
that the observed morphological divergence is maintained
by divergent selection with ongoing gene flow. Further evi-
dence comes from an observed synchrony in R. ovulum den-
sity fluctuations across the study area (Pequeno et al. 2017),
which is consistent with local populations connected by dis-
persal (Koelle and Vandermeer 2005). The small size and
high population density of soil invertebrates renders them
highly prone to passive dispersal (Karasawa et al. 2005;
Schuppenhauer et al. 2019), which is supported by reports of
no relationship between genetic and geographic distances up
to many kilometres (Costa et al. 2013; Pfingstl et al. 2019).

Clayish soils favoured mites with fewer but larger pits
without grooves connecting them, and these were less likely
to have attached debris. Clayish soils exert stronger adhesion
than sandier soils (Khan et al. 2010), and surface depressions
provide anti-adherence by decreasing the available area for
formation of a water film between body surfaces and the soil
matrix (Ren et al. 2001). Thus, clayish soils may select for
larger pits that decrease attrition between the mite’s body
and the surrounding substrate, thus facilitating movement.
However, body surface structure might play other roles, e.g.
anti-predator defence (Peschel et al. 2006).

Path coefficients and variance explained across the path
connecting soil texture, morphology and anti-adhesion
were clearly stronger than those related to soil water con-
tent, whose weak effect on body size and shape was actually
contrary to our prediction (Fig. 3). Yet, as predicted, mites
from moister sites survived submersion longer, albeit this
effect was also weak. This is consistent with an adaptive
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physiological response to hypoxia, possibly through anaero-
bic metabolism (Messner et al. 1992). It has been shown that
R. ovulum individuals from floodplains have higher submer-
sion tolerance compared to those from non-flooded forests
(Franklin et al. 2001), but our results extend this phenom-
enon to a much finer scale. Overall, R. ovulum’s morphol-
ogy appeared more related to soil physical constraints, and
physiology to hypoxia risk.

Sympatric morphological divergence could reflect an
environmental response of plastic genotypes, habitat-spe-
cialized genotypes, or some combination thereof. Prelimi-
nary attempts of performing common garden experiments
and genetic studies with R. ovulum proved unexpectedly
difficult, so clarifying this issue will require further study.
Assuming that dispersal is not limiting, selection is generally
expected to favour plastic genotypes (Hollander 2008), as
long as plasticity is expressed after dispersal (Thibert-Plante
and Hendry 2011). However, the adult cuticle of oribatid
mites is fixed (Alberti and Coons 1999), so that morpho-
logical stability of dispersing adults could facilitate local
adaptation (Thibert-Plante and Hendry 2011). Indeed, we
have recently shown for the same study area that the thermal
sensitivity of the mite’s growth rate differs between habitats,
suggesting locally adapted reaction norms (Pequeno et al.
2018). If local adaptation does occur, then it also may be
geologically very recent, because the marked topo-edaphic
gradient of central Amazonia is only ca. 45,000 years old
(Pupim et al. 2019). Consistent with this idea, the also par-
thenogenetic oribatid mite Oppiella nova (Oudemans, 1902)
has diverged morphologically and genetically between adja-
cent grasslands and temperate forests across central Europe,
although selective agents are unknown (von Saltzwedel et al.
2014). More generally, phenotypic variance among ecotypes
typically has both genetic and environmental components
(Chevin and Lande 2011).

Models of tropical forest diversification have empha-
sized geographic isolation at large spatial extents, e.g.
allopatric speciation driven by habitat isolation or large
rivers (Rull 2020; Leite and Rogers 2013; Moritz et al.
2000). However, recent evidence on Amazonian insects
indicates significant range overlap among congeneric spe-
cies (Rosser et al. 2015) and dispersal over large Amazo-
nian rivers (Santorelli et al. Jr. 2018; Rosser et al. 2020).
Alternatively, the gradient model posits environmentally
driven diversification despite gene flow (Endler 1977).
Indeed, there are many examples of closely-related, para-
patric species inhabiting forest-savannah ecotones (Moritz
et al. 2000), and increasing examples of intraspecific adap-
tive divergence with little or no geographic isolation in
Amazonia, e.g. from trees (Misiewicz and Fine 2014) and
birds (de Abreu et al. 2018). For soil invertebrates, there
is anecdotal evidence for intraspecific adaptive divergence
between flooded and non-flooded forests (Adis and Junk

2002). Our results extend these observations by revealing
morphophysiological divergence in R. ovulum at a much
finer spatial and environmental scale, suggesting the gra-
dient model may apply in sympatry for this and similar
organisms. Over larger areas, large rivers might be corri-
dors rather than barriers to dispersal (Schuppenhauer et al.
2019), but this requires testing.

Our study has some caveats. First, analyzable indi-
viduals came from 12 sites only, which nonetheless were
well spread over the study area (Online Resource 1, Fig.
S1). Second, soil clay content was predicted from altitude
rather than directly measured, but this relationship is very
strong in the region Chauvel et al. 1987; Castilho et al.
2006; Online Resource 1, Fig. S2) and is unlikely to be
confounded by other factors. Third, our measure of anti-
adhesion (i.e. with or without attached debris) was indirect
and qualitative. Quantifying debris from micrographs is
more uncertain than measuring morphological traits due
to the amorphous nature of debris, which is why we used a
parsimonious, binary scoring. Ideally, mite mobility would
be experimentally measured in different soil textures. Yet,
these caveats should introduce noise in the modelled rela-
tionships (e.g. relatively low R?) rather than create spuri-
ous ones. Hence, our structural model should be viewed
as conservative.

In summary, we have revealed sympatric morphologi-
cal divergence in the Amazonian soil mite, R. ovulum. This
divergence was related to soil texture, consistent with selec-
tion for anti-adherence. To a lower degree, soil moisture
affected submersion tolerance, probably through anaerobic
metabolism. These patterns could reflect phenotypic plas-
ticity, local adaptation or some combination thereof. Most
importantly, they suggest that local soil gradients may trig-
ger diversification of soil animals, possibly contributing to
the exceptional biodiversity of this substrate.
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