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Abstract

Context Habitat fragmentation is a leading threat to
biodiversity, yet the impacts of fragmentation on most
taxa, let alone interactions among those taxa, remain
largely unknown.

Objectives We studied how three consequences of
fragmentation—reduced patch connectivity, altered
patch shape, and edge proximity—impact plant-
dwelling mite communities and mite-plant-fungus
interactions within a large-scale habitat fragmentation
experiment.
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Methods We sampled mite communities from the
leaves of Quercus nigra (a plant species that has
foliar domatia which harbor fungivorous and preda-
cious mites) near and far from edge within fragments
of varying edge-to-area ratio (shape) and connectiv-
ity via corridors. We also performed a mite-exclusion
experiment across these fragmentation treatments to
test the effects of mite presence and fungal hyphal
abundance on leaf surfaces.

Results Habitat edges influenced the abundance and
richness of leaf-dwelling mites; plants closer to the
edge had higher mite abundance and species richness.
Likewise, hyphal counts were higher on leaves near
patch edges. Despite both mite and fungal abundance
being higher at patch edges, leaf hyphal counts were
not impacted by mite abundance on those leaves.
Neither patch shape nor connectivity influenced mite
abundance, mite species richness, or the influence of
mites on leaf surface fungal abundance.

Conclusion Our results suggest that mites and
foliar fungi may be independently affected by edge-
structured environmental gradients, like temperature,
rather than trophic effects. We demonstrate that large-
scale habitat fragmentation and particularly edge
effects can have impacts on multiple levels of micro-
scopic communities, even in the absence of cascading
trophic effects.
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Introduction

Habitat fragmentation is extensive across the globe
(Haddad et al. 2015), yet how fragmentation influ-
ences biodiversity remains a point of active inquiry
(Fletcher et al. 2018; Fahrig et al. 2019). Fragmenta-
tion may affect populations and communities through
mechanisms such as reduced landscape connectiv-
ity, altered shape of habitat patches, and creation of
edges, with experiments being a critical tool for dis-
entangling these effects (Haddad et al. 2015; Fletcher
et al. 2018). Fragmentation and its effects can also
alter the outcomes of trophic and mutualistic interac-
tions such as pollination, seed predation, seed disper-
sal, and herbivory, again through a variety of land-
scape alterations (e.g., Aguilar et al. 2006, Magrach
et al. 2014, Levey et al. 2016). Yet, rarely have stud-
ies simultaneously considered how fragmentation
effects influence the biodiversity of groups while also
investigating impacts on their related trophic interac-
tions. Studies that consider changes in both biodiver-
sity and the outcomes of trophic interactions have the
potential to provide novel insights into fragmenta-
tion effects. For example, habitat fragmentation and
its effects could change the abundance or community
makeup of a particular organismal group (e.g., herbi-
vores or frugivorous birds) in ways that may or may
not translate into modified trophic interactions (e.g.,
Evans et al. 2012, Mueller et al. 2014). Ultimately, a
holistic understanding of habitat fragmentation will
require disentangling direct effects of fragmentation
on species from indirect effects resulting from modi-
fied species interactions.

Here, we investigate the impacts of habitat fragmen-
tation on the biodiversity and trophic interactions of an
ecologically important, but largely understudied, commu-
nity: foliar mites that are associated with domatia. Doma-
tia are small structures on the undersides of plant leaves
that provide housing for predacious and fungivorous
mites, thereby mediating a plant-mite defense mutualism
(O’Dowd and Willson 1997; Romero and Benson 2005).
By consuming deleterious fungi (Norton et al. 2000)
and small herbivorous arthropods (Grostal and O’Dowd
1994; Agrawal and Karban 1997), mites living in domatia
act as bodyguards for plants, reducing plant damage and
increasing plant fitness (Walter 1996). In turn, domatia
provide protection for mites against abiotic (e.g., desic-
cation, UV radiation) and biotic (e.g., predation) stressors
(Grostal and O’Dowd 1994; Norton et al. 2001; Onzo
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et al. 2010). Mite domatia are a constitutive trait of the
plant (they are present regardless of mite presence), and
the number of domatia on a leaf typically positively cor-
relates with mite abundance and species richness (Walter
and O’Dowd 1992; Grostal and O’Dowd 1994). Mite
domatia are both geographically and evolutionarily wide-
spread across angiosperms, yet remain underexplored
relative to other plant-arthropod mutualisms (Brouwer
and Clifford 1990; O’Dowd and Pemberton 1994; Pearse
et al. 2020). Additionally, the community composition
and trophic function of domatia-dwelling mites can vary
across environmental contexts (O’Dowd and Willson
1989; Pemberton and Turner 1989; Walter 1996), and
it remains unclear how either is affected by fragmenta-
tion, or how effects could impact trophic outcomes of the
plant-mite-fungal interactions.

Fragmentation may affect domatia-dwelling mite
communities, leaf fungi, and their trophic interac-
tions in several ways. Fragmentation—the con-
version of contiguous habitat into smaller parcels
following habitat destruction—can influence eco-
logical systems across spatial scales, from localities
to landscapes (Didham et al. 2012). A key research
need is to resolve the mechanisms for these changes,
which we refer to as fragmentation effects (Didham
et al. 2012). In the context of this species interac-
tion, fragmentation effects could directly alter mite
and/or fungal communities by reducing habitat con-
nectivity at the landscape scale, which can affect
the ecological context, and thus the communities
and interactions, of both the host plants of these
microorganisms as well as the microorganisms
themselves. Patch isolation has led to local extinc-
tions and loss of biodiversity in other groups due to
reduced gene flow between patches, loss of rescue
effects, and altered species interactions (Didham
et al. 2012; Haddad et al. 2015; Damschen et al.
2019). The negative outcomes of reduced connectiv-
ity have been documented in several macroarthro-
pod species (Kruess and Tscharntke 1994; Zabel
and Tscharntke 1998; Gibbs and Stanton 2001), as
have effects of restoring connectivity through the
creation or maintenance of corridors between iso-
lated patches (Collinge 2000; Haddad et al. 2003;
Ockinger et al. 2010). However, work on microar-
thropods is rare compared to larger organisms, and
we still know relatively little about the impacts of
habitat connectivity on microarthropod communi-
ties, let alone their trophic consequences. Although
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they were conducted on small scales (moss-island
ecosystems only centimeters in size), the few experi-
mental studies of the effects of fragmentation per-
formed on microarthropods to date have pointed to
reduced habitat connectivity as a cause of popula-
tion decline and species loss (Gilbert et al. 1998;
Gonzalez et al. 1998). While previous findings
suggest that fragmentation effects and connectiv-
ity on the scale of hectares can have strong impacts
on larger arthropods, such impacts have yet to be
measured for microarthropods, and specifically in
mite communities. Habitat connectivity could also
directly impact fungal abundance on plant leaves,
and previous work focused on leaf fungi has shown
that connectivity can increase the incidence of fun-
gal plant pathogens in fragmented habitats (Thrall
et al. 2003; Laine and Hanski 2006).

Aside from direct effects, connectivity could
also alter mite and fungal communities through
trophic interactions, either indirectly impacting one
trophic level via another (e.g., top-down or bottom-
up effects), or by impacting the direction/magni-
tude of the trophic interaction itself. For instance,
if reduced connectivity decreases mite abundance,
leaf fungal abundance may increase in more isolated
patches through a trophic interaction between mites
and fungi. Connectivity could also impact the inter-
action itself: Huffaker (1958) found that increased
connectivity was a key component of predator-prey
coexistence among predacious and herbivorous mites,
and experiments with larger arthropods have dem-
onstrated that decreased patch connectivity disrupts
trophic interactions (Martinson and Fagan 2014),
and negatively affects insects at higher trophic levels
more so than it affects the lower trophic levels they
feed on (Briickmann et al. 2011). However, little work
has investigated the impacts of connectivity and isola-
tion on the trophic interactions of microarthropods at
larger spatial scales over which habitat fragmentation
and connectivity conservation typically take place.
Ultimately, experimental manipulations are needed
to disentangle trophic impacts from the direct effects
of changes to fragment connectivity on lower trophic
levels.

Aside from habitat connectivity effects, the
impacts of fragmentation could also impact doma-
tia-dwelling mite and fungal communities and their
trophic interactions via the creation of edges. Edges
are likely to impact mites and fungi by changing the

microclimate within patches, manifesting as effects
of edge proximity (i.e., distance to edge; Tuff et al.
2016). For example, by changing microclimate condi-
tions, the presence of edges may alter plant-dwelling
mite and fungal communities by altering desiccation
risk, as both mites and fungi are sensitive to factors
such as temperature and humidity (Walter and Proctor
2013, Ghazy and Suzuki 2014, Sullivan et al. 2011).
In this system, patch edges are cooler and shadier than
patch centers (Johnson and Haddad 2011), meaning
that decreased desiccation risk in these regions of the
patches could result in higher abundances of mites
and fungi. The effects of edge proximity can addition-
ally manifest as patch-level effects by changing the
amount of a patch’s edge relative to its area, which
in turn may affect populations and trophic interac-
tions (Evans et al. 2012). For example, predatory
mite communities in high-edge patches may experi-
ence different levels of food availability (in the form
of other microarthropods or fungi) and altered abi-
otic climate factors compared to mite communities in
patches of the same area but with less edge. Here, we
refer to effects caused by changes in the edge-to-area
ratio of a patch as effects of patch shape to distinguish
these impacts from those caused by edge proximity.

Edge effects could also affect the trophic impacts
of mites on leaf fungi. For instance, if microclimate
conditions are more favorable for mites at patch
edges, leaf fungal abundance may be indirectly driven
by edge effects on mites through a trophic interac-
tion between mites and fungi. Alternatively, edges
could have impacts on leaf fungal abundance directly
through means other than how they affect mites and
the trophic interaction with fungi. For example,
edges might directly alter leaf fungal abundance by
producing more favorable microclimate conditions
(decreased temperature, higher moisture, shade)
for growth near edges (Sullivan et al. 2011). Both
direct and indirect mechanisms may also be occur-
ring simultaneously, and experiments are needed to
understand their relative impacts on shaping overall
patterns of leaf fungal abundance.

To better understand how habitat fragmentation
influences biodiversity and trophic interactions, we
conducted an experimental field study to disentangle
the impacts of multiple habitat fragmentation effects
on domatia-dwelling mites and mite-fungi inter-
actions on water oak (Quercus nigra L.). We con-
ducted a large-scale, replicated field experiment to
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isolate and resolve the effects of three consequences
of habitat fragmentation for domatia-dwelling mites
and leaf fungi on Q. nigra leaves: connectivity, edge
proximity, and patch shape. To disentangle direct and
indirect effects of fragmentation on mite-fungi inter-
actions, we crossed this field experiment with a plant-
level manipulation of the presence/absence of mites
by experimentally blocking domatia, which near-
entirely eliminates mite presence on plant leaves. We
asked the following questions:

(1) Do the effects of habitat fragmentation, specifi-
cally patch connectivity, patch shape, or proxim-
ity to the patch edge, impact the abundance and
diversity of mites living on Q. nigra?

(2) Do the effects of habitat fragmentation impact the
outcome of trophic interactions between domatia-
dwelling mites and leaf fungi on Q. nigra? In par-
ticular, is fungal abundance on leaves impacted
by changes in patch connectivity, patch shape, or
proximity to the patch edge, and if so, are these
impacts direct or the result of an altered mite-
fungi interaction across landscapes?

Methods
Study site

We worked within a long-running fragmentation
experiment at the Savannah River Site (SRS), a
National Environmental Research Park located near
New Ellenton, South Carolina. The experiment con-
sists of seven replicated experimental landscapes
(blocks), each of which is 50 ha in size and includes
five~1.4 ha longleaf pine savanna patches sur-
rounded by longleaf (Pinus palustris Mill.) and/or
loblolly (Pinus taeda L.) pine plantation with lim-
ited herbaceous ground cover (Fig. 1A). Savanna
patches were originally created by clearing mature
pine plantation forests and managing the clear-
ings with prescribed fire every 2—3 years to main-
tain open patch structure, as is typical for longleaf
pine savanna system (Jose et al. 2006). Six of the
seven blocks had been burned in the winter of
2017-2018 (the winter prior to our work), with the
remaining block burned during the previous winter
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Fig. 1 Diagram of the experimental design, showing (A) the
patch arrangement within one experimental block (n=7 total),
and (B) center versus edge zones within an example patch.
Comparisons of connectivity and patch shape hold patch area
constant. The darker shaded regions represent the edge and
center areas in which we selected oaks for our mite community
sampling. For the fungal trophic interaction sampling, paired
control and treatment oaks were selected to be as close to each
other as was possible, within each edge distance zone

of 2016-2017. This design results in experimental
patches of open savanna habitat surrounded by a
forested matrix.

The design of the experiment isolates the effects
of patch shape and connectivity while holding con-
stant the area of individual patches and the total
habitat area within each block. Each block includes
a 100x100 m center patch with four peripheral
patches each 150 m away from the center patch
(Fig. 1A). A corridor (25 m wide and 150 m long)
connects the center patch and one of the peripheral
patches, and is included in the area of this “con-
nected patch”. The unconnected patches are “rec-
tangular” or “winged,” with equal areas (~1.4 ha,
with the extra 0.4 ha area being the wings or back
of the rectangle patch). Each experimental block
has at least one rectangular and one winged patch
and the remaining patch in each block was ran-
domly assigned to be either a rectangular patch or
a winged patch. Effects of connectivity can be dis-
tinguished through comparisons of connected and
winged patches (which differ only in their connec-
tivity), while patch shape is distinguished through
comparing winged and rectangle patches (which
differ only in their edge-to-area ratio).
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Focal plant species

Quercus nigra (Fagaceae) is a deciduous oak tree spe-
cies native to North America. This species is wide-
spread within the experimental landscapes and has
conspicuous mite domatia which take the form of
clusters of trichomes located at the junctions of major
veins on the lower leaf surface. While this is the first
study to examine the mite communities associated
with the domatia of Q. nigra, studies in other spe-
cies (including oaks) have demonstrated that doma-
tia are occupied by a group of largely fungivorous,
but sometimes also predacious, mites from families
such as Tydeidae and Phytoseiidae, which are con-
sidered plant mutualists (O’Dowd and Willson 1997).
Due to recent prescribed fire, our sampled oaks
were resprouting and relatively short (40-220 cm in
height).

Do the effects of habitat fragmentation impact the
abundance and diversity of mites living on Q. nigra
leaves?

Experimental design

To test for fragmentation effects on mite communi-
ties, we sampled mites on leaves of Q. nigra plants
from across all treatments in the field experiment. We
sampled four Q. nigra individuals in the peripheral
patches of each of the seven replicate blocks (Fig. 1A)
in late June through early August of 2018 (n=110
oaks in 28 patches, due to one patch that lacked the
requisite number of oaks). We sampled two oaks
in each of two zones within each patch (Fig. 1B):
the edge (within 12.5 m of the patch edge) and the
center (the patch area greater than 37.5 m from the
patch edge). Within the two zones, we located oaks
that were healthy and similar in size. After selecting
trees, we haphazardly sampled 10 fully-expanded,
undamaged leaves from each oak, and immediately
placed these leaves in plastic bags containing mois-
tened paper-towels for transport on ice from the field
to the laboratory. Within the plastic bags, leaves did
not come in contact with each other.

Within 48 h of collection, we examined the under-
sides of all leaves with a dissection microscope,
counting the number of domatia per leaf and the total
number of mites per leaf. Additionally, we sorted
mites into morphospecies; representatives of which

were stored in 95% ethanol and stored at —20 °C for
later DNA extraction and identification. The methods
for mite DNA extraction and barcoding can be found
in the supplement (Appendix S1).

Statistical analysis

We used generalized linear mixed models (GLMM)
to test relationships between habitat fragmentation
and our response variables of interest. All analyses
were performed in R, version 4.1.1 (R Core Team
2021).

To determine the overall impacts of habitat frag-
mentation on mite communities, we ran GLMMs
with fixed effects of edge distance, patch type (con-
nected, winged, or rectangle), number of domatia,
and an edge distance by patch type interaction as pre-
dictor variables. We ran separate models with either
mite abundance or richness as response variables. For
our species richness response variable, we dropped
the mites we classified as nymphs from the analysis,
unless a nymph was the only morphospecies found on
the leaf. For each model, we included a nested random
effect of focal plant, nested in patch, nested in block to
account for our experimental design. We used a nega-
tive binomial for our error distribution and ran these
models through the glmmTMB package, version 1.0.1
(Brooks et al. 2017).

To test whether impacts of fragmentation on mite
communities are mediated by changes in the number
of domatia on leaves, we used GLMMs and a struc-
tural equation model (SEM). Microclimatic factors
that distinguish patch edges from patch centers may
also result in morphological differences in our plant
species, and this potential effect of edge distance
would function similarly regardless of patch type.
Therefore, we considered the relationship between
the number of domatia per leaf and distance from
the edge of the patch using a GLMM with the same
random effect structure as above, but with a Poisson
error distribution, and implemented through the Ime4
package, version 1.1-23 (Bates et al. 2015). Given the
results of our GLMMs, we also constructed an SEM,
in order to disentangle the direct effect of domatia
on mites from the indirect effect of edge as medi-
ated through the number of domatia (Fig. 2A). The
structural equation model was built using the piece-
wiseSEM package, version 2.1.0 (Lefcheck 2016),
with model statements written in the Ime4 package.
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As explained above, we also included the number
of domatia as an explanatory variable in our models
examining mite abundance and richness. This SEM
used data from 1100 individual leaves.

Do the effects of habitat fragmentation impact
the outcome of trophic interactions between
domatia-dwelling mites and leaf fungi on Q. nigra?

Experimental design

To investigate whether fragmentation effects altered
plant-mite-fungus interactions, we applied a mite-
exclusion treatment to two pairs of Q. nigra individ-
uals, resulting in one control and one treatment oak
at both the edge and center of the patches (n=109
oak individuals among 28 patches, due to one mor-
tality event and one patch that lacked the requisite
number of oaks). We selected focal Q. nigra indi-
viduals for this experiment using the same edge and
center zones and strategy as the mite diversity survey
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(Fig. 1B), although different individual plants were
used. We excluded mites by blocking domatia with
pruning tar, a standard manipulative technique for
nearly eliminating domatia-dwelling mites on plant
leaves (Norton et al. 2000, 2001; Monks et al. 2007).
We applied pruning tar (TreeKote Wound Dressing,
Walter E. Clark & Son, Inc., Orange, CT) to all of the
domatia on the underside of every leaf of two treated
trees in each patch, randomly assigned to the mite-
exclusion treatment. For the remaining two Q. nigra
trees in each patch, we conducted a control treatment
to account for the presence of pruning tar (and any
potential effects of the tar itself), by applying approxi-
mately the same number of tar spots that would have
been applied to the domatia, but elsewhere on the
lower leaf surface, such that the domatia were still
available for mite colonization and use. Before apply-
ing the tar treatment, we pruned all focal Q. nigra
individuals to a consistent size. We maintained the
treatment on all leaves for six weeks, following initial
tar application. Any new leaves that were produced
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during this time were removed, in order to maintain
the treatment across the whole plant.

After the six-week treatment period, we haphaz-
ardly sampled three fully-expanded, undamaged
leaves from each oak. We immediately placed these
leaves in plastic bags containing moistened paper-
towels for transport on ice from the field to the labora-
tory. All leaves were processed within 24 h of collec-
tion. For each leaf, we examined the leaf undersides
under a dissection microscope, counting all domatia
and the number of mites. To quantify fungal abun-
dance on the leaf surface, we used established fun-
gal peel methods (Harris 2000; Monks et al. 2007).
In brief, following the counting of mites and domatia,
we pressed the sticky side of a 19 mm wide piece of
Matte Finish tape to the lower leaf surface (Skilcraft,
Alexandria, Virginia, USA). We then placed the tape
on a slide and dyed the fungal hyphae on the slide
mount using a solution of 0.5% (w/v) trypan blue in
lactoglycerol (1:1:1 lactic acid, glycerol and water fil-
tered at 0.45 pm). We counted the number of times
hyphal threads crossed a transect from a standardized
area of tape (that being the whole width of the tape,
from one side of the slide mount to the other).

Statistical analyses

To confirm that the mite-exclusion treatment effec-
tively reduced or excluded mites on leaves, we ran
a GLMM with the number of mites on the leaves as
the response and the experimental treatment as the
predictor, with a nested random effect of focal plant,
nested within patch, nested within block to account
for our experimental design. We used a negative bino-
mial error distribution and implemented the model
through the glmmTMB package, version 1.0.1.

To evaluate whether fungal abundance on leaves
is impacted by changes in patch connectivity, patch
shape, or proximity to the patch edge, and if so,
whether these impacts are mediated by the presence
or absence of mites, or the result of an altered mite-
fungi interaction across landscapes, we ran a GLMM
with hyphal count as our response variable. Our fixed
effects were treatment, edge proximity, patch type, a
treatment by edge proximity interaction term, and a
treatment by patch type interaction term. Treatment
in this model refers to the mite-exclusion treatment,
which did effectively control mite abundance. We
chose to include all mite morphotaxa for which we

had data in this analysis. All of our observed families
contain at least some fungivorous taxa and because
these species are poorly understood and because,
trophically, predators should be rare, we felt this was
the more conservative approach for data analysis in
this system. Our random effect followed the same
nested structure as the mite community analyses
(focal tree within patch within block). We used a neg-
ative binomial distribution to account for overdisper-
sion in our hyphal count data. We implemented this
model through the glmmTMB package, version 1.0.1
(Brooks et al. 2017).

To distinguish the direct effects of our habitat vari-
ables (patch shape, connectivity, distance from edge)
on fungal abundance from the indirect effects of these
variables, as mediated by mites or domatia, we con-
structed another SEM (Fig. 2B). As above, we used
the piecewiseSEM package, version 2.1.0 (Lefcheck
2016), with model statements written in the lme4
package. For this analysis, we only included con-
trol leaves on which mites had not been excluded so
that our results would not be confounded by domatia
blockage. This SEM used data from 165 leaves.

Results

Do the effects of habitat fragmentation impact the
abundance and species richness of mites living on Q.
nigra leaves?

We counted 438 mites representing 15 different mor-
phospecies on Q. nigra leaves. The most abundant
morphospecies were from the families Tarsonemidae,
Phytoseiidae, Tydeidae, and Eupodidae (Table SI,
Walter and Proctor 2013). Of these common mor-
phospecies, we were able to assign 36.5% of individ-
uals to mite families that exhibit either fungivorous or
omnivorous diets and 17.2% to families that exhibit
primarily predatory diets (Table S1). Genbank acces-
sion numbers for individuals of barcoded morphospe-
cies can be found in Table S1.

Edges, a common consequence of habitat fragmen-
tation, affected mite communities by changing mite
abundance and richness. We found a main effect of
edge proximity on total mite abundance across all
patch types (Table S2, Fig. 3A), where there were,
on average 82% more mites on oak leaves at edges
compared to patch centers (0.51+£0.046 mites/ leaf
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at edges, 0.28+0.030 mites/leaf at patch centers,
mean+standard error). We found the same pattern
for mite species richness, where there were, on aver-
age twice as many mite species on oak leaves at edges
compared to patch centers (0.33+0.023 species/ leaf
at edges, 0.22+0.020 species/leaf at patch centers,
Fig. 3B). We did not find evidence for a main effect of
connectivity (connected vs. winged patches), or patch
shape (winged vs. rectangle patches), or interactions
between the type of patch (connected, rectangle,
winged) and edge proximity on mite species abun-
dance or richness (Table S2, Fig. 3).

We next asked whether fragmentation effects
were mediated by changes to the number of doma-
tia on leaves, or whether these effects impacted mite
communities directly, independent of any changes
to leaf domatia abundance. Through our structural
equation model (Fig. 2A), we found that edges
affect mite abundance, both directly and indirectly
through modifying the number of domatia. Dis-
tance from the edge is negatively associated with
mite abundance (r=—0.22, p=0.04) and with the
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Comparison of Interest

number of domatia (r=—0.03, p=0.04). There were
on average 13.3% more domatia on leaves of oaks
at the edges of the patches. The number of doma-tia
is positively related to mite abundance (r=0.26,
p=0.0006, Pearson’s r of 0.11). Neither patch con-
nectivity nor patch shape was significantly related
to mite abundance (r=0.16, p=0.25 and r=0.10,
p=0.45, respectively). The SEM fit the data well
(Fisher’s C=1.80, p=0.77).

Because leaf size could be influenced by edge
proximity in our system and could in turn influ-
ence the number of domatia and mites on a given
leaf, we additionally tested for the presence of
these correlations on a subset of our experimen-tal
leaves. Leaf area was positively correlated with edge
distance (p=0.018) and there was a trend for leaf
area to correlate positively with domatia num-ber
(p=0.065). These patterns are opposite those we
would expect if leaf area drove our findings of
higher mite richness/abundance near edge and, thus,
do not explain our results.
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Do the effects of habitat fragmentation impact
the outcome of trophic interactions between
domatia-dwelling mites and leaf fungi on Q. nigra?

We asked whether fungal abundance on leaves was
impacted by patch connectivity, patch shape, or
proximity to the patch edge, and if so, whether these
impacts are mediated by changes in mite communi-
ties. There were 5.6% more fungal hyphae present on
leaves at patch edges than in patch centers (p=0.02),
as calculated from estimated marginal means of the
model (Fig. 4). However, there were no effects of
connectivity (p>0.05) or patch shape (p>0.05) on
fungal abundance (Fig. 4).

There was no evidence that the effects of habitat
fragmentation impacted fungal abundance by chang-
ing mite-fungal trophic interactions. Blocking doma-
tia decreased mite abundance (p=0.004; with 107%
more mites on control leaves than treatment leaves).
However, there was no significant effect of the mite-
exclusion treatment on fungal abundance (p=0.13,
Fig. 4). Additionally, there was no significant rela-
tionship between mite abundance and fungal abun-
dance (Fig. S1), despite the fact that of the mites to
which we were able to assign a feeding guild, 80%
of mite individuals were fungivorous or omnivorous.
The effect of the interaction of domatia blocking and
distance from the patch edge on fungal abundance
was nonsignificant (p=0.16), as was the interaction
of treatment with the type of patch (p=0.96).

We additionally asked whether our landscape vari-
ables impacted fungal hyphae abundance directly, or
if this relationship was mediated by the number of

domatia per leaf or the abundance of mites per leaf,
using an SEM on control leaves (those allowing mite
access) from our experiment (Fig. 2B). We found that
only edge proximity had a significant direct impact
on fungal abundance (r = —0.006; p=0.029). We did
again observe a significant positive effect of domatia
on mite abundance (r=0.53; p=0.0267). However,
in contrast to our first SEM (Fig. 2A), we did not
observe an impact of edge proximity on domatia nor
on mites. This may be explained by the smaller sam-
ple size available for this SEM (n=165 leaves). This
SEM fit the data well (Fisher’s C=1.19, p=0.55).

Discussion

The effects of habitat fragmentation influenced mite
communities on Q. nigra leaves through the creation
of edges. Mite abundance and richness were greater
near patch edges; fungal abundance was also higher
near patch edges. However, these landscape vari-
ables did not shift trophic interactions between mites
and leaf fungus. Our work provides a rare look at the
impacts of habitat fragmentation on microarthro-
pods and their interactions and demonstrates that the
effects of habitat fragmentation can impact the con-
stituent members of a multi-level trophic interaction
without necessarily impacting the interaction itself.

Fragmentation effects on mite communities

Fragmentation effects influenced mites through edge
creation, where mite abundance and richness were

Fig. 4 Estimated effects =g
of connectivity, patch
shape, edge proximity,
and mite-exclusion via tar o < | - %
treatment on fungal hyphae é § °
abundance on Q. nigra leaf B T
surfaces from our statistical é 8 o
models. Only the relation- B § o 7
ship between fungal abun- g’ e —_——
dance and edge proximity = g L L
is significant (p=0.02); the 'é 5 2
remaining comparisons are 5 =
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higher at patch edges regardless of patch connectivity
or patch shape. This pattern is likely due to the more
hospitable microclimate near edges in this landscape
experiment. Our study system consists of open habi-
tat patches surrounded by a woody matrix, resulting
in forested edges that reduce sunlight, increase soil
moisture and air humidity, and reduce temperatures,
relative to the core part of the open habitats (Cade-
nasso et al. 1997; Chen et al. 1999; Ries et al. 2004;
Tuff et al. 2016). Previous studies in our system have
found that locations near edges have relatively lower
temperatures, and therefore higher relative humidity
(Johnson and Haddad 2011), which could reduce des-
iccation rates of the mites. Additionally, mite abun-
dance has been shown to be positively correlated with
humidity in landscape studies in agricultural settings
(Cobanoglu and Kumral 2016). Our work demon-
strates that the diversity and abundance of small,
wind-dispersed organisms, such as mites, which are
commonly thought to be ubiquitous, are still affected
by edges produced by fragmentation of habitat that is
orders of magnitude larger than themselves.

Mite abundance and richness may have also been
elevated near patch edges due to an influx of mites
from the pine plantation matrix surrounding the land-
scape fragments in our experiment. The microclimate
features of the matrix habitat are likely more suitable
for mites in the same ways that locations near edges in
fragments are (higher moisture, shade, lower temper-
atures). This observed abundance pattern may have
been additionally exacerbated by mite populations
being reduced in patches by the prescribed burns car-
ried out the previous winter. Thus, edge effects may
have resulted at least in part from recolonization of
oaks in the spring and summer near edges to greater
degrees than in patch centers, which would be rea-
sonable if mites are weak dispersers. Data describing
mite populations in the matrix and in patches over
time would be needed to evaluate these influx and
post-fire recolonization hypotheses.

This complication where the organisms that make
up part of our studied interaction may be able to use
the matrix habitat between our habitat patches may be
a complicating factor in our findings. The habitat of
the patches (longleaf pine savanna) differs from that
of the matrix in many important ways. However, for
the purpose of mites, a different habitat fragmenta-
tion framework may be more applicable, such as a
framework that treats the broad landscape (both the
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patches and matrix) as part of a continuum, which has
shown benefits in assessing species in some other sys-
tems (Fischer and Lindenmayer 2006; Brudvig et al.
2017). Our results are likely applicable to mites and
fungi on leaves in longleaf pine savanna, and other
forms of open habitat, but may change across differ-
ent habitat conditions with greater canopy cover, such
as those found in the matrix between our patches.
Better understanding of similar systems may require
additional and more explicit consideration of matrix
habitats.

Compared to edge proximity, we found no evi-
dence that patch shape or connectivity influenced
mite abundance or richness. Arboreal mites in other
systems disperse long distances (Lindo and Winches-
ter 2009; Paynter et al. 2012). Species with dispersal
capacities larger than the scale of habitat fragments
may not respond strongly to connectivity or patch
shape (Fletcher et al. 2018); and it is possible that
such is the case for the mites in our experiment. If that
is the case, then mites may more strongly respond to
microclimatic features such as those associated with
patch edges and respond less to large landscape struc-
ture. Indeed, previous work in this system with spe-
cies that have strong dispersal capacities shows edges
as having a greater effect than connectivity and patch
shape (Sullivan et al. 2011).

Fragmentation effects and mite effects on leaf fungi

Leaf fungal abundance was impacted by edge prox-
imity, with greater fungal abundance near edges.
However, there were no impacts of connectivity nor
patch shape on leaf fungal abundances. This result is
supported by past work on abiotically-dispersed fungi
in our system, which showed that connectivity and
patch shape did not influence their abundance (Sul-
livan et al. 2011). Contrary to our expectation, block-
ing domatia, though effective in reducing mites, had
no effect on leaf fungal abundance. This is similar to
the findings of Monks et al. (2007), which similarly
showed that blocking domatia did not affect foliar
fungal density, albeit not in a fragmentation context.
Though it is possible that mite abundances were gen-
erally too low to control fungal levels in our system,
work on mite-fungal trophic interactions in other
contexts has demonstrated that small shifts in mite
abundance of a plant’s leaves can have large impacts
on the fungal abundance on those leaves (Norton
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et al. 2000). Thus, it is possible that the mite densi-
ties that we observed could still be having a measur-
able effect on foliar fungal abundance. In spite of the
lack of influence of mite abundance on fungus, both
fungal abundance and mite abundance were higher at
edges, likely due to favorable microclimate factors for
both groups. Thus, fragmentation alters fungal abun-
dance through the creation of edges due to bottom-up
changes to environmental conditions, rather than top-
down control by fungivorous mites. We also found no
evidence that patch connectivity, patch shape, or edge
proximity influenced mite-fungus interactions. As a
result, although the effects of fragmentation affected
the abundance of both mites and fungus, it did not
alter trophic interactions between these groups.

Conclusion

As debate continues about the degree to which frag-
mentation and its effects matter for biodiversity
(Fletcher et al. 2018; Fahrig et al. 2019), we provide
experimental evidence that edges created by frag-
mentation alter the diversity and abundance of leaf-
dwelling mites as well as the abundance of leaf fungi.
These findings illustrate how cryptic aspects of biodi-
versity can be influenced by fragmentation, shedding
light on novel fragmentation effects, and suggesting
the need for new research to more broadly consider
the consequences of fragmentation for understudied
taxa.
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