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Abstract

1. Anthropogenic activity underpins the creation of urban ecosystems, often with

introduced or invasive species playing a large role in structuring ecological com-
munities. While the effects of urbanization on charismatic taxa such as birds, bees
or butterflies have received much attention, the impacts on small and inconspicu-

ous organisms remain poorly understood.

. Here, we assess how the community structure of leaf litter-inhabiting microar-

thropods in city parks varies along an urbanization gradient in Toronto, Canada.
At each park, we established paired forest understorey plots which were either
dominated by native vegetation or dog-strangling vine Vincetoxicum rossicum, an
invasive species that is spreading throughout northeastern North America and
abundant in urban areas. We compared microarthropod richness, abundance and
diversity in ecological traits between invaded and non-invaded plots as well as

compositional dissimilarities among plots across the urbanization gradient.

. We recorded 123 genera and found (a) there was a negative effect of urbanization

on microarthropod richness and abundance but only in invaded plots; (b) richness
and abundance increased continuously with urbanization in non-invaded plots,
but peaked at intermediate urbanization levels in invaded plots and (c) there was
significant turnover with increasing urbanization, with distinct communities rep-
resented in highly urbanized areas compared to less urbanized areas, regardless
of whether invaded. We also found litter microarthropod richness and abundance
increased with soil ammonium and decreased with nitrate. These trends were es-
pecially strong for fungivorous microarthropods; however, there was no relation-

ship between soil nutrients and urbanization or invasion.

. Urbanization and biological invasion drive biodiversity change, and there is a need

to disentangle these effects on ecological communities and related ecosystem
processes. We show microarthropod communities change with urbanization, with
the effects of invasion most prominent in non-urban areas. Here, there is high
richness and abundance but low ecological trait diversity, possibly because certain

feeding traits are excluded and others overrepresented.
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1 | INTRODUCTION

Urbanization results in fragmented green spaces that vary in size,
dimension and disturbance (Forman, 2014; Lepczyk et al., 2017).
Plant communities and soil conditions are influenced by a myriad of
anthropogenic factors which alter available resources that drive pat-
terns in animal diversity and abundance (Aronson et al., 2017). Urban
forests are particularly susceptible to human impacts, including lit-
ter and soil habitats (Sharma & Sharma, 2004). Microarthropods
are extremely diverse (Young, Proctor, deWaard, & Hebert, 2019)
and abundant (Ducarme, André, Wauthy, & Lebrum, 2004) in lit-
ter and soil, and major contributors to multiple functions including
decomposition and nutrient cycling (Kaneko & Salamanca, 1999;
Seastedt, 1984; Yang, Wagg, Veresoglou, Hempel, & Rillig, 2018).
The impacts of land-use change on microarthropod diversity
are well studied in agriculture (Cortet et al., 2002) and forestry
(Seastedt & Crossley, 1981), and only recently in urban areas (Joimel
et al., 2017; Rzeszowski & Sterzynska, 2016; Santorufo, Van Gestel,
& Maisto, 2012).

Few studies have considered the interactive effects of urbaniza-
tion on these communities with other major drivers of biodiversity
loss such as biological invasion (but see Trentanovi et al., 2013), but it
is becoming increasingly appreciated that these two drivers of diver-
sity change interact (Cadotte, Yasui, Livingstone, & Maclvor, 2017).
Biological invasions are pervasive in urban green spaces and impact
a range of animal species including microarthropods which have
been shown to be negatively impacted in several studies (Rusterholz,
Salamon, Ruckli, & Baur, 2014; St. John, Wall, & Hunt, 2006).
However, the impacts of plant invasion on soil biodiversity are not
well understood and particularly in relation to the potential synergis-
ticimpacts of invasion interacting with urbanization. Cities are home
to many invasive plant species as a result of human activity and re-
quire significant attention to curb economic impacts and spillover
into nearby natural areas (Gaertner et al., 2017). Microarthropods
are rarely considered in invasive species management despite the
critical role these animals contribute to litter and soil food web
dynamics. As a result, understanding how urban plant invasion im-
pacts diversity and abundance is necessary to sustain urban green
spaces and the important ecosystem services provided (Aronson
et al., 2017).

Evaluating how microarthropod community composition is altered

by urbanization and invasion can provide fundamental conceptual and

5. Understanding of urban ecological systems must include knowledge of the mi-
croarthropods that interact widely across food webs, form distinct communities
in highly urban areas and drive many of the important ecological functions upon

which people in cities depend.

beta diversity, community assembly, dog-strangling vine, ecological traits, functional diversity,

mites, soil mesofauna, urban forests

applied insights into biodiversity patterns. Delineating taxa by ecolog-
ical traits supports information about community-level change that
is independent of taxonomic diversity (Blaum, Mosner, Schwager, &
Jeltsch, 2011). For example, two communities could have similar rich-
ness and abundance, but the species that make up each community are
unique (having different properties and interactions; e.g. feeding guilds
in mite communities in Mori et al., 2015), leading to different outcomes
for ecosystem functioning. The dissimilarity in the ecological attributes
present in microarthropod communities, but not richness, has been
shown to drive litter decomposition and soil respiration (Heemsbergen
et al., 2004). Identifying shifts in ecological traits across gradients of
urbanization provides additional insights beyond taxonomic diversity
since they provide a much more direct link to different ecosystem
properties and multi-trophic interactions, thus influencing ecosystem
function (Cadotte, Carscadden, & Mirotchnick, 2011; Seibold, Cadotte,
Maclvor, Thorn, & Miiller, 2018).

Furthermore, beta diversity can resolve the extent of com-
positional dissimilarity associated with urbanization or invasion.
Dissimilarity among communities in different locations can be ad-
ditively partitioned into nestedness and turnover components
(Baselga, 2010). Nestedness can quantify the extent to which spe-
cies loss accounts for the dissimilarity among communities subjected
to different levels of urbanization or invasion. Turnover reflects the
role of species replacement in driving compositional changes among
communities. These two components allow us to ask whether lit-
ter microarthropod communities in city centres are subsets of those
in less urban areas, or if they consist of distinct sets of species.
Characterizing communities in terms of their dissimilarity both in
taxonomic and functional diversity along an urbanization gradient
and in interaction with invasive species can inform where to target
and prioritize environmental management to support different eco-
logical outcomes (Socolar, Gilroy, Kunin, & Edwards, 2016).

This study aims to determine the significance of urbanization
and plant invasion on litter microarthropod communities in urban
parks. As a study system, we selected Toronto, Canada, where
an invasive plant, the dog-strangling vine Vincetoxicum rossicum
[(Kleopow) Barbar.; ‘DSV’ hereafter] is widespread. DSV is native
to Ukraine and Russia (DiTommaso, Lawlor, & Darbyshire, 2005)
but has now established in cities across Northeastern North
America (Sheeley & Raynal, 1996). Its tendency to overgrow na-
tive species allows it to form virtual monocultures, dramatically

reducing the richness and altering functional diversity of plant
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communities (Sodhi, Livingstone, Carboni, & Cadotte, 2019).
It is also tolerant of both high- and low-light environments, and
resistant to herbivory (Milbrath, 2010) which facilitates its dom-
inance across vast areas of urban green spaces (Kricsfalusy &
Miller, 2010). DSV invasion has been shown to reduce richness
and diversity of other trophic levels such as adjacent macroinver-
tebrate (Ernst & Cappuccino, 2005), microbial (Bugiel, Livingstone,
Isaac, Fulthorpe, & Martin, 2018) and fungal communities (Day,
Antunes, & Dunfield, 2015). These changes have been speculated
to occur in part due to potential antibiotic properties of its root
(-)- antofine exudates (Bongard, Butler, & Fulthorpe, 2013) but in-
vaded plots also have high volumes of DSV leaf litter which would
affect the spatial structure of leaf litter of non-DSV species, and
thus food availability for litter-inhabiting species. In this study, we
evaluate the impact of urbanization and invasion on the taxonomic
and ecological trait diversity of litter microarthropod communities
and quantify beta diversity to determine the relative importance
of nestedness and turnover in describing resulting patterns. We
measure soil nutrient properties to determine the relationship to
urbanization and invasion, and whether there are ramifications for
microarthropod communities. We hypothesize that microarthro-
pod richness, abundance and ecological trait diversity will all be
negatively correlated with urbanization, and that these would all
be significantly lower in invaded understorey habitats compared
to non-invaded. Additionally, we hypothesize that there would
be significant turnover in litter microarthropod communities with
urbanization.

2 | MATERIALS AND METHODS
2.1 | Study design

This study was conducted in 16 urban parks distributed across the
Greater Toronto Area and three non-urban locations near Toronto at
the Koffler Scientific Reserve at Joker's Hill near King City, Ontario
(Table S1) in late July 2017. All urban parks were more than 1 km apart
and selected based on the proportion of urbanization surrounding
each park within a 500 m radius. These properties were calculated
using R (R Core Team, 2019; hereafter, all analyses conducted using
this program) and the ‘land.metric’ function in the spaTiaLEco package
(Evans, 2016). Landscape data were obtained from the 2007 Forest
and Land Cover dataset (0.6 m raster pixel resolution) which contains
eight landscape cover classes, from which we estimated urbaniza-
tion as the sum of ‘buildings’, ‘roads’ and ‘other paved surfaces’ (City
of Toronto, 2009). Urbanization ranged from 0% to 55.4% across all
19 parks (Table S1).

All parks contained DSV. Paired sample plots (~50 m apart) were
selected from understorey habitat beneath mature deciduous tree
cover (predominantly Acer and Quercus), and that were either in-
vaded (>75% DSV cover within 2 m?) or not invaded (>75% non-DSV
cover). Plots were selected to be as similar as possible in their canopy

cover and tree composition and so the biggest difference in litter

composition was between invaded and non-invaded plots. Each plot
was 1 m? and from which litter was collected and stored in coolers.

2.2 | Microarthropod sampling and traits

Within each 1 m? plot, we split the area into four equal quadrants
and from each collected approximately 200 ml of litter directly from
the soil surface and combined. We retrieved litter samples from all
plots except one which was lost (i.e. n = 37 in total; invaded plot
at KSR track; Table S1). In the laboratory, microarthropods were
extracted from a subsample of the combined leaf litter from each
plot via Berlese extraction using 40 W incandescent bulbs over a pe-
riod of 4 days. Each subsample was approximately 200 ml based on
the maximum volume that could fit in the Berlese funnel and exact
weights were not obtained because of slight variation in wetness
and to minimize disturbance to microarthropods. Raw extractions
were stored in scintillation tubes in 95% ethanol. Microarthropod
taxa considered included Acari, Collembola, Protura, Symphyla,
Pauropoda and Pseudoscorpionida. Small-bodied insects such as
Thysanoptera and some Hymenoptera were somewhat regularly
encountered but these were excluded from the present study.
Adult specimens were identified morphologically to the genus level.
Immature stages for many microarthropods, particularly in the Acari,
are often not identifiable even to the family level due to the poor on-
togenetic understanding of most taxa and so were also omitted from
the analyses. The taxonomic literature used for generic identifica-
tion included Krantz and Walter (2009), Gilyarov (1975, 1977, 1978),
Dindal (1990), Balogh (1972), as well as more specialized treatments
at the family level or lower for groups that have since received taxo-
nomic revision. All specimens were stored in 95% ethanol in 1.7 ml
microcentrifuge tubes and curated in the zoology collections at the
New Brunswick Museum's zoology collections (NBM-MNB), Saint
John, New Brunswick, Canada.

Once identified, a literature review was conducted to determine
the ecological traits of each genus (see Table S2 for a complete list
of genera, traits and supporting literature). Not using the term ‘trait’
sensu stricto (Violle et al., 2007), we were able to define six ‘ecolog-
ical traits”: fungivory, phytophagy, nematophagy, arthropodphagy,
phoresy and parthenogenesis. The first four traits are associated
with the diet of each genus (i.e. feeding preference). Each variable
was defined to take the value of either O or 1; for example, if a given
genus fed on fungi, it was assigned the value 1 for the trait ‘fun-
givory’. The four guilds were defined as separate binary variables,
rather than one categorical variable with four categories (fungivory,
phytophagy, nematophagy and arthropodphagy) to account for the
fact that some genera had more than one diet type. The feeding
guilds were assigned to the genera for which information was avail-
able in published literature. Phytophagy was used as an umbrella
dietary trait and included taxa that feed on algae, pollen, moss/
liverworts, wood, as well as phloem of vascular plants. The fifth trait,
phoresy, represents a dispersal strategy whereby microarthropods

migrate via attachment to larger animals. The phoretic genera were
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assigned the value 1, while others were assigned 0, and were deter-
mined based on either published reports of behaviour or the pres-
ence of an instar specialized for phoresy (e.g. phoretic hypopi in the
Astigmata). Phoresy rarely occurs in microarthropod taxa other than
the Acari (mites), so this was the only taxon included for this trait.
The sixth trait, parthenogenesis, represents the ability of asexual re-
production. The genera with this ability were assigned the value 1,
while others were assigned 0. This reproduction strategy is common
in the Acari, and this variable was recorded for acarine genera that
have been observed to exhibit this character. The two main modes
of parthenogenesis in the Acari are thelytoky, which results in the
production of haploid females, and arrhenotoky, producing haploid
males. Both strategies usually result in strongly female-biased sex
ratios (Norton & Palmer, 1991). This allows all these reproductive
strategies to be represented by a single qualitative trait of either
bisexual or female-biased populations. For many taxa, asexual re-
production is plastic at the subgeneric level. As we only identified
microarthropods to genus, we could not assign reproductive strat-
egy to a genus with absolute certainty. We considered a genus as
female biased as long as the behaviour was reported for at least one
species in the genus. All plot-level taxonomic richness, relative abun-
dances and ecological trait data are available in the Dryad Digital
Repository (Malloch, Maclvor, Tatsumi, Seibold, & Cadotte, 2020).

We acknowledge that, ideally, not only interspecific but in-
traspecific trait variations should be taken into account to reflect
individual-level fitness (Violle et al., 2007), and that there are a num-
ber of frameworks and methodologies to incorporate such variation
(e.g. Carmona, de Bello, Mason, & Leps, 2019). However, measure-
ments of individual-level traits are practically challenging especially
for small-bodied organisms like the mites and Collembola examined
here. Additionally, the use of trait-based approaches for soil microar-
thropods has only begun recently and there is still no consensus
about which traits should be used in community assembly analyses
(Mori et al., 2015). Since it is not known precisely which traits con-
tribute to which function, we use the term ‘ecological trait’; however,
to stick to the framework, ‘ecological trait’ diversity is called func-
tional diversity even though we do not know about the functional
role of the traits used. The ecological traits selected best reflect
what is known of microarthropod life strategies and environmental
niches in the literature to date (see Table S2).

To quantify ecological trait diversity of microarthropod com-
munities, we calculated functional dispersion (FDis; Laliberté &
Legendre, 2010). Although the ecological trait groupings used in
this analysis are not ‘functional traits’ in the strictest sense (Garnier
et al., 2017), such functional groupings have been used to calculate
FDis in studies on invertebrates (ground beetles: Schirmel, Blindow,
& Buchholz, 2012; dung beetles: Barragan, Moreno, Escobar,
Halffter, & Navarrete, 2011; mites: Mori et al., 2015) and other an-
imal groups (Devictor et al., 2010; Mazel et al., 2014; Wilman et al.,
2014). Among a number of available trait diversity indices, FDis was
preferable over others because it is a multi-trait index and can ac-
count for species relative abundances (which was measured by the

number of mite individuals in our study; Laliberté & Legendre, 2010).

First, intergeneric trait distances were quantified based on the six
microarthropod traits and using Gower's distance which allows for
binary data (Laliberté & Legendre, 2010). Although Gower's distance
can accept missing trait values to some extent, we excluded genera
for which fewer than four traits were available from the analyses
because the calculation did not converge. This left us with 112 out
of 123 genera (91.1%) and 3,221 out of 3,396 individuals (94.8%).
Then, FDis was calculated using the intergeneric trait distances and

the generic abundances in each plot.

2.3 | Soil nutrient and moisture analysis

We quantified soil nitrate and ammonium content using 2 g of fresh soil
collected in each plot. Each soil sample was mixed with 20 ml of 2 M
potassium chloride for 30 min using an automated shaker. Activated
charcoal was added to clay-rich soils. Samples were then filtered, and
the filtrate was analysed with a Lachat QuikChem 8500 Series 2 Flow
Injection Analyzer. For soil carbon and nitrogen content, fresh soil was
homogenized with a RETSCH ball mill for 30 s, and ~200 mg was placed
inside a LECO 628 Series H/C/N determinator. Soil moisture content
was measured as a ratio (%) by first weighing fresh soil, then placing it in
an oven at 105°C for at least 48 hr, then weighing the dried soil, taking
the difference and dividing by the dry weight.

2.4 | Statistical analysis

The effects of urbanization and plant invasion on microarthro-
pod richness and abundance were tested by means of GLMMs.
Microarthropod richness and abundance were defined as the num-
ber of genera and individuals in each plot, respectively. Poisson
distribution was used to describe the variation in richness, which
is a count variable. For abundance, which is also a count variable,
negative binomial distribution was used because it showed a wide
range in values. All linear and quadratic models used included log
link functions. Urbanization, DSV invasion and their interaction were
included as explanatory variables:

log(y) = fo + B1Inv + B,Urb + fglnv-Urb + ep,p o))

log(y) = fo + B1Inv + BoUrb + Blnv-Urb + p,Urb? + fginv-Urb? + epy, (2)

where vy is either microarthropod richness or abundance, Inv is a bi-
nary variable (O = without invasion; 1 = with invasion), Urb is the ur-
banization rate (%), ep,, is a random effect for park and f,-f; are
parameters. The random effect e, was included to account for the
non-independence of the paired plots within each park. We compared
the Akaike's information criterions (AIC) of the two models, and the
one with lower AIC was considered a better model. The same GLMM
analyses were repeated for the richness and abundance of each of
the six ecological trait guilds. To infer the assembly mechanisms of

microarthropod communities, we calculated the standardized effect
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FIGURE 1 Proportion of total sample
represented by major taxa in terms of (@) 61.5%
(a) relative abundance, and (b) generic
richness. The major subgroups of the Acari
are represented in blue. Low-abundance
taxa were agglomerated into the ‘Other’
category including Pseudoscorpionida,
Pauropoda, Symphyla and Protura

9.8%

1.1% 13.4%

Abundance

sizes (SES) of FDis. While the original FDis could be influenced by
species richness, we can remove such an influence by calculating its
SES (Mason, de Bello, Mouillot, Pavoine, & Dray, 2013). For the cal-
culation, we used an individual-based null model proposed by Kraft
et al. (2011). This null model randomly shuffles individuals among
plots while preserving the relative abundance of each genus across
plots and the number of individuals and species per plot. The SES

of each community was defined as (x - /‘nuu)/” where x is the ob-

null

served FDis, y, , is the mean expected FDis and o, ,

were determined

 is the standard
deviation of the expected FDis. The y,, and o,
based on 999 randomized communities. The SES that are higher and
lower than expected by chance indicate trait overdispersion and clus-
tering, respectively (Weiher & Keddy, 1995). The effects of urbaniza-
tion and plant invasion on observed FDis and SESFDis were tested by
means of linear mixed models (LMMs). We used the same linear and
quadratic models as indicated by Equations 1 and 2, except that log(y)
were replaced with y which represent the observed and SESFDis.
Urbanization, plant invasion and their interaction were included as
fixed effects, and park as a random effect. The model with lower AIC
was considered better over another.

Effects of urbanization and plant invasion on microarthropod
generic composition were tested by means of PERMANOVA using
distance matrices (Anderson, 2001). Compositional dissimilarities
(i.e. beta diversity) among community pairs were quantified using
Bray-Curtis and Jaccard indices which are abundance- and pres-
ence/absence-based measures, respectively. To analyse whether
the potential compositional changes resulted from either re-
placement or loss of genera, we further additively partitioned the
Jaccard index into spatial turnover and nestedness components
(Baselga, 2010). PERMANOVA included urbanization rate, plant in-
vasion (with vs. without) and their interaction as explanatory vari-
ables. All r functions and packages used for the analyses are listed
in Table S3.

3 | RESULTS

Across 39 litter samples, 5,840 individuals were extracted. Of
these, 3,396 were adults that represented 123 genera. Abundance
of adults per plot ranged from 6 to 291 and richness from 6 to 33

Oribatida
Mesostigmata
Astigmata
Prostigmata
Endeostigmata
Collembola
Other

EECDEEN

0.6%

12.7%

Richness

genera (Table S4). The Acari were the most abundant group with
2,944 individuals (86.7%), represented by 100 genera. The next most
abundant microarthropod group were the Collembola with 432 indi-
viduals (12.7%) from 18 genera. The Pauropoda, Pseudoscorpionida,
Symphyla and Protura had very low abundance, with only 20 indi-
viduals combined (0.6%), representing six genera (Figure 1). The most
common microarthropods recorded were predatory Mesostigmatid
mites in the genus Pergamasus (Berlese 1903, Family: Parasitidae;
84.2% of plots, all parks) and oribatid mites including the xylopha-
gous Phthiracarus (Perty 1841, Family: Phthiracaridae; 81.5% of plots,
18/19 parks), the herbofungivorous grazer Tectocepheus (Berlese
1895, Family: Tectocepheidae; 78.9% of plots, all parks) the fungi and
wood feeding Acrotritia (Jacot 1923, Family: Euphthiracaridae; 65.8%
of plots, 17/19 parks) and the fungivorous oribatid mite, Galumna
(68.4% of plots, 16/19 parks). Litter microarthropod richness and
abundance were significantly positively correlated (Figure S1).

Among the soil properties, moisture ranged from 11.6% to
48.7%, ammonium from 0.518 to 71.994 mg/kg, nitrate from 0.148
to 70.070 mg/kg, nitrogen from 1.286 to 4.015 mg/kg and carbon
from 22.52 to 72.77 mg/kg (Table S1). Pairwise correlation tests
between soil properties showed ammonium and nitrate were nega-
tively correlated, nitrogen positively correlated with carbon and soil
moisture positively correlated with ammonium. There was no signif-
icant correlation between urbanization or invasion and the different
soil inorganic parameters (Figure S1).

Microarthropod richness and abundance declined significantly
with urbanization, but only in invaded plots (Figure 2; Table S5).
Invaded, non-urban plots had the highest taxonomic richness and
abundance, with significant representation by fungivorous taxa
(Figure S2). Functional dispersion in microarthropod communi-
ties increased significantly with urbanization, but there was no in-
dependent effect of plant invasion (Figure 3a). For both FDis and
SESFDis, there were strong interaction effects, whereby invaded
plots exhibited a concave relationship and non-invaded plots a con-
vex relationship with urbanization (Figure 3). We also show invasion
independently had a significant effect on SESFDis with invaded
plots having more clustered microarthropod communities than
non-invaded plots (Figure 3; Table S5). Richness of fungivorous taxa
and abundance of nematophagous, phytophagous and fungivorous

taxa were all significantly greater in invaded plots (Figure S2).
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Microarthropod richness and abundance increased significantly
with ammonium, decreased significantly with nitrate and was not
correlated to soil moisture, carbon or nitrogen (Figure S1). The abun-
dance of fungivorous, phytophagous and nematophagous mites, as
well as species richness of fungivorous and phytophagous mites and
those reproducing via parthenogenesis were negatively correlated
with available nitrate (Table S6). Abundances of fungivorous and
phytophagous mites and those dispersing via phoresy, as well as
species richness of fungivorous and parthenogenetic mites were
positively correlated with ammonium (Table Sé).

There was a significant increase in community dissimilarity (as

measured using the Bray-Curtis distance) with increasing differences

in urbanization rates, but there was no difference between invaded
and non-invaded plots, nor was there was an interaction effect
(Figure 4a). The same patterns were demonstrated using the Jaccard
index (Figure 4b). When the Jaccard index was partitioned into com-
munity turnover and nestedness to assess beta diversity, we found
a strongly significant effect of urbanization in driving turnover, in-
dicating that the compositional changes were mostly explained by
replacement of microarthropod genera (Figure 4c). We found no ef-
fect of urbanization or invasion on nestedness (Figure 4d) indicating
that communities in invaded understorey habitat were not truncated
versions of the non-invaded plots, nor were more highly urban parks

compositionally a subset of less urban parks.
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4 | DISCUSSION

Microarthropod communities are extremely diverse and support a
range of critical ecosystem functions in forest leaf litter and surface
soils. Despite this, these taxa have received only recent attention in
community ecological research, and especially in regard to anthropo-
genic pressures such as urbanization and biological invasions. Here
we evaluate the microarthropod community structure in urban forest
understorey environments in pairs of invaded and non-invaded plots.
We found a negative effect of urbanization on microarthropod rich-
ness and abundance, but only in invaded plots, giving us partial support
for our hypotheses that urbanization would be correlated with decline
in both parameters. As well we demonstrate synergistic effects mani-
festing in taxonomic decline resulting from the interaction between
urbanization and invasion. We also found microarthropod richness and
abundance, especially of fungivorous taxa, increased with soil ammo-
nium and decreased with nitrate. However, these soil nutrient proper-
ties were not explained by urbanization or plant invasion.

Invaded and uninvaded understorey plots exhibited contrasting
concave and convex patterns in FDis with increasing urbanization.
FDis was highest at the most urban, non-invaded plots, and in in-
vaded plots it peaked at intermediate levels of urbanization. As a
result, we reject our hypotheses that ecological trait diversity would
decline with urbanization and be lower in invaded plots. The func-
tional ecology of litter microarthropods is poorly known, and only
a few broad ecological traits could be considered. Nevertheless,
our approach provides much needed inference about the ecological
influences on these microarthropod communities and we acknowl-
edge that more quantitative traits might reveal more nuanced pat-
terns. Fundamental aspects of the biology of the vast majority of
free-living microarthropods have yet to be learned, where for exam-
ple, feeding traits for many are understood at the kingdom or phylum
level (Walter, 1988). Feeding traits within phyla have been deter-
mined from laboratory experiments, particularly for fungi, where
mites, for example, are allowed to choose between a small selection
of food items (Schneider, Renker, & Maraun, 2005). We also found
that there was significant community turnover with increasing ur-
banization such that there were distinct communities represented
in high urban areas compared to low urban areas, regardless of
whether plots were invaded. This result supports our final hypothe-
sis that beta diversity in litter microarthropod communities would be
significantly correlated with urbanization. Altogether, our findings
illustrate the role of urbanization and plant invasion in structuring
microarthropod communities, and the need to better understand
these highly diverse communities which drive important ecosystem

functioning in cities.
4.1 | Microarthropod communities along a
gradient of urban understorey habitat

Patterns in diversity and community composition in response to ur-

banization are taxa specific (Faeth, Bang, & Saari, 2011) and often

lead to biotic homogenization (McKinney, 2006). However, we found
significant declines in taxonomic richness and abundance with ur-
banization only in invaded plots, and so it is possible that forest un-
derstorey habitat dominated by intact native vegetation could act
as a buffer against the negative impacts of urbanization on micro-
arthropod communities. This is reinforced with our results for eco-
logical trait diversity, whereby after a threshold of approximately
30%-35% urbanization, there is a decline, and the inverse relation-
ship was observed in non-invaded plots. Furthermore, urbanization
led to significant turnover in the microarthropod community that
is independent of invasion, and so variation exists in these poorly
studied taxa in terms of their response to the many impacts that are
associated with urbanization. How these distinctly urban-tolerant
communities lead to changes to key ecosystem services provided
including decomposition and nutrient cycling are unknown.

Urban forests support broader ecosystem functions that are
desirable including pollution mitigation, carbon sequestration and
recreation (Brack, 2002). As a result of the latter, leaf litter of urban
forests may see more severe levels of disturbance through tram-
pling, trail creation and the removal of fallen branches and trees (Van
Nuland & Whitlow, 2014). We found that the highest abundance of
litter microarthropods were found further away from the city cen-
tre. Forest litter-inhabiting arthropods decrease in abundance due
to alterations in litter quantity and nutritional quality (Bultman &
Uetz, 1984) and urban forests are known to exhibit lower canopy
density, leading to lower leaf litter thickness (Kostel-Hughes, Young,
& Carreiro, 1998). In addition to the physical changes seen in urban
forest litter, chemical changes are also commonplace. Urban soils
often have high concentrations of heavy metals and exhibit altered
pH and salinity levels compared to rural soils, with construction
and roadwork leaving a distinct fingerprint in adjacent forest soils
(Trammell, Schneid, & Carreiro, 2011). Significantly higher levels of
atmospheric carbon dioxide (Idso, ldso, & Balling, 2001), the urban
‘heat-island’ effect (Peng et al., 2012) and higher atmospheric ozone
concentrations can lead to dramatically higher plant growth rates in
cities (Gregg, Jones, & Dawson, 2003). Taken together, this suggests
urban forests with a high canopy density and relatively low levels of
physical disturbance could see higher rates of soil and litter nutrient
turnover as a result of higher plant productivity and increased de-
composer activity (Pouyat, McDonnell, & Pickett, 1997). We recom-
mend that understorey microarthropod communities be considered
when developing criteria and indicators for forest health in urban

areas.

4.2 | Plantinvasion and litter microarthropod
diversity in urban parks

We found that urbanization and invasion interact to have the
greatest impact on litter microarthropod communities, whereby
richness and abundance at invaded plots steadily declined with in-
creasing urbanization. Urban areas that are hotspots for biological

invasions (Cadotte et al., 2017), and along with the altered abiotic
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environmental conditions, result in ecosystem types without natu-
ral analogues (Hobbs, Higgs, & Harris, 2009). Disturbance by visi-
tors to urban parks for recreation and experiences with nature may
unintentionally perpetuate invasive plant species such as DSV. In
general, however, the literature on the impacts of plant invasion on
litter microarthropods illustrates context dependence and some-
times contrasting patterns. For example, Belnap, Phillips, Sherrod,
and Moldenke (2005) found changes to soil nutrients by invasion
were not important in structuring microarthropod communities, but
that non-invaded plant richness was more important. Similarly, in our
study, we found no interaction effect between invasion and soil nu-
trients on microarthropod communities (Figure S1), and we did see
evidence that non-invaded plots buffered against impacts of urbani-
zation (Figure 2). In another study, Lazzaro et al. (2018) show that
invasion by black locust trees lowers microarthropod richness even
when there is a good-sized litter layer. They suggest allelopathic com-
pounds produced in the leaves or during the decomposition process
might be responsible for lowering microarthropod richness. DSV is
known to alter soil properties via allelopathy (Douglass, Westin, &
DiTommaso, 2009), yet we find that fungivorous taxa were over-
represented in invaded plots, in the least urban parks. Functional
diversity was highest at invaded parks with intermediate urbaniza-
tion levels (Figure 3). One difficulty in interpreting these results is
that the majority of our parks were in the 20%-30% urbanization
range where there was a lot of variation in both the invaded and
non-invaded plots, and only 3 of 18 invaded parks were above 30%
(Table S1). That said, the concave pattern in FDis could indicate that
the intermediate pressure allowed the coexistence of multiple taxa
with different environmental tolerance, successional niches and as-
sociated traits (Tatsumi, Cadotte, & Mori, 2019).

Invaded plots were not significantly different from non-in-
vaded plots with regard to soil nutrient properties (Figure S1). As
a result, trends documented in microarthropod communities are
not due to DSV invasion occurring at higher quality plots. Non-
invaded plots also exhibited considerable variation which was not
explained by the presence of DSV (e.g. the diversity of species,
nearby decaying wood), suggesting important factors relating to
vegetation diversity and abundance regulating microarthropod
communities were not considered. Other studies have attempted
to use plant community composition as a predictor of microarthro-
pod diversity with mixed results. Gormsen, Hedlund, and Huifu
(2006) found that abandoned agricultural fields at different suc-
cessional stages did not differ from each other in terms of richness
or Shannon diversity, but community composition was different.
Plants structure microarthropod communities through their con-
tribution of fresh material to the litter layer (Gergocs, Rethati, &
Hufnagel, 2015). Leaf litter composed of a greater diversity of plant
material hosts a greater diversity of microarthropods, for example
by supporting a larger variety of fungal decomposers (Hansen &
Coleman, 1998). Diverse fungal and microbial communities in the
litter are expected to support a more complex microarthropod
community, as some of the most abundant litter microarthropod

taxa (Oribatida and Collembola) show a dietary preference for

fungi (Anslan, Bahram, & Tedersoo, 2016; Behan-Pelletier, 1999).
In support, llieva-Makulec, Olejniczak, and Szanser (2006) found
the richness and abundance of fungivorous mites and Collembola
increased with the age of experimental mesocosms as fungal col-
onization became more significant. Feeding habits vary within the
Oribatid mites, with some taxa showing narrower feeding prefer-
ences than others (Schneider & Maraun, 2005). Despite this, the
degree to which fungal and microbial biodiversity structure mi-
croarthropod communities is still poorly understood, with some
suggesting environmental and spatiotemporal factors are more
important than niche partitioning (MaaR, Maraun, Scheu, Rillig,
& Caruso, 2015). Our study reinforces the idea that plant com-
munity only indirectly alters microarthropod communities, as we
found fungivorous richness and abundance declined due to the
interaction of urbanization and invasion more than other feeding
guilds (Figure S1). The combination of lower plant diversity and
mechanical disturbance to litter due to urbanization could reduce
fungal diversity, thereby altering microarthropod communities;
however, we did not find a significant effect of invasion on beta
diversity, meaning the communities in invaded and non-invaded
plots were no different. Ultimately, further research must be done
to determine the mechanisms behind microarthropod diversity
change due to plant invasion, and especially whether this is via
DSV-driven chemical, physical or microbial changes in leaf litter
and soils.

4.3 | Soil nutrients and microarthropod diversity in
urban parks

Abundance and richness of microarthropods were positively corre-
lated with soil ammonium and negatively correlated with soil nitrate
concentration. Ammonium and nitrate concentrations in soil were
negatively correlated (Figure S1). Nitrogen is a crucial nutrient limit-
ing net primary production in many temperate ecosystems (Vitousek
& Howarth, 1991) and has been observed to act as a regulator for
Oribatid mite population size (Alatalo, Jagerbrand, Juhanson,
Michelsen, & Luptacik, 2017) and feeding guilds (Magilton, Maraun,
Emmerson, & Caruso, 2019). Increased soil nitrate concentration is
associated with less diverse floral communities, where the plants
are not able to fully exploit the nitrate pool (Niklaus et al., 2001).
Fungivorous microarthropods were more strongly negatively corre-
lated to nitrate than were phytophagous or predatory mites as fun-
givorous species could be negatively affected by nitrate via negative
effects on their food source.

5 | CONCLUSIONS

In this study, we found a decrease in litter microarthropod taxonomic
richness and abundance with urbanization, but only in invaded plots,
suggesting synergistic impacts may drive declines. It could be that

urbanization might not be as severe a threat to these communities
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as plant invasion. We show non-invaded plots were not affected by
urbanization providing evidence that intact, non-invaded under-
storey habitat might buffer against the negative impacts of urban
growth and are valuable to species involved in important ecosys-
tem processes. Ecological trait diversity was highest at the most
urban, non-invaded plots; moreover, there was significant turno-
ver in microarthropod community composition with urbanization.
Microarthropod communities were more diverse in invaded plots
overall, a pattern driven by fungivorous taxa. As well this feeding
guild was positively correlated with available nitrate, but there was
no relationship between soil nutrients and urbanization or invasion.
More work is needed to understand the impacts of urbanization on
small-scale habitat criteria including soil nutrients which are known
to drive patterns in these hyperdiverse biological communities.
Knowledge of the interaction between soil nutrients, fauna, flora
and fungi will ensure these communities and its diversity can be inte-
grated into urban planning practices that support critical ecosystem
functioning such as litter decomposition and nutrient cycling (Handa
et al., 2014). Microarthropods are individually small and remain out-
of-sight to many people yet play a critical component in the stability
of broader ecosystems. They deserve more attention and considera-
tion in management than they receive as we prepare for inevitable

global urban expansion in the future.

ACKNOWLEDGEMENTS

We thank the City of Toronto Parks, Forestry & Recreation Division
for park access. We acknowledge funding awarded to J.S.M.
(NSERC: RGPIN-2018-05660), MWC (NSERC: 386151; the TD
Professor of Urban Forest Conservation and Biology chair) and S.T.
(JSPS Overseas Research Fellowship: 201860500), and from the
University of Toronto Scarborough undergraduate research cost
fund. As well S.S. was supported by the German Academic Exchange
Service (DAAD) with funds from the German Federal Ministry of
Education and Research and the People Programme of the European
Union (Marie Curie Actions; grant number 605728). We thank Kabir
Plahay and Dr. Marney Isaac for conducting the soil nutrient and
moisture analyses, Garland Xie for assisting with constructing the
city map and selecting parks, and Adriano Roberto for assistance in
the field. We also thank the Associate Editor and two anonymous

reviewers for helpful feedback on the manuscript.

AUTHORS' CONTRIBUTIONS

J.S.M,, S.S. and M\W.C. conceived the idea of the study; B.M., J.S.M.
and S.S. collected the data and B.M. completed the microarthropod
identifications; B.M. led the literature review of ecological traits;
S.T. led the statistical analysis; B.M. and J.5.M. led the writing of the
manuscript, and all other authors contributed; J.5.M. led the revi-
sions. All authors have read and commented on the final version of
the manuscript.

DATA AVAILABILITY STATEMENT
Data are available from the Dryad Digital Repository https://doi.
org/10.5061/dryad.4xgxd256s (Malloch et al., 2020).

ORCID
Shinichi Tatsumi https://orcid.org/0000-0002-1789-1685
Sebastian Seibold https://orcid.org/0000-0002-7968-4489

Marc W. Cadotte
J. Scott Maclvor

https://orcid.org/0000-0002-5816-7693
https://orcid.org/0000-0002-2443-8192

REFERENCES

Alatalo, J. M., Jagerbrand, A. K., Juhanson, J., Michelsen, A., & Luptacik, P.
(2017). Impacts of twenty years of experimental warming on soil car-
bon, nitrogen, moisture and soil mites across alpine/subarctic tundra
communities. Scientific Reports, 7, 44489. https://doi.org/10.1038/
srep44489

Anderson, M. J. (2001). A new method for non-parametric multivariate
analysis of variance. Austral Ecology, 26, 32-46.

Anslan, S., Bahram, M., & Tedersoo, L. (2016). Temporal changes in fun-
gal communities associated with guts and appendages of Collembola
as based on culturing and high-throughput sequencing. Soil Biology
& Biochemistry, 96, 152-159. https://doi.org/10.1016/j.s0ilbio.2016.
02.006

Aronson, M. F. J., Lepczyk, C. A., Evans, K. L., Goddard, M. A., Lerman,
S. B., Maclvor, J. S., ... Vargo, T. (2017). Biodiversity in the city: Key
challenges for urban green space management. Frontiers in Ecology
and the Environment, 15(4), 189-196. https://doi.org/10.1002/
fee.1480

Balogh, J. (1972). The Oribatid genera of the world (p. 188). Budapest:
Akadémiai Kiado.

Barragan, F., Moreno, C. E., Escobar, F., Halffter, G., & Navarrete, D.
(2011). Negative impacts of human land use on dung beetle func-
tional diversity. PLoS ONE, 6(3). https://doi.org/10.1371/journal.
pone.0017976

Baselga, A. (2010). Partitioning the turnover and nestedness compo-
nents of beta diversity. Global Ecology and Biogeography, 19(1), 134-
143. https://doi.org/10.1111/j.1466-8238.2009.00490.x

Behan-Pelletier, V. M. (1999). Oribatid mite biodiversity in agroecosys-
tems: Role for bioindication. Agriculture, Ecosystems & Environment,
74,411-423.

Belnap, J., Phillips, S. L., Sherrod, S. K., & Moldenke, A. (2005). Soil
biota can change after exotic plant invasion: Does this affect
ecosystem processes? Ecology, 86(11), 3007-3017. https://doi.
org/10.1890/05-0333

Blaum, N., Mosner, E., Schwager, M., & Jeltsch, F. (2011). How func-
tional is functional? Ecological groupings in terrestrial animal ecol-
ogy: Towards an animal functional type approach. Biodiversity and
Conservation, 20(11), 2333-2345. https://doi.org/10.1007/s1053
1-011-9995-1

Bongard, C., Butler, K., & Fulthorpe, R. (2013). Investigation of fungal
root colonizers of the invasive plant Vincetoxicum rossicum and co-oc-
curring local native plants in a field and woodland area in Southern
Ontario. Nature Conservation, 4, 55-76. https://doi.org/10.3897/
natureconservation.4.3578

Brack, C. L. (2002). Pollution mitigation and carbon sequestration by an
urban forest. Environmental Pollution, 116, S195-S200. https://doi.
org/10.1016/50269-7491(01)00251-2

Bugiel, L. N., Livingstone, S. W, Isaac, M. E., Fulthorpe, R. R., & Martin, A.
R.(2018). Impacts of invasive plant species on soil biodiversity: A case
study of dog-strangling vine (Vincetoxicum rossicum) in a Canadian
National Park. Canadian Journal of Soil Science, 98, 716-723.

Bultman, T., & Uetz, G. (1984). Effect of structure and nutritional
quality of litter on abundances of litter-dwelling arthropods.
The American Midland Naturalist, 111(1), 165-172. https://doi.
org/10.2307/2425555

Cadotte, M. W., Carscadden, K., & Mirotchnick, N. (2011). Beyond
species: Functional diversity and the maintenance of ecological


https://doi.org/10.5061/dryad.4xgxd256s
https://doi.org/10.5061/dryad.4xgxd256s
https://orcid.org/0000-0002-1789-1685
https://orcid.org/0000-0002-1789-1685
https://orcid.org/0000-0002-7968-4489
https://orcid.org/0000-0002-7968-4489
https://orcid.org/0000-0002-5816-7693
https://orcid.org/0000-0002-5816-7693
https://orcid.org/0000-0002-2443-8192
https://orcid.org/0000-0002-2443-8192
https://doi.org/10.1038/srep44489
https://doi.org/10.1038/srep44489
https://doi.org/10.1016/j.soilbio.2016.02.006
https://doi.org/10.1016/j.soilbio.2016.02.006
https://doi.org/10.1002/fee.1480
https://doi.org/10.1002/fee.1480
https://doi.org/10.1371/journal.pone.0017976
https://doi.org/10.1371/journal.pone.0017976
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1890/05-0333
https://doi.org/10.1890/05-0333
https://doi.org/10.1007/s10531-011-9995-1
https://doi.org/10.1007/s10531-011-9995-1
https://doi.org/10.3897/natureconservation.4.3578
https://doi.org/10.3897/natureconservation.4.3578
https://doi.org/10.1016/S0269-7491(01)00251-2
https://doi.org/10.1016/S0269-7491(01)00251-2
https://doi.org/10.2307/2425555
https://doi.org/10.2307/2425555

10 Journal of Animal Ecology

MALLOCH EeT AL.

processes and services. Journal of Applied Ecology, 48(5), 1079-1087.
https://doi.org/10.1111/j.1365-2664.2011.02048.x

Cadotte, M. W,, Yasui, S. L. E., Livingstone, S., & Maclvor, J. S. (2017).
Are urban systems beneficial, detrimental, or indifferent for biolog-
ical invasion? Biological Invasions, 19(12), 3489-3503. https://doi.
org/10.1007/s10530-017-1586-y

Carmona, C. P, de Bello, F., Mason, N. W., & Leps, J. (2019). Trait probability
density (TPD): Measuring functional diversity across scales based on TPD
with R. Ecology, 100(12), €02876. https://doi.org/10.1002/ecy.2876

City of Toronto. (2009). Forest and land cover. Retrieved from https://
www.toronto.ca/city-government/data-research-maps/open-data/
open-data-catalogue/locations-and-mapping/#808bc73a-df10-
284d-9df7-e60dc97b45ae

Cortet, J., Ronce, D., Poinsot-Balaguer, N., Beaufreton, C., Chabert, A.,
Viaux, P., & de Fonseca, J. P. C. (2002). Impacts of different agricul-
tural practices on the biodiversity of microarthropod communities
in arable crop systems. European Journal of Soil Biology, 38, 239-244.

Day, N. J., Antunes, P. M., & Dunfield, K. E. (2015). Changes in arbuscu-
lar mycorrhizal fungal communities during invasion by an exotic in-
vasive plant. Acta Oecologia, 67, 66-74. https://doi.org/10.1016/
j.actao.2015.06.004

Devictor, V., Mouiillot, D., Meynard, C., Jiguet, F., Thuiller, W., & Mouquet,
N. (2010). Spatial mismatch and congruence between taxonomic,
phylogenetic and functional diversity: The need for integrative con-
servation strategies in a changing world. Ecology Letters, 13, 1030-
1040. https://doi.org/10.1111/j.1461-0248.2010.01493.x

Dindal, D. L. (1990). Soil biology guide. New York, NY: Wiley.

DiTommaso, A., Lawlor, F. M., & Darbyshire, S. J. (2005). The biology of in-
vasive alien plants in Canada. 2. Cynanchum rossicum (Kleopow) Borhidi
[=Vincetoxicum rossicum (Kleopow) Barbar.] and Cynanchum louiseae (L.)
Kartesz & Gandhi [=Vincetoxicum nigrum (L.) Moench]. Canadian Journal
of Plant Science, 85(1), 243-263. https://doi.org/10.4141/P03-056

Douglass, C. H., Weston, L. A., & DiTommaso, A. (2009). Black and pale
swallow-wort (Vincetoxicum nigrum and V. rossicum): The biology
and ecology of two perennial, exotic and invasive vines. In Inderjit
(Ed.), Management of invasive weeds (pp. 261-277). Dordrecht, The
Netherlands: Springer.

Ducarme, X., André, H. M., Wauthy, G., & Lebrum, P. (2004). Are there
real endogeic species in temperate forest mites? Pedobiologia, 48(2),
139-147. https://doi.org/10.1016/j.pedobi.2003.10.002

Ernst, C. M., & Cappuccino, N. (2005). The effect of an invasive alien
vine, Vincetoxicum rossicum (Asclepiadaceae), on arthropod popula-
tions in Ontario old fields. Biological Invasions, 7(3), 417-425. https://
doi.org/10.1007/s10530-004-4062-4

Evans, J. S. (2016). spatialEco: An R package for spacial analysis and mod-
eling. R package version 0.1-1. Retrieved from http://cran.r-project.
org/package=spatialEco

Faeth, S. H., Bang, C., & Saari, S. (2011). Urban biodiversity: Patterns
and mechanisms. Annals of the New York Academy of Sciences, 1223,
69-81. https://doi.org/10.1111/j.1749-6632.2010.05925.x

Forman, R. T. (2014). Urban ecology: Science of cities. Cambridge, UK:
Cambridge University Press.

Gaertner, M., Wilson, J. R., Cadotte, M. W,, Maclvor, J. S., Zenni, R. D., &
Richardson, D. M. (2017). Non-native species in urban environments:
Patterns, processes, impacts and challenges. Biological Invasions, 19,
3461-3469. https://doi.org/10.1007/s10530-017-1598-7

Garnier, E., Stahl, U., Laporte, M.-A., Kattge, J., Mougenot, I., Kiihn, 1.,
... Klotz, S. (2017). Towards a thesaurus of plant characteristics: An
ecological contribution. Journal of Ecology, 105(2), 298-309. https://
doi.org/10.1111/1365-2745.12698

Gergocs, V., Rethati, G., & Hufnagel, L. (2015). Litter quality indirectly
influences community composition, reproductive mode and tro-
phic structure of oribatid mite communities: A microcosm exper-
iment. Experimental & Applied Acarology, 67, 335-356. https://doi.
org/10.1007/s10493-015-9959-3

Gilyarov, M. C. (1975). OnpegenuTtesib 06UTAIOLINX B MOYBE KieLlen
Sarcoptiformes (p. 492). Mocksa: Hayka.

Gilyarov, M. C. (1977). OnpegennTtens ob6UTaOLWLMX B MOYBE KAELLEN
Mesostigmata (p. 720). MockBsa: Hayka.

Gilyarov, M. C. (1978). Onpeaenvtenb 06UTAOLWNX B MOYBE KieLen
Trombidiformes (p. 272). Mocksa: Hayka.

Gormsen, D., Hedlund, K., & Huifu, W. (2006). Diversity of soil mite
communities when managing plant communities on set-aside arable
land. Applied Soil Ecology, 31, 147-158. https://doi.org/10.1016/j.
apsoil.2005.03.001

Gregg, J. W., Jones, C. G., & Dawson, T. E. (2003). Urbanization effects
on tree growth in the vicinity of New York City. Nature, 424, 183-187.
https://doi.org/10.1038/nature01728

Handa, I. T, Aerts, R., Berendse, F., Berg, M. P., Bruder, A., Butenschoen,
0., ... Hattenschwiler, S. (2014). Consequences of biodiversity loss
for litter decomposition across biomes. Nature, 509(7499), 218-221.
https://doi.org/10.1038/nature13247

Hansen, R. A., & Coleman, D. C. (1998). Litter complexity and composi-
tion are determinants of the diversity and species composition of ori-
batid mites (Acari: Oribatida) in litterbags. Applied Soil Biology, 9(1-3),
17-23. https://doi.org/10.1016/50929-1393(98)00048-1

Heemsbergen, D. A., Berg, M. P., Loreau, M., Van Hal, J. R., Faber, J.
H., & Verhoef, H. A. (2004). Biodiversity effects on soil processes
explained by interspecific functional dissimilarity. Science, 2, 1019-
1020. https://doi.org/10.1126/science.1101865

Hobbs, R. J., Higgs, E., & Harris, J. A. (2009). Novel ecosystems:
Implications for conservation and restoration. Trends in Ecology &
Evolution, 24, 599-605. https://doi.org/10.1016/j.tree.2009.05.012

Idso, C. D., Idso, S. B., & Balling, R. C. J. (2001). An intensive two-week
study of an urban CO, dome in Phoenix, Arizona, USA. Atmospheric
Environment, 35, 995-1000. https://doi.org/10.1016/51352-
2310(00)00412-X

llieva-Makulec, K., Olejniczak, I., & Szanser, M. (2006). Response of soil
micro- and mesofauna to diversity and quality of plant litter. European
Journal of Soil Biology, 42, S244-S249. https://doi.org/10.1016/
j.ejsobi.2006.07.030

Joimel, S., Schwartz, C., Hedde, M., Kiyota, S., Krogh, P. H., Nahmani, J., ...
Cortet, J. (2017). Urban and industrial land uses have a higher soil bi-
ological quality than expected from physicochemical quality. Science
of the Total Environment, 584, 614-621. https://doi.org/10.1016/
j.scitotenv.2017.01.086

Kaneko, N., & Salamanca, E. (1999). Mixed leaf litter effects on decom-
position rates and soil microarthropod communities in an oak-pine
stand in Japan. Ecological Research, 14(2), 131-138. https://doi.
org/10.1046/j.1440-1703.1999.00292.x

Kostel-Hughes, F., Young, T. P., & Carreiro, M. M. (1998). Forest leaf lit-
ter quantity and seedling occurrence along an urban-rural gradient.
Urban Ecosystems, 2, 263-278. https://doi.org/10.1023/A:10095
36706827

Kraft, N. J. B., Comita, L. S., Chase, J. M., Sanders, N. J., Swenson, N.
G., Crist, T. O., & Myers, J. A. (2011). Disentangling the drivers of
diversity along latitudinal and elevational gradients. Science, 333,
1755-1758. https://doi.org/10.1126/science.1208584

Krantz, G. W., & Walter, D. E. (2009). A manual of acarology. Lubbock, TX:
Texas Tech University Press.

Kricsfalusy, V., & Miller, G. (2010). Community ecology and invasion of
natural vegetation by Cynanchum rossicum (Asclepiadaceae) in the
Toronto region, Canada. Thaiszia Journal of Botany, 20, 53-70.

Laliberté, E., & Legendre, P. (2010). A distance-based framework for
measuring functional diversity from multiple traits. Ecology, 91, 299-
305. https://doi.org/10.1890/08-2244.1

Lazzaro, L., Mazza, G., d'Errico, G., Fabiani, A., Giuliani, C., Inghilesi, A.
F., ... Foggi, B. (2018). How ecosystems change following invasion by
Robinia pseudoacacia: Insights from soil chemical properties and soil
microbial, nematode, microarthropod and plant communities. Science


https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1007/s10530-017-1586-y
https://doi.org/10.1007/s10530-017-1586-y
https://doi.org/10.1002/ecy.2876
https://www.toronto.ca/city-government/data-research-maps/open-data/open-data-catalogue/locations-and-mapping/#808bc73a-df10-284d-9df7-e60dc97b45ae
https://www.toronto.ca/city-government/data-research-maps/open-data/open-data-catalogue/locations-and-mapping/#808bc73a-df10-284d-9df7-e60dc97b45ae
https://www.toronto.ca/city-government/data-research-maps/open-data/open-data-catalogue/locations-and-mapping/#808bc73a-df10-284d-9df7-e60dc97b45ae
https://www.toronto.ca/city-government/data-research-maps/open-data/open-data-catalogue/locations-and-mapping/#808bc73a-df10-284d-9df7-e60dc97b45ae
https://doi.org/10.1016/j.actao.2015.06.004
https://doi.org/10.1016/j.actao.2015.06.004
https://doi.org/10.1111/j.1461-0248.2010.01493.x
https://doi.org/10.4141/P03-056
https://doi.org/10.1016/j.pedobi.2003.10.002
https://doi.org/10.1007/s10530-004-4062-4
https://doi.org/10.1007/s10530-004-4062-4
http://cran.r-project.org/package=spatialEco
http://cran.r-project.org/package=spatialEco
https://doi.org/10.1111/j.1749-6632.2010.05925.x
https://doi.org/10.1007/s10530-017-1598-7
https://doi.org/10.1111/1365-2745.12698
https://doi.org/10.1111/1365-2745.12698
https://doi.org/10.1007/s10493-015-9959-3
https://doi.org/10.1007/s10493-015-9959-3
https://doi.org/10.1016/j.apsoil.2005.03.001
https://doi.org/10.1016/j.apsoil.2005.03.001
https://doi.org/10.1038/nature01728
https://doi.org/10.1038/nature13247
https://doi.org/10.1016/S0929-1393(98)00048-1
https://doi.org/10.1126/science.1101865
https://doi.org/10.1016/j.tree.2009.05.012
https://doi.org/10.1016/S1352-2310(00)00412-X
https://doi.org/10.1016/S1352-2310(00)00412-X
https://doi.org/10.1016/j.ejsobi.2006.07.030
https://doi.org/10.1016/j.ejsobi.2006.07.030
https://doi.org/10.1016/j.scitotenv.2017.01.086
https://doi.org/10.1016/j.scitotenv.2017.01.086
https://doi.org/10.1046/j.1440-1703.1999.00292.x
https://doi.org/10.1046/j.1440-1703.1999.00292.x
https://doi.org/10.1023/A:1009536706827
https://doi.org/10.1023/A:1009536706827
https://doi.org/10.1126/science.1208584
https://doi.org/10.1890/08-2244.1

MALLOCH ET AL.

Journal of Animal Ecology 11

of the Total Environment, 622, 1509-1518. https://doi.org/10.1016/
j.scitotenv.2017.10.017

Lepczyk, C. A, Aronson, M. F, Evans, K. L., Goddard, M. A., Lerman,
S. B., & Maclvor, J. S. (2017). Biodiversity in the city: Fundamental
questions for understanding the ecology of urban green spaces for
biodiversity conservation. BioScience, 67, 799-807.

MaaB, S., Maraun, M., Scheu, S., Rillig, M. C., & Caruso, T. (2015).
Environmental filtering vs. resource-based niche partitioning in di-
verse soil animal assemblages. Soil Biology and Biochemistry, 85, 145-
152. https://doi.org/10.1016/j.s0ilbio.2015.03.005

Magilton, M., Maraun, M., Emmerson, M., & Caruso, T. (2019). Oribatid
mites reveal that competition for resources and trophic structure
combine to regulate the assembly of diverse soil animal communities.
Ecology and Evolution, 9(14), 8320-8330. https://doi.org/10.1002/
ece3.5409

Malloch, B., Maclvor, J. S., Tatsumi, S., Seibold, S., & Cadotte, M. W.
(2020). Data from: Urbanization and plant invasion alter the struc-
ture of litter microarthropod communities. Dryad Digital Repository,
https://doi.org/10.5061/dryad.4xgxd256s

Mason, N. W. H., de Bello, F., Mouillot, D., Pavoine, S., & Dray, S. (2013).
A guide for using functional diversity indices to reveal changes in
assembly processes along ecological gradients. Journal of Vegetation
Science, 24(5), 794-806. https://doi.org/10.1111/jvs.12013

Mazel, F., Guilhaumon, F., Mouquet, N., Devictor, V., Gravel, D., Renaud,
J., ... Thuiller, W. (2014). Multifaceted diversity-area relationships
reveal global hotspots of mammalian species, trait and lineage di-
versity. Global Ecology and Biogeography, 23(8), 836-847. https://doi.
org/10.1111/geb.12158

McKinney, M. L. (2006). Urbanization as a major cause of biotic ho-
mogenization. Biological Conservation, 127(3), 247-260. https://doi.
org/10.1016/j.biocon.2005.09.005

Milbrath, L. R. (2010). Phytophagous arthropods of invasive swal-
low-wort vines (Vincetoxicum spp.) in New York. Environmental
Entomology, 39, 68-78. https://doi.org/10.1603/EN09116

Mori, A. S., Ota, A. T., Fujii, S., Seino, T., Kabeya, D., Okamoto, T, ...
Hasegawa, M. (2015). Biotic homogenization and differentiation
of soil faunal communities in the production forest landscape:
Taxonomic and functional perspectives. Oecologia, 177, 533-544.

Niklaus, P. A., Kandeler, E., Leadley, P. W., Schmid, B., Tscherko, D., &
Korner, C. (2001). A link between plant diversity, elevated CO, and
soil nitrate. Oecologia, 127, 540-548. https://doi.org/10.1007/s0044
20000612

Norton, R. A., & Palmer, S. C. (1991). The distribution, mechanisms and
evolutionary significance of parthenogenesis in oribatid mites. In R.
Schuster & P. W. Murphy (Eds.), The Acari: Reproduction, development
and life-history strategies (pp. 107-136). Dordrecht, The Netherlands:
Springer.

Peng, S., Piao, S., Ciais, P., Friedlingstein, P., Ottle, C., Bréon, F.-M., ...
Myneni, R. B. (2012). Surface urban heat island across 419 global big
cities. Environmental Science & Technology, 46(2), 696-703. https://
doi.org/10.1021/es2030438

Pouyat, R. V., McDonnell, M. J., & Pickett, S. T. A. (1997). Litter decompo-
sition and nitrogen mineralization in oak stands along an urban-rural
land use gradient. Urban Ecosystems, 1, 117-131.

R Core Team. (2019). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Rusterholz, H.-P., Salamon, J.-A., Ruckli, R., & Baur, B. (2014). Effects of
the annual invasive plant Impatiens glandulifera on the Collembola
and Acari communities in a deciduous forest. Pedobiologia, 57(4-6),
285-291. https://doi.org/10.1016/j.pedobi.2014.07.001

Rzeszowski, K., & Sterzynska, M. (2016). Changes through time in soil
Collembola communities exposed to urbanization. Urban Ecosystems,
19, 143-158. https:/doi.org/10.1007/s11252-015-0478-0

Santorufo, L., Van Gestel, C. A., & Maisto, G. (2012). Ecotoxicological
assessment of metal-polluted urban soils using bioassays with

three soil invertebrates. Chemosphere, 88(4), 418-425. https://doi.
org/10.1016/j.chemosphere.2012.02.057

Schirmel, J., Blindow, I., & Buchholz, S. (2012). Life-history trait and
functional diversity patterns of ground beetles and spiders along a
coastal heathland successional gradient. Basic and Applied Ecology,
13(7), 606-614. https://doi.org/10.1016/j.baae.2012.08.015

Schneider, K., & Maraun, M. (2005). Feeding preferences among dark
pigmented fungal taxa (‘Dematiacea’) indicate limited trophic niche
differentiation of oribatid mites (Oribatida, Acari). Pedobiologia, 49(1),
61-67. https://doi.org/10.1016/j.pedobi.2004.07.010

Schneider, K., Renker, C., & Maraun, M. (2005). Oribatid mite (Acari,
Oribatida) feeding on ectomycorrhizal fungi. Mycorrhiza, 16, 67-72.
https://doi.org/10.1007/s00572-005-0015-8

Seastedt, T. R. (1984). The role of microarthropods in decomposition and
mineralization processes. Annual Review of Entomology, 29, 25-46.
https://doi.org/10.1146/annurev.en.29.010184.000325

Seastedt, T.R., & Crossley Jr., D. A. (1981). Microarthropod response fol-
lowing cable logging and clear-cutting in the Southern Appalachians.
Ecology, 62(1), 126-135. https://doi.org/10.2307/1936676

Seibold, S., Cadotte, M. W., Maclvor, J. S., Thorn, S., & Miiller, J. (2018).
The necessity of multitrophic approaches in community ecol-
ogy. Trends in Ecology & Evolution, 33(10), 754-764. https://doi.
org/10.1016/j.tree.2018.07.001

Sharma, J. C., & Sharma, Y. (2004). Nutrient cycling in forest ecosystems -
A review. Agricultural Review, 25, 157-172.

Sheeley, S. E., & Raynal, D. J. (1996). The distribution and status of spe-
cies of Vincetoxicum in Eastern North America. Bulletin of the Torrey
Botanical Club, 123, 148-156. https://doi.org/10.2307/2996072

Socolar, J. B., Gilroy, J. J., Kunin, W. E., & Edwards, D. P.(2016). How should
beta-diversity inform biodiversity conservation? Trends in Ecology &
Evolution, 31(1), 67-80. https://doi.org/10.1016/j.tree.2015.11.005

Sodhi, D. S., Livingstone, S. W., Carboni, M., & Cadotte, M. W. (2019). Plant
invasion alters trait composition and diversity across habitats. Ecology
and Evolution, 9(11), 6199-6210. https://doi.org/10.1002/ece3.5130

St. John, M. G, Wall, D. H., & Hunt, H. W. (2006). Are soil mite assem-
blages structured by the identity of native and invasive alien grasses?
Ecology, 87, 1314-1324. https://doi.org/10.1890/0012-9658(2006)8
7[1314:ASMASB]2.0.CO;2

Tatsumi, S., Cadotte, M. W., & Mori, A. S. (2019). Individual-based mod-
els of community assembly: Neighbourhood competition drives
phylogenetic community structure. Journal of Ecology, 107, 735-746.
https://doi.org/10.1111/1365-2745.13074

Trammell, T. L. E., Schneid, B. P., & Carreiro, M. M. (2011). Forest soils
adjacent to urban interstates: Soil physical and chemical properties,
heavy metals, disturbance legacies, and relationships with woody
vegetation. Urban Ecosystems, 14, 525-552. https://doi.org/10.1007/
s11252-011-0194-3

Trentanovi, G., von der Lippe, M., Sitzia, T., Ziechmann, U., Kowarik, I., &
Cierjacks, A. (2013). Biotic homogenization at the community scale:
Disentangling the roles of urbanization and plant invasion. Diversity &
Distributions, 19, 738-748. https://doi.org/10.1111/ddi.12028

Van Nuland, M. E., & Whitlow, W. L. (2014). Temporal effects on biodiver-
sity and composition of arthropod communities along an urban-rural
gradient. Urban Ecosystems, 17, 1047-1060. https://doi.org/10.1007/
s11252-014-0358-z

Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., &
Garnier, E. (2007). Let the concept of trait be functional! Oikos, 116(5),
882-892. https://doi.org/10.1111/j.0030-1299.2007.15559.x

Vitousek, P. M., & Howarth, R. W. (1991). Nitrogen limitation on land and
in the sea: How can it occur? Biogeochemistry, 13(2), 87-115. https://
doi.org/10.1007/BF00002772

Walter, D. E. (1988). Nematophagy by soil arthropods from the short-
grass steppe, Chihuahuan desert and Rocky Mountains of the central
United States. Agriculture, Ecosystems & Environment, 24, 307-316.
https://doi.org/10.1016/0167-8809(88)90074-6


https://doi.org/10.1016/j.scitotenv.2017.10.017
https://doi.org/10.1016/j.scitotenv.2017.10.017
https://doi.org/10.1016/j.soilbio.2015.03.005
https://doi.org/10.1002/ece3.5409
https://doi.org/10.1002/ece3.5409
https://doi.org/10.5061/dryad.4xgxd256s
https://doi.org/10.1111/jvs.12013
https://doi.org/10.1111/geb.12158
https://doi.org/10.1111/geb.12158
https://doi.org/10.1016/j.biocon.2005.09.005
https://doi.org/10.1016/j.biocon.2005.09.005
https://doi.org/10.1603/EN09116
https://doi.org/10.1007/s004420000612
https://doi.org/10.1007/s004420000612
https://doi.org/10.1021/es2030438
https://doi.org/10.1021/es2030438
https://doi.org/10.1016/j.pedobi.2014.07.001
https://doi.org/10.1007/s11252-015-0478-0
https://doi.org/10.1016/j.chemosphere.2012.02.057
https://doi.org/10.1016/j.chemosphere.2012.02.057
https://doi.org/10.1016/j.baae.2012.08.015
https://doi.org/10.1016/j.pedobi.2004.07.010
https://doi.org/10.1007/s00572-005-0015-8
https://doi.org/10.1146/annurev.en.29.010184.000325
https://doi.org/10.2307/1936676
https://doi.org/10.1016/j.tree.2018.07.001
https://doi.org/10.1016/j.tree.2018.07.001
https://doi.org/10.2307/2996072
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1002/ece3.5130
https://doi.org/10.1890/0012-9658(2006)87[1314:ASMASB]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[1314:ASMASB]2.0.CO;2
https://doi.org/10.1111/1365-2745.13074
https://doi.org/10.1007/s11252-011-0194-3
https://doi.org/10.1007/s11252-011-0194-3
https://doi.org/10.1111/ddi.12028
https://doi.org/10.1007/s11252-014-0358-z
https://doi.org/10.1007/s11252-014-0358-z
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1007/BF00002772
https://doi.org/10.1007/BF00002772
https://doi.org/10.1016/0167-8809(88)90074-6

12 Journal of Animal Ecology

MALLOCH EeT AL.

Weiher, E., & Keddy, P. A. (1995). Assembly rules, null models, and trait
dispersion: New questions from old patterns. Oikos, 74, 159-164.
https://doi.org/10.2307/3545686

Wilman, H., Belmaker, J., Simpson, J., De La Rosa, C., Rivadeneira, M. M.,
& Jetz, W. (2014). EltonTraits 1.0: Species-level foraging attributes
of the world's birds and mammals. Ecology, 95(7), 2027. Ecological
Archives E095-E178.

Yang, G., Wagg, C., Veresoglou, S. D., Hempel, S., & Rillig, M. C. (2018).
How soil biota drive ecosystem stability. Trends in Plant Science, 23,
1057-1067. https://doi.org/10.1016/j.tplants.2018.09.007

Young, M. R., Proctor, H. C., deWaard, J. R., & Hebert, P. D. N. (2019).
DNA barcodes expose unexpected diversity in Canadian mites.

Molecular Ecology, 28(24), 5347-5359. https://doi.org/10.1111/mec.

15292

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Malloch B, Tatsumi S, Seibold S,
Cadotte MW, Scott Maclvor J. Urbanization and plant
invasion alter the structure of litter microarthropod
communities. J Anim Ecol. 2020;00:1-12. https://doi.
org/10.1111/1365-2656.13311



https://doi.org/10.2307/3545686
https://doi.org/10.1016/j.tplants.2018.09.007
https://doi.org/10.1111/mec.15292
https://doi.org/10.1111/mec.15292
https://doi.org/10.1111/1365-2656.13311
https://doi.org/10.1111/1365-2656.13311

