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ABSTRACT
Plants and arthropods are the base of grassland communities, and their interactions with
environmental gradients and each other can determine their composition and spatial
structure within a site. The composition and spatial structure of these communities can
determine how they contribute to grassland function, yet grassland conservation and
restoration efforts typically do not consider both plants and arthropods. As a result, our
understanding of how plant and arthropod communities assemble in response to
environmental gradients, and each other, in the same space is incomplete. Furthermore,
most studies of grassland community assembly do not address assembly across multiple
taxonomic levels, and those that do tend to focus on limited groups of taxa. My research
expands on this by investigating the response of plants to environmental gradients, and
the response of three arthropod functional communities to plant and environmental
gradients across a northern tallgrass prairie. Soil abiotic variables and elevation were
sampled at 229 plots systematically distributed across UND’s Oakville Prairie in 2014
and 2015. Plant species were surveyed at the same plots in late summer of both years and
used to describe plant species composition, native and non-native species composition,
non-native species cover, functional group composition, and plant community
architecture across the site. Arthropods were sampled in mid- and late summer of both
years at three locations in the plant community (litter; mid-story; canopy) in a subset of
plots (n = 37). Three environmental gradients (elevation, soil moisture, and soil salinity)
xii

most strongly affected plant community composition in both years. The range of zonation
across plant community composition metrics was most similar in response to elevation
and most variable in response to soil moisture. Plant community architecture, which
strongly affects site use by grassland birds, was not directly associated with site
environmental gradients. Results show that plant community zonation patterns can vary
depending on the ways in which the plant community is described. Litter arthropods
responded to salinity in year one and canopy arthropods responded to salinity in year two.
Mid-story arthropods responded to plant gradients in both years, and the salinity gradient
in year two. Mid-story arthropods were poorly structured along plant cover gradients that
responded to environmental variables, but were well-structured along plant architectural
gradients that did not respond to environmental variables. Arthropod functional
communities were structured over a wider range of salinity than plant communities.
These results show that plants and arthropods can co-vary along strong environmental
gradients. These results improve our understanding of how grassland plant and arthropod
zonation patterns form in the same space, which can help to inform a more holistic
approach to grassland restoration.

xiii

CHAPTER I
INTRODUCTION
One of the foundational goals of community ecology is to describe how species interact
with each other and their environment to assemble into communities along gradients and
maintain community structure over time. Assembly in diverse communities and the
patterns that emerge can be driven by complex, not easily discernable species interactions
with multiple environmental gradients (Snow & Vince 1984; Vince & Snow 1984).
Community assembly occurs with the introduction of species to a given area, and is
responsible for the maintenance of established communities (Fukami 2010). Assembly
within a community is defined by the spatial patterns of species coexistence that emerge
within a given area (Dallas & Drake 2014).
Clements (1916) proposed the first formal hypothesis of community assembly, the
organismal hypothesis, which is defined by distinct, multi-species zones of association
along environmental gradients. Gleason (1926) introduced an alternate hypothesis, the
individualistic hypothesis, which predicts that species distributions along environmental
gradients occur more independently of one another to form random species associations.
In contrast to the organismal hypothesis which predicts that community assembly is
driven by species interactions with the abiotic environment, the individualistic hypothesis
predicts that community assembly is driven by species abilities to disperse to new areas
and compete for limited resources (Weiher et al. 2011).
1

The debate about the influence of abiotic filters and biotic interactions on
community assembly is still relevant to community ecology. Modern hypotheses of
community assembly predict a combination of abiotic and biotic species interactions
drive community assembly in a given area. Deterministic community assembly
hypotheses predict that community assembly occurs in response to environmental
conditions and biotic interactions, such that locations that share a species pool and similar
environmental conditions will support similar species composition over time (Fukami
2010). Historically contingent community assembly hypotheses predict that community
assembly is largely determined by stochastic events (e.g., disturbance events; species
dispersals), such that habitat patches with similar environmental conditions can support
different species composition depending on the availability of resources and the order of
arrival of colonizers (Fukami 2010). These two hypotheses predict that community
assembly is driven by fundamentally different processes. Deterministic community
assembly is driven by niche-based processes, while historically contingent community
assembly is driven by neutral processes and environmental stochasticity.
Niche-based assembly and neutral theory, have been at the forefront of debate
about the underlying processes that drive community assembly. Niche-based community
assembly processes are rooted in organismal ideas, predicting that assembly is driven by
abiotic filters that act as a selecting force on the ability of species from a regional species
pool to establish within a community (Weiher et al. 2011). If this is the case, we should
see local species composition vary as conditions change along environmental gradients.
Neutral theory is based on the assumption that species with similar trophic strategies
2

(e.g., primary producers) are ecologically equivalent (Hubbell 2001). So, the ability of
species to disperse to new sites and stochasticity drive assembly under neutral theory
(Chase & Myers 2011). If this is the case, we would expect to see random distribution of
species composition along environmental gradients where dispersal is not a limiting
factor.
Realistically, both niche-based and neutral processes are likely to influence
community assembly. Species need to be able to access available resources in order to
establish in a novel environment (Tilman 2004). However, species need to be able to
withstand the abiotic conditions present in a site in order to establish (Fattorini & Halle
2004). Once established, species traits can limit potential distribution along
environmental gradients (Keddy 1992), which can directly impact the spatial structure of
a community through recruitment and exclusion (Seabloom & van der Valk 2003a). The
alternative stable states hypothesis (hereafter ASS) incorporates both niche-based and
stochastic processes into models of community assembly. ASS predicts that communities
are restricted by niche based processes as predicted by the organismal hypothesis, but that
there is an element of stochasticity that arises from environmental stochasticity and
random species dispersals (Temperton & Hobbs 2004). So, if community assembly is
consistent with ASS species composition at environmentally similar habitat patches can
vary, but only species that are able to withstand local environmental conditions will be
able to establish.
These hypotheses of community assembly have been developed for plant
communities without consideration of the associated animal communities. Plant and
3

arthropod communities are highly interdependent, but our knowledge about how these
communities assemble in response to environmental gradients in the same space is
incomplete. Research into grassland community assembly typically focuses on more
limited taxonomic groupings, such as just plants or a single arthropod functional
community. However, this narrow focus is not able to wholly capture community level
processes (Drake 1991). My research broadens typical focus to be more inclusive of the
plant and arthropod communities that form the base of grassland ecosystems. The results
of my study improve our understanding of how grassland plant and arthropod
communities assemble in the same space in response to gradients of soil environmental
variables and interactions with each other.
My study was conducted at Oakville Prairie Complex (hereafter Oakville), an
approximately 453 ha remnant tallgrass prairie. Oakville is located in a largely
contiguous 16 × 48 km grassland corridor in Central Grand Forks County, ND.
Grasslands in this corridor are typically managed for cattle production (grazing or
haying) or enrolled in state or federal conservation programs. Poorly drained soils and a
shallow aquifer that results in highly saline soils characterize soil conditions throughout
the area (Laird 1944; Sandoval et al. 1964). The accumulation of chloride salts makes
salinity in Central Grand Forks County unique among saline soils in the northern Great
Plains (Seelig 2000). Previous research at Oakville has shown that salinity transitions
from non-saline soils in the upland areas to severely saline soils in the low, wet areas
(Redmann 1972). This provides a unique gradient in addition to typical grassland
environmental gradients, such as pH, soil moisture, soil texture, and elevation, to
4

investigate how grassland plant and arthropod communities assemble and over what
environmental scales does assembly occur.
My study assesses how community assembly occurs across multiple taxonomic
groups (plants and arthropods) in response to grassland environmental gradients. Chapter
II assesses the response of plant species and functional group composition and plant
community architecture to environmental gradients, and what these responses indicate
about plant community assembly. Chapter III assesses the response of arthropod
composition across three functional communities (litter; mid-story; canopy) to plant and
environmental gradients, and what these responses indicate about community assembly.
My study asks the questions: 1) what environmental gradients are influencing plant
species and functional group composition and plant community architecture; 2) what
environmental scales are these gradients acting on plant species and functional group
composition and plant community architecture; 3) what plant and environmental
gradients are influencing arthropod functional composition across three functional
communities (litter; mid-story; canopy); and 4) what environmental scales are these plant
and environmental gradients acting on arthropod functional community composition. The
results of my study will show how grassland community assembly can occur across
multiple taxonomic levels.

5

CHAPTER II
PLANT ASSOCIATIONS WITH ENVIRONMENTAL GRADIENTS IN A
NORTHERN TALLGRASS PRAIRIE

Abstract
Interactions with soil environmental gradients strongly influence how grassland plant
communities assemble and how they are structured within a site. The composition and
spatial structure of plant communities within a site contribute to ecosystem function and
determine the ecosystem services that are provided to associated animal communities. In
diverse ecosystems, such as grasslands, plant species and functional group composition
metrics and plant community architecture can respond individually or as a whole to a
complex suite of environmental gradients. These responses can determine the spatial
structure of a plant community across a site. To determine how plant community
composition and architecture respond to environmental gradients, and what this indicates
about plant community assembly and over what environmental scales it occurs, I sampled
soil environmental variables and plant species composition and plant community
architecture at 229 plots distributed across a 453 ha northern tallgrass prairie. From plant
species composition I calculated native and non-native species composition, non-native
species cover and functional group composition. Plant species and functional group
composition consistently responded to three environmental gradients (elevation, soil
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moisture, and soil salinity). Plant community architecture describes the physical
structure of the plant community at Oakville. Plant community architecture did not
respond to any environmental gradients, but did form strong correlations with plant
compositional metrics. This shows that plant community architecture is not responding to
environmental gradients, but may be influenced by the biological structure of the
Oakville plant community. Plant species and functional group composition responded
similarly to gradients of elevation, soil moisture, and soil salinity. However, zonation
patterns of functional group composition were generally broader along each of these
gradients. This shows that interactions with multiple strong environmental gradients can
separately influence compositional patterns in grassland plant communities.

Introduction
Ecologists have long been interested in the effects of environmental gradients on plant
community composition and assembly (e.g., Cowles 1899; Clements 1916; Gleason
1926; Curtis & McIntosh 1951; Whittaker 1953; Whittaker 1960; Tilman 1986;
Lookingbill & Urban 2005). Early debate about assembly polarized around whether
plants assemble into communities in unison forming distinct community types in
response to abiotic environmental gradients, or whether species assort individually along
gradients driven by competition to form communities (Clements 1916; Gleason 1926).
Realistically, species assembly into communities can occur both in unison and
individually within the same space (Lortie et al. 2004). Regardless of how assembly
occurs species must be able to withstand abiotic environmental conditions to establish

7

and spread through a site (Keddy 1992; Fattorini & Halle 2004; Andersen et al. 2015).
My study investigates how environmental gradients influence plant community
composition and zonation patterns in a northern tallgrass prairie, and what these patterns
indicate about how plant community assembly occurs in the site.
Plant species composition can be strongly influenced by changing environmental
conditions within an ecosystem (Whittaker 1956; Nelson & Anderson 1983; Klimek et al.
2007; Zelnik & Carni 2008; McGlinn & Palmer 2011). Changing environmental
conditions within an ecosystem can also influence the architectural complexity of plant
species (Reinhardt & Kuhlemeier 2002; Silveira & Oliveira 2013). If plant species are
responding to the same environmental gradients this will likely influence plant
architecture at the community level. In some communities, species composition, patterns
of zonation, and changes in plant architectural complexity can be driven by simple
interactions with a single environmental gradient, such as wetland plant community
response to water depth (Seabloom & van der Valk 2003a). However, in more complex
systems species interactions with multiple environmental gradients can strongly affect
patterns of species composition within plant communities (Vince & Snow 1984; Snow &
Vince 1984).
Species traits determine their ability to withstand changes in conditions along
environmental gradients (Savage & Cavender-Bares 2012). Within the past 15 years,
research into how plant functional traits and composition respond to environmental
gradients (Ackerly & Cornwell 2007; Edwards & Still 2008; Yan & de Beurs 2016) has
improved our understanding of how species tolerance to environmental conditions
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influence community assembly. For example, Willis et al. (2010) showed that
environmental filtering of species based on functional traits occurred differently between
the landscape and local scales in a Minnesota oak savanna, a community type that is
closely associated with the North American tallgrass prairie. Edwards and Still (2008)
found a difference in the distribution of C3 and C4 grasses along a precipitation gradient
in Hawaii, which they attributed to the increased water use efficiency of the C4
photosynthetic strategy allowing these species to thrive in drier habitats.
The environmental associations and zonation patterns of non-native species are
particularly interesting because they may not respond to the same environmental
gradients or assemble over the same scales as native species. Dispersal limits the
introduction of non-native species to novel communities. Non-native species are often
either intentionally (e.g., Melilotus sp.), or inadvertently (e.g., Euphorbia esula)
introduced into plant communities. Following introduction, there are several impediments
to the establishment and spread of non-native species (Theoharides & Dukes 2007). Nonnative species need to be able to access resources in order to establish (Tilman 2004), and
resources are usually most available following disturbance. In communities that are
adapted to frequent disturbances for maintenance of structure and composition, such as
grassland communities, suppressing natural disturbance, such as fire, can allow
established non-native species to expand their distribution (Lenz et al. 2003; Flory &
Clay 2010). Species introductions follow selection for specific traits which likely makes
non-native species pools less tolerant of environmental extremes than native species
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pools, which may limit the ability of non-native species to distribute along environmental
gradients.
Many studies of grassland community response to environmental gradients focus
on common gradients such as moisture, pH and soil texture. However, there is increasing
concern about how salinity affects grassland plant communities (Bui 2013). Salinity,
when present, can strongly influence the composition of grassland communities (Piernik
et al. 1996; Zalatnai & Kormoczi 2004; Aschenbach & Kindscher 2006; Valko et al.
2014). Most studies of grassland salinity gradients occur in secondarily salinized sites.
Salinity places physiological stress on plant species and this may cause salinity to more
strongly affect plant community assembly than elevation and soil moisture.
Understanding the effects of salinity on community assembly in semi-natural systems can
improve our understanding of plant community response in secondarily salinized
grasslands.
The grassland corridor in Central Grand Forks County, ND provides a unique
opportunity to study how plant community structure and composition responds to
environmental gradients. It is situated in the northern portions of the North American
Tallgrass Prairie. In addition to moisture gradients, this grassland corridor experiences
natural salinity levels that are greater than the surrounding areas in the Red River Valley,
as a result of poorly drained soils and upwelling from the shallow aquifer (Laird 1944;
Sandoval et al. 1964). Many of the plants that comprise the native flora of this area of
North Dakota are halophytic species (e.g., Distichlis spicata), or species that are able to
tolerate a wide range of soil salinity (e.g., Hordeum jubatum; Seelig 2000). Additionally,
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management is infrequently and sporadically implemented in this area. The absence of
regular disturbance may allow non-native species to increase their distribution into areas
with tolerable environmental conditions. This may provide insight into the limits that
stressful environmental conditions, such as high soil salinity, can place on non-native
species distributions within tallgrass prairie habitats.
My study investigated the response of plant community composition and
architecture to environmental gradients in a remnant tallgrass prairie in this area of North
Dakota and how response to these gradients influences community assembly. I ask the
questions: 1) what environmental gradients do plant community composition and plant
community architecture respond to; 2) how do these responses shape plant community
structure at Oakville; 3) is the plant community responding consistently across all levels
of composition and architecture. Knowing how plant community assembly occurs in
grasslands with strong environmental gradients can help to inform restoration as human
activity increases the amount of grassland area subject to strong environmental gradients
globally.

Methods
Study Site
The Oakville Prairie Complex (hereafter Oakville) is an approximately 453 ha remnant
tallgrass prairie (centroid latitude 47.893, longitude -97.315) in the Central Grand Forks
County grassland corridor comprised of the University of North Dakota’s Oakville
Prairie Field Station and North Dakota Game and Fish’s Oakville/Crawford Wildlife
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Management Area. The site has a slight elevation gradient (mean slope between adjacent
plots = 0.46o ± 0.05o) and topographic relief is provided by the Blanchard beach ridges
remaining from Glacial Lake Aggasiz (Laird 1944). Soils of the lowland areas are of the
Ojata series, which are characterized by high salinity. Soils of the upland areas are
primarily of the Antler series, and have moderate to low salinity (Redmann 1972;
Whitman & Wali 1975; Soil Survey Staff NRCS). Soil salinity results from localized
upwelling of saline ground water (Laird 1944; Whitman & Wali 1975). Prior to the
initiation of my study, the most recent prescribed fire occurred in the southern portion of
the site in the mid-1990s (Robert Seabloom, unpublished). Following year one of my
study prescribed burns were performed in one area in the north (~62.9 ha) and one area in
the south (~81.8 ha). Non-native species were sporadically managed with herbicide
spraying until the early 2000s (Robert Sheppard, personal communication, 31 December
2015).
Sampling Scheme
Permanent 10  10 m sample plots were established in a systematic grid (100 m spacing,
n = 229 plots) across eight management units at Oakville (ArcGIS 10.1; ESRI; Redlands,
CA; Figure 1). Sample plots were positioned ≥ 150 m from management unit borders (to
minimize edge effects) and marked with a metal stake at their centroid. Relative plot
elevation (m above ellipsoid; hereafter elevation) was measured at each plot’s centroid
with a Trimble GeoExplorer 2008 (Trimble Navigation Limited; Westminster, CO) held
at waist height.
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Figure 1. Oakville and plant community sampling locations. Inset map depicts plant
sample plot design.
Soil Sampling
In 2014 and 2015 soil moisture (% Volumetric Wet Content to 20 cm; %VWC) was
measured at each plot’s centroid (Spectrum Field Scout TDR soil moisture probe;
Spectrum Technologies, Inc.; Aurora, IL) twice per month following subsidence of
standing water (early July 2014, mid-April 2015). Volumetric water content measures the
ratio of the volume of water in a given volume of soil to the total soil volume, so that at
saturation %VWC will be equal to the percent of soil pore space in a given volume of
soil. Soil temperature (Specmeters; Spectrum Technologies, Inc.; Aurora, IL; oC; to 20
13

cm depth) was measured twice per month from mid-April to mid-August 2015. Soil cores
(1 cm diameter  approximately 20 cm depth) were collected once from mid-July to midAugust 2 m north of the center point of each plot (0.5 m spacing between years; Figure
1). Soil cores were assessed for soil texture by soil particle size analysis, following the
modified pipette method of Gavlak et al. (2005), and were measured for pH (Oakton
acorn pH 5+ meter; Oakton Instruments; Vernon Hills, IL) and salinity (electrical
conductivity; EC; μS · cm-1; Oakton Acorn Conductivity 6+ meter; Oakton Instruments;
Vernon Hills, IL).
Vegetation Sampling
Two 0.5  2 m quadrats (one in a N-S orientation, one in an E-W orientation; Figure 1)
were surveyed for plant species composition within each of the 10  10 m plots over a
two-week period in late July 2014 and 2015. Species were recorded in each quadrat and
the aerial percent cover (pi) of each species was estimated to the nearest 5 percent. Each
species was individually assessed and species canopies could overlap, so total coverage
could exceed 100% for a quadrat. Rare species (e.g., < 5% coverage) were assigned a
value of 1 percent (modified from Seabloom & van der Valk 2003b). Aerial coverage
values per species were summed to calculate functional group (cool season (C3) grass;
warm season (C4) grass; non-grass graminoid; legume; non-leguminous forb; and woody)
and native and non-native cover. Additionally, percentage bare ground was recorded in
2015. Coverage values and total species (S) and functional group richness values were
averaged across quadrats to generate a plot value for each year.
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Plant community architecture was measured as vegetation height density (cm),
vegetation live height (cm), vegetation dead height (cm), and in 2015 photosynthetically
active radiation (PAR; μmol · m-1 · s-1) and percent bare ground. Vegetation height
density (cm) was estimated with a Robel pole with methods adapted from Robel et al.
(1970), Vermeire and Gillen (2001) and Vermeire et al. (2002). A Robel pole was placed
with its bottom edge flush with soil level at plot centroid. An observer at 4 m distance
from plot centroid, with eye line at 1 m height from soil level, measured the lowest band
on the Robel pole that was not completely obscured by vegetation. Measurements were
taken in each of the four cardinal directions, and these values were averaged to provide a
plot value. A meter stick was placed perpendicular to the soil surface to measure
vegetation live height (position of the tallest stem in cm) and vegetation dead height
(position of tallest dead vegetation ≤ 45o angle with the ground surface in cm). Live
height and dead height were measured at 2.5 m from plot centroid in each of the four
ordinal directions. These measures were averaged to generate a single live height and a
single dead height value for each plot.
In year two above and below canopy PAR was measured monthly from early June
through early August (Accupar LP-80 ceptometer; Decagon Devices; Pullman, WA).
Measurements were taken between 1100 and 1600 CST. Two readings were taken at each
plot’s centroid with the sensor bar in offset orientations (N-S and E-W). Above and
below canopy values were used to calculate plot average percent intercepted PAR.
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Data Analysis
Distance matrices were constructed in R 3.2.0 using the ecodist package function
distance() for each plant and environmental variable using distance measures appropriate
for the type of data in each matrix (R Core Team 2015; Goslee & Urban 2007; Table 1).
Euclidean distance is based on Pythagoras’ formula (Legendre & Legendre 2008) which
makes it appropriate for data that tends to vary in a straight-line manner, such as
environmental variables or spatial coordinates (Goslee & Urban 2007). Sorensen distance
is calculated in city-block space, and is useful for proportional data, such as plant species
relative abundance (McCune & Grace 2002). Sorensen distance can accurately measure
the absolute difference between two samples in city-block space (Cha 2007). Distance
matrices consisted of a single or suite of variables depending on the compositional metric
of interest. For example, I used a composite functional group composition matrix
Table 1. Distance matrices included in Mantel tests between plant community and
environmental variables. Matrices were created separately for year one and year two
except for Soil Texture and Elevation, which did not change between years.
Matrix
Plant
Species Composition
Native Composition
Non-Native Composition
Non-Native Cover
Functional Composition
Architectural Structure

Included Variables

Distance

Percent cover per species
Percent native species cover
Percent non-native species cover
Sum non-native species cover
Percent cover of C3 Grass, C4 Grass, Non-Grass
Graminoid, Forb, Legume and Woody species
Height density (cm); live height (cm); dead height (cm);
% exposed ground♦; % intercepted PAR (μmol ∙ m-1 ∙ s-1)♦

Sorensen
Sorensen
Sorensen
Sorensen
Sorensen

Environmental
pH
pH
Salinity
electrical conductivity (μS ∙ cm-1)
Soil Texture
% sand, clay, silt
Soil Moisture
Mean across season soil moisture (% VWC)
Elevation
Height above ellipsoid (m)
♦
Exposed ground and PAR were not available in year one architectural Structure matrix.
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Euclidean

Euclidean
Euclidean
Euclidean
Euclidean
Euclidean

(simultaneously assessing cover of all functional groups) and assessed cover of each
functional group separately.
Following Seabloom & van der Valk (2003a), Mantel tests (10000 permutations)
performed in R 3.2.0 using the ecodist package function mantel() were used to assess
correlations between the plant and environmental distance matrices within each sample
year (R Core Team 2015; Goslee & Urban 2007; Table 1). Positive correlation of plant
matrices with environmental matrices indicates that sites with similar composition of
environmental variables also have similar composition of plant variables (Seabloom &
van der Valk 2003a; Goslee 2007). All Mantel tests were repeated as partial Mantel tests
with the inclusion of a control matrix of plot centroid UTM coordinates to control for
spatial autocorrelation, but doing so did not affect the results and this matrix was not
retained in the final analyses.
Mantel correlograms (1000 permutations) were constructed in R 3.2.0 using the
ecodist package function mgram() for plant matrices which met a minimum correlation
criterion (rM ≥ 0.2 and p ≤ 0.01) with environmental matrices (R Core Team 2015; Goslee
& Urban 2007). The minimum correlation criterion was determined from Mantel test
results that indicated a natural break in the correlations of plant matrices with
environmental matrices. Mantel correlograms were used to determine over what
distances in environmental explanatory matrices changes occurred within corresponding
plant matrices. The number of bins in each correlogram was determined by Sturge’s rule,
which gives similar results to alternative methods for choosing bin number when sample
sizes are moderate or low (~ 200 or fewer; Dogan & Dogan 2010). Bin ranges were
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calculated from the range of values along each environmental gradient and the number of
bins, providing even bin size across each correlogram.
Empirical Bayesian Kriging models (EBK) were constructed in ArcGIS 10.3
(ESRI; Redlands, CA) with power semivariograms (100 iterations) to generate prediction
surfaces for all environmental gradients that met the minimum correlation criteria with at
least one plant matrix. EBK estimates a semivariogram from known data points,
simulating new values at known data points from this semivariogram, estimates a new
semivariogram from these new values and then estimates the likelihood that the new
semivariograms could be produced from the original data (Krivoruchko 2012). This is an
iterative process that reduces the error from traditional kriging models built on a single
semivariogram. However, since predicted values are influenced by known values at all
neighboring data points the predicted values may not reach the extreme values from the
range of values at known data points. The prediction surfaces created with EBK models
show how the environmental variables that influence assembly in plant communities and
patterns of plant species composition are distributed across Oakville to form gradients.
To show sufficient detail in each prediction surface six classes were chosen. Bin size for
each class was determined with Jenks natural breaks. Jenks natural breaks provide a way
of breaking up continuous data into discrete classes in choropleth maps which minimize
the sum of absolute deviation from class means by repeatedly transferring values from
class boundaries to adjacent classes until the sum of absolute deviation from class means
is minimized (Coulson 1987; Brewer & Pickle 2002).
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Results
Environmental conditions varied between years and among management units. The
number of monthly precipitation events and the mean accumulation (mm) per event
differed between years (Appendix A; Table A.1). Across field season precipitation (1
May – 15 August) was 54.4 mm greater in year one than in year two (Wunderground.com
2016). Weather data were collected from the weather station at the Grand Forks Air
Force Base which is approximately 7 km NW of Oakville. Soil salinity more strongly
varied among management units in the second year than in the first year (Table 2; Figure
2). Soil moisture differences among management units were consistent between sample
years (Table 2; Figure 3). Monthly mean daily temperature (oC) and wind speed
(km · h-1) were similar between years (Appendix A; Table A.1).
In year one, 72 native and 22 non-native species were encountered. In year two,
85 native and 14 non-native species were encountered. Typically, the most frequently
encountered species were less abundant within plots (mean plot cover < 20%; Table 3).
Table 2. F-values from two-way ANOVAs
(n = 229) of effects of management unit and
sample year on Oakville soil salinity and soil
moisture. ANOVA models were built on type
III sums of squares due to unequal sample
sizes among management units.
Model
Soil Salinity
Unit
Year
Unit  Year
Residuals
Soil Moisture
Unit
Year
Unit  Year
Residuals

df

F

p

7
1
7
442

18.2534
12.2208
5.6378

<0.0001
0.0005
<0.0001

7
1
7
442

12.8304
0.1486
0.4886

< 0.0001
0.7000
0.8429
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Among the most frequently encountered species, two native grasses (H. jubatum
and Spartina pectinata) and two non-native grasses (Bromus inermis and Poa pratensis)
tended to be dominant species within plots (mean plot cover ≥ 45%; Table 3).
There were notable changes in the frequency (≥ 10%) of three native grasses (S.
pectinata; Muhlenbergia asperifolia; Pascopyrum smithii) and four non-native species
(B. inermis; Melilotus officinalis, a legume; P. pratensis; Lappula squarrosa, a forb)
between sample years. In addition, P. smithii and P. pratensis notably declined between
years (> 10%), and B. inermis and M. officinalis cover notably increased between years.
plant species typically comprised a low percentage (< 20%) of plot cover (Table 3).

Figure 2. Mean salinity (μS ∙ cm-1) across management
units and between sample years. Management Units A and
F were burned between sample years. Error bars represent
95% confidence intervals. Significant differences across
management units and between years, determined with a
Tukey’s post-hoc test, are indicated by different letters.
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Figure 3. Mean soil moisture within management units in year one and year two. Error
bars represent 95% confidence intervals. Significant differences, determined with a
Tukey’s post-hoc test, are indicated by different letters.
Table 3. Frequency of occurrence (n = 229 plots) and mean (± se) percent
plot cover of the ten most commonly encountered native and non-native
species at Oakville.
Species

Functional
Group♦

Frequency (%)
2014
2015

Native
Ambrosia artemisiifolia
F
43.7
49.3
Hordeum jubatum
C3
40.6
51.1
Helianthus maximiliani
F
34.1
42.4
Oligoneuron rigidum
F
30.6
37.1
Symphoricarpos occidentalis W
31.9
31.0
Symphyotrichum lanceolatum F
28.8
31.0
Spartina pectinata
C4
26.6
46.0
Muhlenbergia asperifolia
C4
12.2
37.6
Pascopyrum smithii
C3
10.9
37.6
Glycyrrhiza lepidota
L
21.8
24.0
Non-Native
Cirsium arvense
F
47.6
52.0
Sonchus arvensis
F
45.4
50.7
Bromus inermis
C3
38.0
55.5
Melilotus officinalis
L
14.0
42.7
Poa pratensis
C3
30.6
22.2
Sonchus oleraceus
F
19.7
25.3
Lappula squarrosa
F
0
37.6
Plantago lanceolate
F
3.5
8.7
Euphorbia esula
F
4.8
6.1
Taraxacum laevigatum
F
5.2
3.9
♦
F = Forb; C3 = C3 grass; C4 = C4 grass; W = Woody; L = Legume

21

Cover (%)
2014
2015
14.8 (1.6)
66.7 (3.6)
10.2 (1.4)
11.8 (1.7
20.6 (2.2)
6.5 (0.7)
49.2 (4.8)
6.7 (1.5)
30.7 (6.5)
11.3 (1.9)

18.8 (1.8)
61.4 (3.3)
13.8 (1.4)
14.5 (1.4)
22.8 (1.8)
5.0 (1.1)
57 (5.3)
8.7 (1.0)
15.5 (1.6)
18.1 (2.2)

8.3 (0.9)
11.8 (1.3)
58.3 (4.0)
6.5 (1.8)
63.2 (3.9)
19.7 (2.6)
7.5 (3.3)
10.6 (6.6)
6.4 (1.8)

8.4 (0.7)
12.3 (1.3)
72.1 (3.2)
15.0 (1.7)
47.8 (5.4)
20.3 (2.2)
7.6 (1.0)
4.1 (1.9)
18.7 (7.2)
10 (2.8)

Figure 4. Native and non-native species cover across
Oakville in year one and year two.
Native species were present at 100% of plots in both years. Non-native species
were present within 86% of the plots in year one and 93% in year two. Native cover (year
one median = 100%, Q1 = 70.0%, Q3 = 100%; year two median = 100%, Q1 = 75.0%, Q3
= 100%) was greater than non-native cover (year one median = 45.0%, Q1 = 3.0%, Q3 =
100%; year two median = 85.0%, Q1 = 12.5%, Q3 = 100%) in year one (U = 32568, p <
0.0001) and year two (U = 38075, p < 0.0001; Figure 4).
Plant matrices differed in their correlation with environmental matrices
(Appendix A; Table A.2). C3 grass cover was the only plant variable that was not
correlated with environmental matrices. C4 grass, non-grass graminoid and native cover
and plant architectural structure were weakly (rM < 0.10, p ≤ 0.05) correlated with
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Table 4. Plant matrices that were strongly correlated with at least one environmental
matrix in either year one or year two. Correlation (rM) was determined by simple
Mantel tests between matrices. Values that meet the criterion of strong correlation (rM
≥ 0.2 and p ≤ 0.01) are listed in bold text.
Plant Matrix

Soil Salinity
2014
2015
Species Composition
0.265*** 0.322***
Native Composition
0.154*** 0.167***
Non-Native Composition
0.003
0.028
Non-Native Cover
0.128*** 0.293***
Functional Composition
0.173*** 0.172***
Forb Cover
0.084*** 0.199***
Legume Cover
0.052‡
-0.021
Woody Cover
0.056‡
-0.018
*** < 0.001; ** < 0.01; * < 0.05; ‡ < 0.1

Soil Moisture
2014
2015
0.323*** 0.383***
0.095**
0.188***
0.278*** 0.305***
0.215*** 0.190***
0.238*** 0.313***
0.051*
0.037
0.422*** 0.478***
0.327*** 0.520***

Elevation
2014
2015
0.244*** 0.346***
0.147*** 0.225***
0.062**
0.189***
0.125*** 0.264***
0.226*** 0.120***
0.034
0.094***
0.091**
0.163***
0.194*** 0.218***

environmental matrices. C4 grass cover was weakly correlated with elevation in both
years, and non-grass graminoid cover was weakly correlated with elevation in year two.
In year one, native cover was weakly correlated to pH and soil moisture, but was not
correlated to any environmental gradient in year two. In year two, architectural structure
was correlated with salinity and weakly correlated with elevation, but in year one was not
correlated with any environmental gradient.
In both years, select plant matrix correlations with salinity, soil moisture and
elevation met the minimum criterion to be considered strong (rM ≥ 0.20 and p < 0.01;
Table 4). Species composition was strongly correlated with these gradients and weakly
correlated with pH and soil texture in both years. Native species composition was most
strongly correlated with elevation in year two. Non-native species composition was
consistently strongly correlated with soil moisture in both years. Non-native cover was
most strongly correlated with soil moisture in year one, and salinity and elevation in the
year two (Figure 5).
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Figure 5. Scatterplot of year two native and non-native cover along salinity, soil
moisture and elevation gradients. Lines added for illustrative purposes are locally
weighted polynomial regression curves of plot cover along each gradient.
Forb cover was most strongly correlated (rM = 0.199, p = 0.0001) with salinity in
the second year (Figure 6). Legume and woody cover were consistently and strongly
correlated with soil moisture (Table 4; Figure 6). Woody cover was also strongly
correlated with elevation in year two (Figure 6).
The environmental gradients that were strongly correlated with at least one plant
matrix (elevation, soil moisture, and soil salinity) occurred in SW-NE gradients across
Oakville (Figure 7). Salinity was strongly positively correlated with soil moisture and
strongly negatively correlated with elevation in both years, and soil moisture was
strongly negatively correlated with elevation in both years (Appendix A; Tables A.3A.4). The scale of change in soil moisture closely resembles that of elevation across
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Figure 6. Forb, legume, and woody cover along strongly associated
environmental gradients in year two. Locally weighted polynomial
regression curves showing plot cover trends along environmental gradients
added for illustrative purposes.
Oakville, with generally increasing moisture as elevation decreases. However, the scale
of change in soil salinity does not resemble elevation or soil moisture. At upland
positions across the site soil salinity was generally low (≤ 500 μS ∙ cm-1). Throughout the
low, wet areas in the more southerly parts of Oakville salinity was moderate (≤ 1390 μS ∙
cm-1). Soils were only strongly saline in the low, wet areas of the northern most
management unit.
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Figure 7. Elevation, soil moisture, and soil salinity gradients across Oakville. Salinity and soil moisture
gradients determined with Empirical Bayesian Kriging models with year two values. Elevation gradient
determined by a digital elevation model (DEM) from the USGS, available from:
http://viewer.nationalmap.gov/basic/.

Table 5. Environmental distances (bin centroid value) over which plant matrices
were positively and negatively correlated with site environmental gradients in year
two as determined with Mantel correlograms.
Plant Matrix
Species
Composition
Native
Composition
Non-Native
Composition
Non-Native
Cover
Functional
Composition
Forb
Cover
Legume
Cover
Woody
Cover

Salinity (μS ∙ cm-1)
Positive
Negative
107.11178535.5
3319.9
-

-

Soil Moisture (%VWC)
Positive
Negative
2.8-13.8
24.8;
35.8-85.4
2.8-8.3

13.8-79.9

Elevation (m)
Positive
Negative
1-1.7
3.1-10.0
1-1.7
-

3.8-9.3
-

107.1535.5
-

11783319.9
-

2.8-8.3;
30.3; 52.3
2.8 – 19.3

19.3-24.8;
57.8-85.4
35.8 – 85.4

1-1.7
-

-

107.1749.7

1392.22891.5;
3319.9
-

-

-

-

-

2.8-19.3

30.3-74.4;
85.4
35.8-79.9

-

-

-

-

2.8-19.3

1-1.7

3.8-10.7

3.8-7.2

Plant species composition and non-native species cover responded similarly to
soil salinity (Figure 8). Plant species composition and non-native cover were positively
correlated among plots within 535.5 μS ∙ cm-1 of one another (Table 5; Figure 8).
However, plant species composition and non-native species cover differed among plots

Figure 8. Mantel correlograms of plant species composition, non-native species cover
and forb species cover in response to changing soil salinity. Solid circles represent
significant correlations.
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that differed in soil salinity by greater than 1178 μS ∙ cm-1(Table 5; Figure 8). Forb
cover was positively correlated over a longer range, and differences in forb cover began
at a greater distance along the salinity gradient (Figure 8). Forb cover was similar among
plots within 749.7 μS ∙ cm-1 of one another (Table 5; Figure 8). Forb cover differed
among plots that differed by greater than 1392.2 μS ∙ cm-1 of one another (Table 5;
Figure 8).
There were more differences in patterns of positive and negative correlation
among plant community metrics that were strongly correlated with the soil moisture
gradient than the salinity gradient. Plant species composition was positively correlated
among plots that were within 13.8% VWC of one another (Table 5; Figure 9). Plant
species composition was different among plots that differed by 24.8% VWC and greater
than 35.8% VWC (Table 5; Figure 9). Positive correlation occurred over the same range
along the soil moisture gradient in functional group composition, legume cover and
woody cover (Figure 9). Functional group composition, legume cover, and woody cover
were similar among plots that were within 19.3% VWC of one another (Table 5; Figure
9). However, negative correlation occurred over different ranges in each of these plant
community metrics (Figure 9). Functional group composition differed among plots that
differed by greater than 41.3% VWC (Table 5; Figure 9). Legume cover differed among
plots that differed by 30.3-74.4 %, and 85.4% VWC (Table 5; Figure 9). Woody cover
differed among plots that differed by 35.8-79.9% VWC (Table 5; Figure 9). The
correlation patterns of non-native species cover along the soil moisture gradient differed
from correlation patterns of non-native species composition. Positive correlation was
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present over the same soil moisture range (Figure 9). Non-native species composition
and non-native species cover were similar among plots that were within 8.3% VWC of
one another. However, non-native species cover was additionally similar among plots
that were 30.3% and 52.3% apart. The ranges of negative correlation of non-native
species composition and non-native species cover differed (Figure 9). Non-native species
composition differed among plots that differed by greater than 13.8% VWC (Table 5;
Figure 9). Non-native species cover differed among plots that differed by 19.3-24.8%
and greater than 57.8% VWC.

Figure 9. Mantel correlograms of plant species composition, non-native cover, nonnative composition, functional group composition, legume cover and woody cover in
response to changing soil moisture. Solid circles represent significant relationships.
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Figure 10. Mantel correlograms of species composition, non-native cover, native
composition, and woody cover in response to changing elevation. Solid circles
represent significant relationships.
All plant metrics that were strongly correlated with elevation correlated positively
with elevation over the same range (Table 5; Figure 10). Plant species composition,
native species composition, non-native species cover, and woody cover were similar
among plots within 1.7 m of one another (Table 5; Figure 10). However, the ranges of
negative correlation differed among all plant metrics (Figure 10). Plant species
composition differed among plots that differed by 3.1-10 m (Table 5; Figure 10). Native
species composition differed among plots that differed by 3.8-9.3 m (Table 5; Figure
30

10). Non-native species cover differed among plots that differed by greater than 3.8 m
(Table 5; Figure 10). Woody cover differed among plots that differed by 3.8-7.2 m
(Table 5; Figure 10).

Discussion
My study assessed how plant community composition metrics and plant community
architecture responded to multiple grassland environmental gradients. Overall, elevation,
soil moisture, and soil salinity strongly affected plant structure and composition.
However, the strength of correlation and the scales of response varied depending on the
way in which community was characterized. Mainly, the strength of the relationship
declined with coarser plant taxonomic and structural resolution. This is likely driven by
changes in plant species pools and availability within more extreme environmental
conditions, such as high salinity. Previous research has demonstrated that changes in
plant species composition (Alhamad et al. 2007; Klimek et al. 2007; Seabloom & van der
Valk 2003a), functional traits (Schwilk & Ackerley 2005; Yan & de Beurs 2016), and
non-native species composition (Andersen et al. 2015; Uddin et al. 2013) can occur in
response to environmental gradients and landscape position. The results of my study
expand on this by showing how plant species, functional group, native species and nonnative species composition within the same plant community respond to environmental
gradients.
Approximately five decades ago several investigators described the Oakville plant
community correlation with environmental conditions across the site (Redmann & Hulett
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1964; Hadley & Buccos 1967; Hadley 1970; Redmann 1972; Whitman & Wali 1975).
Since this time, there have been some notable changes in plant community composition
within the site. Several species that had formed dominant community types in the mid1960s (Hadley & Buccos 1967; Redmann 1972) have become minor components of
species composition at Oakville, most likely as a result of fire cessation. By the mid1980s Andropogon gerrardii and Schyzachyrium scoparium had become limited in their
distribution across the site, no longer defining a major community type as described in
the mid-1960s (Heidel 1986). Muhlenbergia formed a dominant community type in the
mid-1960s, but in the current study M. richardsonis was not encountered and M.
asperifolia was a frequently encountered subordinate species. A. gerardii, S. scoparium
and M. asperifolia are all typical of drier, lower saline areas within the site. Hadley &
Buccos (1967) described B. inermis as being restricted to dry, upland mounds in the
southern portions of the site which had been frequently mowed prior to their survey
(Redmann 1972). Since this time B. inermis has increased its distribution, becoming one
of the most frequently encountered dominant species. This increase in presence of B.
inermis may have influenced the decline of other dominant warm season grasses.
Redmann’s (1972) description of the plant community across Oakville was based
on surveys at 36 randomly distributed locations across the site, and then mapping the
distribution of community types by comparison with aerial photographs. Redmann took
soil samples from four widely distributed pits to describe the site’s soil conditions. My
study takes a more thorough approach by systematically surveying the entire site to
describe site-wide soil conditions and plant community in the same plots. Redmann used
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polar ordination techniques to plot the distribution of major plant species along soil
moisture and salinity gradients, so he was limited to determining correlation between
plant community composition and environmental conditions. I used Mantel tests which
are a more direct way to assess the correlation of plant community composition with
changing environmental conditions between plots. Additionally, Mantel correlograms
allowed me to determine over what range of change in environmental gradients plant
community composition was positively or negatively correlated. Redmann showed broad
scale change of community types across Oakville. The methods employed in my study
were able to show finer scale change of species composition as a whole along the site,
and tie these changes directly to environmental gradients. However, the findings of my
study are generally in-line with the findings of Redmann’s study.
Plant community species and functional group composition metrics formed well
defined groups in response to elevation, soil moisture, and soil salinity. This suggests that
niche-based processes are driving deterministic community assembly at Oakville (Chase
& Myers 2011). Elevation, soil moisture, and soil salinity act as filters causing turnover
in species and functional group composition across the site. These filters are acting more
strongly on plant species composition metrics than functional group composition metrics.
Plant species composition and non-native species cover responded strongly to each of
these three gradients, but functional group composition metrics only responded strongly
to subsets of these gradients. Zonation patterns of species composition metrics show that
they are typically more well-structured in response to elevation, soil moisture, and soil
salinity than functional group composition metrics. Turnover of species composition
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metrics occurred at finer environmental scales in response to soil moisture and soil
salinity than turnover of functional group composition metrics. Also, species composition
metrics were negatively correlated over broader distances than functional group
composition metrics in response to all three gradients. This suggests that these
environmental filters are acting more strongly at the species composition level.
Plant species turnover across fine environmental scales will create distinct,
localized plant species groupings. However, if functional group composition is changing
over broader environmental scales changes in functional group composition along
environmental gradients will be less predictable. This can have implications for grassland
ecosystem services within a site. For example, Orford et al. (2016) have shown that
pollinator diversity increases with grassland plant species diversity. However, many
wildlife species, such as generalist arthropod herbivores and grassland birds, use of
grassland habitats are affected by plant functional group composition (Joern 1982;
Coppedge 2001). This may make it harder to predict how wildlife habitat can change
within a site with strong environmental gradients than to predict how pollinator services
will be provided.
Functional group response to environmental gradients is driven by less dominant
functional groups. Forb, legume, and woody functional groups were the only functional
groups that responded to environmental gradients in either year at Oakville. Forb cover
correlation with soil salinity in year two was just below the minimum correlation
criterion. Legume and woody cover correlations with environmental gradients met the
minimum correlation criterion. Legume composition consisted overwhelmingly of two

34

species (Melilotus officinalis and Glycyrrhiza lepidota) and woody composition consisted
overwhelmingly of one species (Symphoricarpos occidentalis). C3 and C4 grasses did not
respond to any environmental gradients. The response of legume and woody functional
groups being driven by just a few species likely accounts for environmental filters acting
less strongly at plant functional group level composition than species level composition.
Plant community response to elevation was the most consistent across species and
functional group composition metrics. Species composition, native species composition,
non-native species cover, and woody cover were all positively correlated among plots
within 1.7 m elevation of one another. The slight elevation gradient at Oakville means
that elevation changes very little over long distances, so there should be little spatial
variation in these metrics across the site. Species composition was negatively correlated
over a wider distance along the elevation gradient than any other metric. However, the
presence of beach ridges that provide relief on the landscape which can see a change in
elevation of 2-3 m over a distance of less than 20 meters. So, change in species
composition can occur over a short range when moving to a beach ridge from
surrounding plains. Otherwise change in species composition is likely to occur over
greater distances when moving from lowland areas to upland areas across Oakville.
Native species composition and non-native species cover were negatively correlated over
a wider distance than woody cover, showing that composition is more structured at the
species level.
There was more variation among plant responses to the soil moisture gradient at
Oakville than there was to the salinity gradient. Functional composition, and in particular,
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legume and woody cover remained positively correlated over a wider range along the soil
moisture gradient than plant species composition, and negative correlation began at a
greater distance along this gradient. This shows that more well defined distinct groupings
are present in species composition along the soil moisture gradient, but that functional
group composition and individual functional groups are also forming distinct groups
along this gradient at broader environmental scales.
Soil moisture is more influential of zonation patterns of non-native species
composition and non-native species cover than it is of zonation patterns of species
composition as a whole. Non-native species may be more restricted in their distribution
along the soil moisture gradient than native species as a result of a more limited species
pool (Andersen et al. 2015). Non-native species composition and non-native species
cover remained positively correlated for a shorter range than plant species composition,
and negative correlation began in these plant metrics at a shorter distance along the soil
moisture gradient than in the plant species composition matrix. These areas are frequently
inundated in the spring and early summer and non-native species may not be able to
withstand seasonal flooding.
Legumes and woody species were the only functional groups to respond to the
soil moisture gradient and these functional groups were less well represented than grasses
and forbs. There were two legume species (Glycyrrhiza lepidota and Melilotus
officinalis) and one woody species (Symphoricarpos occidentalis) among the twenty
species in the most frequently encountered native and non-native plant species. This
reflects the limited species pool in these two functional groups compared to grasses and
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forbs. So, it is likely the response of a few dominant species within the legume and
woody functional groups are driving the response of functional group composition to soil
moisture. The limited representation of legumes and woody species could explain why
the response of functional group composition metrics to soil moisture was less well
defined than the response of species composition metrics. Even though functional group
composition is less well defined than species composition it is important to understand
how functional group composition assembles and distributes across grasslands because
this can alter the suitability of grassland habitat for desirable wildlife populations (Joern
1982; Coppedge et al. 2001).
Change in soil moisture occurred over approximately the same spatial scale as
elevation and over a finer spatial scale than soil salinity across most of Oakville.
Response to soil moisture was also more well defined than response to elevation. So, soil
moisture will have led to more spatial variability in plant species and functional
composition than elevation or soil salinity. The exception is the northern most
management unit which ranges from highly saline to severely saline soils. In this unit
there is little variation in soil moisture, but salinity and elevation do change across this
unit.
The responses of plant species composition, non-native species cover and forb
cover to salinity were similar. Zonation patterns of plant species composition and nonnative species cover occurred over the same ranges in response to the salinity gradient.
Structure in zonation patterns of forb cover in response to salinity was not as wellstructured. However, zonation patterns of all three of these plant metrics show that they
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form distinct groups among plots that have similar levels of salinity and differ among
plots that have more different salinity levels. Salinity places plant species under osmotic
stress and can cause ion toxicity (Seelig 2000). Halophytes have evolved physiological
and biochemical mechanisms to cope with high ion concentrations resulting from salinity
without damage (Flowers & Colmer 2008). Several species native to Grand Forks
County, ND, such as H. jubatum and S. pectinata, are halophytic or salt tolerant (Tesky
1992; Howard 1996; Seelig 2000).
Spatial variability of saline conditions is minimal across the southern portions of
Oakville (Figure 7). Throughout the southern portions of the site salinity remains low or
moderate and only becomes high or severe in the northern most unit of the site. If change
of species composition, non-native species cover, and forb cover occur tightly with
changes in soil salinity this could potentially result in low spatial variability of these plant
composition metrics across the southern portions of Oakville.
Despite strong correlations with species and functional group composition
(Appendix A; Tables A.5-A.6), plant community architecture did not respond strongly
to any environmental gradients. Plant community architecture only correlated with
salinity and elevation in year two. This suggests that there is only a weak relationship
between plant community architecture and the soil environment at Oakville, and this
relationship does not the determining factor that causes change in plant community
architecture across the site. Strong correlations with species and functional group
composition suggest that plant community architecture is responding to changes in plant
community composition across Oakville. These correlations show that plots with similar
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species and functional group composition also had similar architectural structure. Many
wildlife species, such as grassland birds and arthropods, select habitat based on plant
community architecture or functional composition (Joern 1982; Hovick et al. 2014). So,
maintaining architectural heterogeneity is important to sustain a diversity of wildlife
populations (Tews et al. 2004). The response at Oakville shows that changes in plant
species and functional composition can lead to changes in plant community architecture
which will ultimately create architectural heterogeneity across grassland habitats.
My study shows that community assembly processes are occurring similarly
across different plant scales of plant species and functional composition at Oakville.
Along each strongly correlated environmental gradient plant metrics form distinct groups
among plots with similar environmental conditions and differ among plots that have
greater difference of environmental conditions. This structure in response to
environmental gradients shows that deterministic community assembly is occurring in the
plant community at Oakville. The presence of three strong environmental gradients act as
abiotic filters influencing plant species and functional composition. Demonstrating how
plant communities can assemble and form patterns in response to strong environmental
gradients in remnant communities can help to inform restoration practices that can
improve restoration success in the Red River Valley of North Dakota where these strong
environmental gradients are present on the landscape. Restoring these environmental
gradients can increase the likelihood that a desirable plant community will be able to
establish in restored sites.
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CHAPTER III
ARTHROPOD ASSOCIATIONS WITH PLANT AND ENVIRONMENTAL
GRADIENTS IN A NORTHERN TALLGRASS PRAIRIE

Abstract
Arthropods comprise a large portion of grassland biodiversity, and provide
decomposition, wildlife forage and pollination services within grasslands. Arthropod
community composition, and the services they provide, can be spatially variable within
grasslands and strongly influenced by plant and environmental gradients. However, the
influence of plant and environmental gradients on the spatial variability of arthropod
community composition is not well understood. To investigate these relationships,
arthropods were collected at three locations within the plant community (litter; mid-story;
canopy) across a structurally diverse northern tallgrass prairie during mid- and late
summer 2014 and 2015. There were no plant or environmental gradients with which
arthropods consistently correlated across functional community or across year. Litter
arthropods correlated with plant and environmental gradients in both years, but not
consistently. Litter arthropods responded strongly to soil salinity in year one and did not
respond strongly to any gradients in year two. Mid-story arthropods responded strongly
to grass cover and plant architectural gradients in year one and plant species composition,
non-native species cover, and salinity gradients in year two. Mid-story arthropod
composition did not become structured in response to any plant cover gradients
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until becoming negatively correlated over a large change in plant cover occurred. Midstory arthropod composition was positive correlated among plots with similar plant
community architecture and negatively correlated among plots in which plant community
architecture differed more widely. This shows that mid-story arthropods are more wellstructured along plant community architecture gradients than plant cover gradients. Midstory arthropod zonation patterns in response to salinity were more well-structured than
litter arthropods. Canopy arthropods did not respond to any gradients in year one, and did
not respond strongly with any gradients in year two. These results suggest that plant
gradients may not strongly affect litter and canopy arthropods and environmental
gradients may not be affecting canopy arthropods at the site-scale. Mid-story arthropod
response to environmental gradients can be stronger than litter arthropods. Mid-story
arthropod community assembly can be driven by complex interactions with plant and
environmental gradients that influence spatial structure of morphospecies composition
differently. There is clear stratification of arthropod communities (litter; mid-story;
canopy) within the plant community at Oakville. This can influence the plant and
environmental gradients that affect community assembly and formation of zonal patterns
in each arthropod functional community

Introduction
Plant community assembly in response to gradients of environmental variables
has been a major focus of research within community ecology since its inception. We
have a good understanding of how community assembly processes in plant communities
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determine species composition, and patterns within plant communities (Cowles 1899;
Clements 1916; Gleason 1926; Curtis & McIntosh 1951; Whittaker 1956; Whittaker
1960; Piernik et al. 1996; Solon et al. 2007). However, we have an incomplete
understanding of how arthropod communities assemble in response to plant and
environmental gradients. Changes in arthropod species composition along gradients will
affect how arthropods contribute to ecosystem function within a site. Research that
addresses arthropod community response to plant and environmental gradients usually
has a narrow focus, such as on a single taxonomic group (Rypstra et al. 1999) or among
arthropods at a single location within the plant community (Garcia et al. 2010; Pan et al.
2015). Research to determine how community assembly processes act on arthropods at
different locations within the plant community, and whether the same drivers are
responsible for assembly and patterns of species composition is needed to better
understand how grassland arthropod communities form. My study assesses to what extent
three grassland arthropod functional communities (litter; mid-story; canopy), as
determined by location within the plant community, are correlated with northern tallgrass
prairie plant and environmental gradients, and what this tells us about assembly in these
functional communities.
Tallgrass prairies support diverse arthropod communities which provide essential
services within these grassland habitats that maintain healthy grassland ecosystem
function (Fox-Dobbs et al. 2010). Arthropods affect decomposition, soil health,
pollination, and serve as a source of prey within the habitats they occupy (Landis et al.
2008; Del Toro et al. 2012). Arthropod contributions to ecosystem function will vary
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with location in the plant community. For example, detrivores can comprise a large
portion of litter arthropod communities. Detrivores (e.g., Cylisticus convexus) in litter
arthropod communities aid in nutrient cycling by breaking down dead plant matter
(Miller 1993; Rapp 2001). Mound building arthropods that are also common components
of grassland litter arthropod communities (e.g., ants and termites) can ameliorate stressful
environmental conditions, creating habitat that supports species across a range of
taxonomic levels (Wali & Kannowski 1975; Pringle et al. 2010). Mid-story arthropod
herbivores can play a suppressive role on forb abundance within grasslands, influencing
species composition and helping to maintain a high grass to forb ratio (La Pierre et al.
2015). Grassland arthropods, such as aerial predators, also provide natural pest control
(Cox et al. 2014). Pollinators typical of canopy arthropod communities provide valuable
pollination services within agricultural landscapes (Isaacs et al. 2009).
Arthropod interactions with plant and environmental gradients can determine
composition, and zonation patterns in arthropod communities within a site (Potts &
Willmer 1997; Siemann 1998; Pan et al. 2015; Lengyel et al. 2016). Arthropods respond
to plant species composition, plant functional group composition, plant community
architecture and soil abiotic environment (Crist et al. 2006; Mormul et al. 2011;
Koricheva et al. 2000; Kwon et al. 2016). The location of arthropods within the plant
community should determine how plant and environmental gradients affect composition
and zonation patterns within arthropod functional communities (Bestelmeyer & Wiens
2001; Johnson & Agrawal 2005; Pasquet et al. 2008; Pan et al. 2015; Kwon et al. 2016).
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Vertical stratification is more clearly understood in woody ecosystems, as are its
effects on stratification within associated animal communities. In grasslands vertical
stratification has received little attention, yet heterogeneous grassland plant communities
are clearly vertically stratified (Liira et al. 2002). We do not fully understand how
arthropod communities fully exploit the architectural resources made available at
different locations within grassland plant communities because most research focuses on
a single location within grassland plant communities (e.g., Bestelmeyer & Wiens 2001;
Johnson & Agrawal 2005; Pan et al. 2015) or limited representation of arthropod taxa
from multiple strata within grasslands (Rypstra et al. 1999; Schaffers et al. 2008).
Litter arthropods occupy a ground level position, so interactions with plant litter
should most strongly affect their composition. Increased architectural complexity of plant
litter can provide greater habitat (Nemec et al. 2014; Horvath et al. 2015) and provide
protection from daily and seasonal soil temperature fluctuations (Rypstra et al. 1999;
Mazia et al. 2006). Mid-story arthropod communities are commonly comprised of
herbivores, and so mid-story arthropods should be directly associated with plant
resources (Borror et al. 1981; Simons et al. 2016). Plant species composition can
determine mid-story herbivore and predator diversity (Torma et al. 2014). Mid-story
arthropods rely on plant community architecture to provide essential habitat (Rypstra et
al. 199). Canopy arthropod communities are commonly comprised of highly mobile
arthropods, such as pollinators, that often have wide foraging distance (Bidlingmayer &
Hem 1981; Borror et al. 1981; Pasquet et al. 2008). Canopy arthropod abundance and

44

richness can be determined by floral resources and plant canopy cover (Matteson et al.
2013).
Arthropod response to environmental gradients can be mediated through
interactions with the plant community. It is well documented that plant community
composition and structure are directly influenced by interactions with abiotic
environmental gradients (Cowles 1899; Clements 1916; Gleason 1926; Curtis &
McIntosh 1951; Whittaker 1956; Whittaker 1960; van der Valk 1981; Weiher & Keddy
1995; Seabloom & van der Valk 2003a; Aronson & Galatowitsch 2008). Recruitment and
exclusion of plant species based on their environmental tolerance can determine plant
community structure (Fattorini & Halle 2004). The structure of plant communities can
determine how arthropods use them, ultimately influencing arthropod community
composition (Voigt & Perner 2004). Plant interactions with environmental gradients can
determine plant phenotypic expression, and expressed plant phenotypes will influence
arthropod community composition (Johnson & Agrawal 2005). Soil chemistry can alter
plant tissue chemistry and plant morphology, thus influencing how arthropods use plants
(Meindl et al. 2013). Plant mediated response to environmental gradients can determine
arthropod community composition, but direct arthropod interactions with environmental
gradients can also influence arthropod composition.
Arthropods can also be directly influenced by environmental gradients through
their exposure to and use of the abiotic environment. As adults, litter arthropods are more
directly exposed to the soil environment than mid-story and canopy arthropods. It is
likely because of this that the direct effects of environmental gradients have been better
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documented in litter arthropods than mid-story or canopy arthropods. It has been shown
that litter arthropod abundance and diversity can be influenced by soil salinity (Pan et al.
2015; Kwon et al. 2016) and soil texture (Bestelmeyer & Wiens 2001). Soil salinity can
also affect litter arthropod survival, reproduction and feeding behavior (Owojori et al.
2009; Skarkova et al. 2016). As adults, mid-story and canopy arthropods will likely be
less directly exposed to soil environments, so environmental influence on these
communities should most often be mediated through interactions with plants.
The different ways that arthropod functional communities can respond to plant
and environmental gradients makes it necessary to determine how these gradients
influence arthropod composition and zonation patterns. My study investigated how
morphospecies composition of three arthropod functional communities (litter; mid-story;
canopy) change in response to plant composition and plant community architecture
gradients and soil abiotic environmental gradients, and how response to plant and
environmental gradients cause zonation patterns within arthropod functional communities
in a northern tallgrass prairie. I asked the questions: 1) do arthropod functional
communities differ in their response to plant and environmental gradients; 2) does
arthropod community assembly occur similarly across each arthropod functional
community; and 3) do plant and environmental gradients act on arthropod functional
communities over the same environmental scales? I test the hypothesis that different
arthropod functional communities respond to different environmental and plant gradients.
The results of my study will improve our understanding of how interactions with plant
and environmental gradients influence assembly and the patterns within arthropod
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functional communities. Knowing how community assembly occurs across multiple
arthropod functional communities and the environmental scales over which assembly
occurs within a site will improve our ability to restore grassland arthropods and the
services they provide.

Methods
Study Site
The Oakville Prairie Complex is an approximately 453 ha remnant tallgrass prairie
(centroid latitude 47.893, longitude -97.315) in the Central Grand Forks County grassland
corridor comprised of the University of North Dakota’s Oakville Prairie Field Station and
North Dakota Game and Fish’s Oakville/Crawford Wildlife Management Area. The site
has a slight elevation gradient (mean slope between adjacent plots = 0.46o ± 0.05o) and
topographic relief is provided by the Blanchard beach ridges remaining from Glacial
Lake Aggasiz (Laird 1944). Soils of the lowland areas are of the Ojata series, which are
characterized by high salinity. Soils of the upland areas are primarily of the Antler series,
and have moderate to low salinity (Redmann 1972; Whitman & Wali 1975; Soil Survey
Staff NRCS). Soil salinity results from localized upwelling of saline ground water (Laird
1944; Whitman & Wali 1975). Prior to the initiation of my study, the most recent
prescribed fire occurred in the southern portion of the site in the mid-1990s (Robert
Seabloom, unpublished). Following year one of my study prescribed burns were
performed in one area in the north (~62.9 ha) and one area in the south (~81.8 ha). Non-
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native species were sporadically managed with herbicide spraying until the early 2000s
(Robert Sheppard, personal communication, 31 December 2015).
Sampling Scheme
A subset of sample plots (n = 37) across eight management units were selected for
arthropod sample collection from the systematic grid of sample plots (n = 229) described
in Chapter II (ArcGIS 10.1; ESRI; Redlands, CA; Figure 11). Arthropod sample plots
were spaced ≥ 200 m apart to minimize influence on specimen collection between
adjacent arthropod sample plots.

Figure 11. Oakville arthropod functional community sampling locations. Inset map depicts
arthropod sample plot design.
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Soil Sampling
Soil moisture (% volumetric wet content; VWC), texture (% content sand, silt, clay), pH
and salinity (electrical conductivity; μS ∙ cm-1) were measured as described in Chapter II.
Environmental matrices were constructed from these measures taken at arthropod sample
plots to describe environmental gradients in analysis of arthropod correlations.
Vegetation Sampling
The vegetation was surveyed as described in Chapter II to determine plant community
composition and architecture. Plant species composition was recorded as aerial percent
cover (pi) of each species encountered in a sample plot. Aerial coverage values per
species were used to calculate native, non-native and functional cover. Plant community
architecture was measured as height density (cm), vegetation live height (cm) and
vegetation dead height (cm). Additionally, percentage bare ground and percent
intercepted photosynthetically active radiation (PAR; μmol · m-1 · s-1) were measured in
2015. Plant community composition and architecture matrices were constructed from
these measures.
Arthropod Sampling
Arthropods were collected twice (mid-June and mid-July) in year one and year two.
Three arthropod functional communities (litter; mid-story; canopy) were described based
on the location within the plant community in which specimens were collected. These
three arthropod functional communities were analyzed separately for correlation with
plant and environmental gradients within Oakville.
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Litter dwelling arthropods were collected with pitfall traps placed flush with soil
level at the midpoint of each of the four arthropod sample plot borders during a three-day
collection period (N2014 = 228, N2015 = 256; Figure 11). The specimens collected in each
pitfall trap were stored separately following collection, so that four litter arthropod
samples were collected per arthropod sample plot during each collection period. Sample
sizes were reduced in year one and year two due to standing water (17 plots mid-June
year one; 10 plots mid-July year two).
Mid-story arthropods were collected by sweep net. Sweep net sampling was done
along two orthogonal 10 m transects during each collection period (N2014 = 146, N2015
=148; Figure 11). One sweep net sample consisted of three passes along one transect
with 10 sweeps through the mid-story of the plant community per pass (3  10 = 30
sweeps per sample). Following collection along each transect the contents of the sweep
net were transferred to a one-gallon plastic sealable bag and placed on ice, so that two
mid-story arthropod samples were collected per arthropod sample plot during each
collection period. During the mid-July year one collection period, weather conditions
preventing sampling at one plot. Sweep net sampling was completed within two days of
pitfall and sticky trap collection
Canopy arthropods were collected with two-way sticky traps. Sticky traps were
made by applying Tangle Trap™ Sticky Coating (Contech Enterprises, Inc.; Grand
Rapids, MI) to an approximately 25.4  17.8 cm area on a yellow plastic card. Yellow
was chosen to maximize the number of individuals and arthropod families collected
(Hobeck et al. 1999). Sticky traps were unbaited to prevent favorably attracting any
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arthropod group. One two-way sticky trap was hung with its bottom edge at canopy level
on the east and west borders of each arthropod sample plot, with trap faces perpendicular
to plot borders, during each three-day collection period (N = 148; Figure 11). One face
of each sticky trap was considered one sample, so four samples per sticky trap effort were
collected at each plot.
Following collection, all samples were returned to University of North Dakota’s
campus for storage until identification. Litter arthropods were stored in 70% ethanol and
mid-story and canopy arthropods were stored in a -20oC freezer. Limited worker hours
prevented identification of all collected samples. So, a random number generator was
used to select one sample from each arthropod sample plot during each collection period
for identification to prevent bias in sample selection. Litter (n2014 = 57, n2015 = 64) and
mid-story (n2014 = 73, n2015 = 74) arthropods were identified to family. Canopy (n = 74)
arthropods were identified to order because specimens collected with sticky traps were
covered with sticky trap coating which prevented ability to identify them beyond order.
Following taxonomic identification, specimens were grouped into unique morphospecies
based on similarity of morphological characters, and the number of representative
individuals of a morphospecies in each sample was counted. Morphospecies
identification provides a conservative estimate of true arthropod taxa richness, and can be
an adequate, quick assessment of arthropod community composition (Obrist & Duelli
2010). Litter and mid-story specimens were categorized within the same morphospecies
system. Because canopy specimens could only be accurately identified to order, these
specimens were classified with a separate morphospecies system. Each unique
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morphospecies was photographed and intact voucher specimens (litter; mid-story) were
deposited in the Grand Forks County Prairie Project morphospecies collection in the
UND Landscape Ecology Lab. Morphospecies counts for each plot were pooled across
collection period in each year and used in analysis of arthropod correlations.

Data Analysis
Arthropod trapping efficacy was tested with species accumulation curves constructed in
R 3.2.0 using the vegan package function specaccum() with Kindt’s exact method
(Oksanen et al. 2016; R Core Team 2015). Ugland et al. (2003) found that exact methods
are able to more accurately predict species richness than traditional methods of
constructing species accumulation curves.
Distance matrices were constructed in R 3.2.0 using the ecodist package function
distance() for each arthropod variable, and plant and environmental variables from
arthropod sample plots as described in Chapter II (R Core Team 2015; Goslee & Urban
2007; Table 6). Plant and environmental values from arthropod plots were used to
construct distance matrices because the Mantel test determines correlation of two
matrices consisting of different sets of variables from the same plots (Legendre &
Legendre 2012). Matrices consisted of a single or suite of variables, and were constructed
with distance measures appropriate to the type of data (Table 6).
Correlations between arthropod composition matrices and plant or environmental
matrices were assessed separately by year with Mantel tests (10000 permutations)
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Table 6. Distance matrices included in Mantel tests between arthropod and plant or
environmental variables. Matrices were created separately for year one and year two
except for Soil Texture and Elevation, which did not change between years.
Matrix
Included Variables
Arthropod
Litter Composition
Morphospecies counts
Mid-Story Composition
Morphospecies counts
Canopy Composition
Morphospecies counts
Plant
Species Composition
Percent species cover
Native Composition
Native percent species cover
Non-Native Composition Non-native percent species cover
Non-Native Cover
Sum non-native species cover
Functional Composition
Sum cover of C3 grass, C4 grass, Graminoid, Forb,
Legume and Woody species
Plant Architecture
Height density (cm); live height (cm); dead height (cm);
% bare ground♦; % intercepted PAR (μmol ∙ m-1 ∙ s-1)♦
Environmental
pH
pH
Salinity
electrical conductivity (μS ∙ cm-1)
Soil Texture
% sand, clay, silt
Soil Moisture
Mean across season soil moisture (% VWC)
Elevation
Height above ellipsoid (m)
♦
Bare ground and PAR were not available in year one Plant Architecture matrix.

Distance
Euclidean
Euclidean
Euclidean
Sorensen
Sorensen
Sorensen
Sorensen
Sorensen
Euclidean

Euclidean
Euclidean
Euclidean
Euclidean
Euclidean

performed in R 3.2.0 using the ecodist package function mantel() as described in Chapter
II (Goslee & Urban 2007, R Core Team 2015; Table 6). Positive correlation of arthropod
matrices with plant or environmental matrices indicates that sites with similar
composition of plant or environmental variables also have similar arthropod composition
(Seabloom & van der Valk 2003a; Goslee 2007). All Mantel tests were repeated as partial
Mantel tests with the inclusion of a matrix of plot centroid UTM coordinates to control
for spatial autocorrelation, doing so did not affect the results and this matrix was not
retained in the final analyses.
Mantel correlograms were constructed in R 3.2.0 using the ecodist package
function mgram() for arthropod matrices which met a minimum correlation criterion (rM
≥ 0.30 and p ≤ 0.05) with plant or environmental matrices (Goslee & Urban 2007, R Core
Team 2015). The minimum correlation criterion was determined from Mantel test results
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that indicated a natural break in the correlations of arthropod matrices with plant and
environmental matrices. Mantel correlograms were used to determine over what distances
in plant or environmental explanatory matrices changes occurred within corresponding
arthropod matrices. It is difficult to meaningfully interpret correlograms in response to
composite variables because the resulting units of change in a composite variable do not
correspond to measurable change along gradients of the composite variable, and for this
reason Mantel correlograms were not constructed for these variables. The number of bins
in each correlogram was determined by Sturge’s rule, which gives similar results to
alternative methods for choosing bin number when sample sizes are moderate or low
(~ 200 or fewer; Dogan & Dogan 2010). Bin ranges were calculated from the range of
values along each environmental gradient and the number of bins, providing even bin size
across each correlogram.
Empirical Bayesian Kriging models (EBK) were constructed in ArcGIS 10.3
(ESRI; Redlands, CA) with power semivariograms (100 simulations) to generate
prediction surfaces for all plant and environmental variables that were included in Mantel
correlogram analysis. The prediction surfaces created with EBK models show how the
plant and environmental gradients that influence assembly in arthropod functional
communities and patterns of arthropod composition are distributed across Oakville to
form gradients. To show sufficient detail in each prediction surface six classes were
chosen. Bin size for each class was determined with Jenks natural breaks. Jenks natural
breaks provide a way of breaking up continuous data into discrete classes in choropleth
maps which minimize the sum of absolute deviation from class means by repeatedly
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transferring values from class boundaries to adjacent classes until the sum of absolute
deviation from class means is minimized (Coulson 1987; Brewer & Pickle 2002).

Results
Precipitation, management and plant community composition differed between sample
years. Monthly precipitation was greater in year one than in year two (Appendix A;
Table A.1), and there were 54.4 mm more precipitation accumulation across the year one
field season (1 May-15 August) than in year two (Wunderground.com 2016). Two
management units (containing 29.7% of arthropod sample plots) were burned in the Fall
of year one. Non-native species richness was greater in year one than in year two, though
median non-native species cover increased in year two. In year one of my study 23.4% of
encountered plant species (22 species) were non-native, which decreased to 14.1% of
encountered plant species (14 species) in year two. Site-wide median non-native cover,
vegetation live height (cm) and vegetation dead height (cm); increased from year one to
year two (Appendix A; Figure A.1).
The number of orders identified within each arthropod community was similar
between years, but the number of families identified increased in the litter and mid-story
communities in year two (Appendix A; Table A.7). Five arthropod orders (Araneae,
Coleoptera, Diptera, Hemiptera and Hymenoptera) consistently contained the greatest
number of families and morphospecies across arthropod functional communities. Diptera
was the dominant order across all arthropod functional communities. Diptera was
represented by more families and morphospecies than any other order in each arthropod
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functional community in both years, except the litter arthropod community in year one
(Appendix A; Table A.8). In the year one litter arthropod community Diptera,
Coleoptera and Hemiptera were represented by the same number of morphospecies
(Appendix A; Table A.8).
Species accumulation curves show that trapping efforts did not capture true
morphospecies richness in any arthropod functional community at Oakville (Figure 12).
However, trapping more closely approximated true morphospecies richness in the year
two mid-story arthropod community and the canopy arthropod community in both years
than the remaining arthropod communities. The species accumulation curves for the litter
arthropod community both years and the mid-story arthropod community in year were far
from reaching the asymptote of the curves (Figure 12). The species accumulation curves
for the mid-story arthropod community in year two and the canopy community in both
years were close to reaching the asymptote of the curves (Figure 12).
When viewed at the resolution of morphospecies, arthropod community
composition differed within and among functional communities, and between years. The
number of specimens collected and the number of identified morphospecies differed
within each arthropod functional community between years (Appendix A; Table A.7).
The average number of morphospecies per sample was similar in both years in the litter
arthropod community (year one: 18.0 ± 0.6 morphospecies; year two: 20.3 ± 1.6
morphospecies), but increased by over 10 morphospecies per sample in the mid-story
(year one: 25.0 ± 1.1 morphospecies; year two: 41.1 ± 1.5 morphospecies) and canopy
(year one: 33.2 ± 1.0 morphospecies; year two: 45.1 ± 1.0 morphospecies) arthropod
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Figure 12. Species accumulation curves for year one and year two litter, mid-story
and canopy arthropod communities constructed with Kindt’s exact method.
communities in year two. The five most frequently collected morphospecies differed
between litter and mid-story communities (Table 7). It was not possible to identify all
specimens collected by sticky trap to family, so comparison of the morphospecies present
that composed canopy arthropod composition with other functional communities was not
possible. Within each arthropod functional community, only two of the top five most
frequently collected morphospecies were common across years (Table 7).
Arthropod functional community composition matrices were not correlated with
each other within either year (Appendix A; Tables A.9-A.10) and composition was not
correlated between years within any arthropod functional community (Litter: rM = -0.123,
p = 0.8518; Mid-story: rM = 0.214, p = 0.0645; Canopy: rM = -0.036, p = 0.6077).
Arthropod functional community composition matrices differed in their correlations with
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Table 7. Morphospecies ID, order, family, presence (measured as the percent of plots collected at; n = 37) and mean count per
sample of the five most frequently collected morphospecies (determined by presence) from each arthropod functional
community in year one and year two.
Order

Family▼

Morphospecies
ID♦

Presence
(%)

Mean
Count

Order

Family▼

Morphospecies
ID♦

Presence
(%)

Mean
Count
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2014
2015
Litter
Litter
Entomobryomorpha Tomoceridae
ENTO.001
97.3
19.8 Entomobryomorpha Tomoceridae ENTO.001
86.5
21.2
Hymenoptera
Pteromalidae
HYME.076
78.4
2.2 Araneae
Salticidae
ARAN.005
86.5
14.6
Araneae
Salticidae
ARAN.017
73.0
8.4 Diptera
Stratiomyidae DIPT.087
81.1
7.1
Entomobryomorpha Isotomidae
ENTO.002
70.3
22.9 Coleoptera
Carabidae
COLE.046
59.5
2.6
Isopoda
Cylisticidae
ISOP.001
67.6
11.6 Entomobryomorpha Isotomidae
ENTO.002
56.8
9.2
Mid-Story
Mid-Story
Diptera
Muscidae
DIPT.009
100
16.9 Thysanoptera
Thripidae
THYS.001
97.3
14.9
Diptera
Anthomyiidae
DIPT.053
81.1
7.12 Diptera
Diastatidae
DIPT.067
94.6
16.9
Thysanoptera
Thripidae
THYS.001
78.4
32.2 Diptera
Tachinidae
DIPT.058
89.2
9.0
Ixodida
Argasidae
IXOD.002
62.2
5.5 Hemiptera
Cicadellidae
HEMI.052
83.8
5.5
Trichoptera
Hydropsychidae TRIC.002
62.2
3.4 Diptera
Muscidae
DIPT.009
81.1
8.0
Canopy
Canopy
Thysanoptera
THYS.001C
100 413.9 Thysanoptera
THYS.001C
100 358.7
Diptera
DIPT.004C
100
52.8 Diptera
DIPT.004C
100 153.7
Diptera
DIPT.002C
100
29.5 Diptera
DIPT.006C
100
57.6
Diptera
DIPT.001C
100
20.8 Thysanoptera
THYS.002C
100
27.8
Hymenoptera
HYME.001C
100
7.6 Diptera
DIPT.014C
100
24.5
▼
Canopy specimens were not identified past Order prior to grouping into morphospecies.
♦
Canopy specimens were assigned morphospecies identifiers separately from litter and mid-story specimens as indicated by the addition of C to the end of
the morphospecies ID.

Table 8. Arthropod morphospecies composition matrix correlations with plant and
environmental matrices. Correlation (rM) was determined with simple Mantel tests.
Explanatory Matrix

Litter Composition

2014
Plant
Species Composition
0.204*
Non-Native Composition -0.055
Non-Native Cover
0.027
Functional Composition
0.281*
C3 Grass Cover
-0.046
C4 Grass Cover
-0.079
Plant Architecture
0.044
Height Density (cm)
0.079
Dead Height (cm)
-0.081
% Intercepted PAR
Environmental
pH
-0.017
Salinity
0.433*
Elevation
0.053
*** < 0.0001; ** < 0.01; * <0.05; ‡ <0.1

2015

Mid-Story
Composition
2014
2015

Canopy Composition
2014

2015

-0.032
0.210*
-0.053
0.003
-0.083
-0.150
-0.132
-0.112
-0.074
-0.053

0.197*
-0.143
-0.003
0.304*
0.372***
0.422**
0.507***
0.452***
0.337*
-

0.441***
0.022
0.353***
0.155*
0.037
0.049
0.166‡
0.092
0.130
0.073

-0.063
0.044
-0.025
0.065
-0.085
-0.101
-0.144
-0.164
-0.037
-

0.179*
0.112‡
0.169*
0.159*
-0.110
-0.099
0.104
0.063
-0.069
0.148*

0.238*
-0.068
0.171*

-0.052
0.015
0.077

0.207‡
0.727***
0.091

-0.067
0.042
0.088‡

-0.066
0.204*
0.087‡

plant and environmental matrices within year, and within arthropod functional
community correlations differed between years (Table 8). No arthropod functional
community composition matrix ever correlated with native plant composition, native
plant cover, non-grass graminoid cover, forb cover, legume cover, woody cover, bare
ground, soil moisture or soil texture.
There were no plant or environmental matrices with which litter arthropod
composition correlated with consistently. In year one, litter arthropod composition
correlated with plant species composition, functional composition and salinity (Table 8).
In year two, litter composition correlated with non-native plant species composition, pH
and elevation (Table 8). Litter composition correlation with salinity in year one met the
minimum criterion (rM ≥ 0.30 and p ≤ 0.05) for constructing Mantel correlograms.
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There were two plant matrices (plant species and functional composition) with
which mid-story arthropods consistently correlated, and the only correlation with an
environmental matrix occurred in year two (Table 8). In year one, mid-story arthropod
correlations with C3 and C4 grass cover, height density, and dead height (cm) met the
criterion (rM ≥ 0.30 and p ≤ 0.05) for constructing Mantel correlograms (Table 8). In year
two, mid-story arthropod correlations with plant non-native species cover and salinity
met the criterion (rM ≥ 0.30 and p ≤ 0.05) for constructing Mantel correlograms
(Table 8).
In year one, canopy arthropod composition did not correlate with any plant or
environmental matrices (Table 8). In year two, canopy arthropods correlated with plant
species composition, non-native species cover, functional composition, percent
intercepted PAR and salinity (Table 8). None of the canopy arthropod correlations with
plant and environmental gradients met the minimum criterion (rM ≥ 0.30 and p ≤ 0.05) for
constructing a Mantel correlogram.
In year one, the major univariate plant composition gradients the mid-story
arthropod functional community composition responded to were defined by C3 and C4
grass cover (Figure 13), and the major univariate plant community architecture gradients
were defined by plant height density and dead height (cm) (Figure 14). In year one,
salinity defined the major environmental gradient to which mid-story arthropod
functional community composition responded (Figure 14). Each of these gradients occur
in a similar N-S direction across the Oakville. Areas of higher salinity tended to have
higher C3 grass cover and lower C4 grass cover. Height density was greatest through the
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middle of Oakville. Salinity, pH, and non-native species cover define the major
univariate gradients in year two (Figure 15). Each of these gradients occur in a similar
SW-NE direction across the Oakville. Areas of higher salinity tended to have lower pH
and lower non-native species cover.

Figure 13. Year one C3 and C4 grass cover gradients across Oakville. Gradients
determined with Empirical Bayesian Kriging models with year one values.
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Figure 14. Year one salinity, height density, and vegetation dead height gradients across Oakville. Gradients
determined with Empirical Bayesian Kriging models with year one values.

Figure 15. Year two salinity and non-native cover gradients across Oakville. Gradients
determined with Empirical Bayesian Kriging models with year two values.
In year one, litter arthropod composition was structured in response to salinity.
Year one litter arthropod composition was positively correlated among plots that were
within 162.6 µS · cm-1 of one another, and negatively correlated among plots that
differed by greater than 2438.5 µS · cm-1 (Figure 16).
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Figure 16. Mantel correlogram of year one
litter arthropod composition in response to
changing pH, and year two litter arthropod
composition in response to changing salinity
(µS · cm-1). Solid symbols represent values
that are significantly different from zero.
Despite a strong response to the C3 and C4 cover gradients in year one, mid-story
arthropod composition only differed among plots at the extremes of these variables. Midstory arthropod composition was negatively correlated among plots that differed by
greater than 85% C3 cover (Figure 17). Mid-story arthropod composition was also
negatively correlated among plots that differed by 95 % C4 cover. Mid-story arthropod
composition was more structured along the height density gradient. Mid-story
composition was positively correlated among plots that were within 11.6 cm height
density from one another and negatively correlated among plots that differed by more
than 30.1 cm in height density (Figure 17).
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Figure 17. Mantel correlogram of year one mid-story arthropod
composition in response to changing C3 and C4 grass cover, height
density (cm), and dead height (cm). Solid symbols represent
values that are significantly different from zero.
In year two, mid-story arthropod composition was negatively correlated among
plots that differed by 95% non-native species cover (Figure 18). Mid-story arthropod
composition was more structured along the salinity gradient. Mid-story composition was
positively correlated among plots within 512.9 µS · cm-1 of one another, and negatively
correlated among plots that differed by greater than 1880.5 µS · cm-1 (Figure 18).
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Figure 18. Mantel correlogram of year two mid-story arthropod morphospecies
composition in response to changing non-native plant species cover and changing
salinity (µS · cm-1). Solid circles represent values that are significantly different from
zero.

Discussion
Previous research has shown that grassland arthropod community composition can vary
in response to plant architectural gradients (Nemec et al. 2014; Mazia et al. 2006;
Horvath et al. 2015), plant compositional gradients (Torma et al. 2014; Farrell et al.
2015), and environmental gradients (Bestelmeyer & Wiens 2001; Pan et al. 2015).
Several studies have shown that response to plant and environmental gradients can affect
arthropod community assembly, and zonation patterns of arthropod morphospecies
composition within a site (Schaffers et al. 2008; Matteson et al. 2013; Nemec et al. 2014;
Torma et al. 2014; Farrell et al. 2015; Horvath et al. 2015). However, these studies tend
to focus on a single functional community or include a limited number of representatives
from each functional community. My study took a more complete approach, including all
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collected arthropods from three functional communities (litter; mid-story; canopy). My
results show that arthropod, delineated by position within the plant community, response
to plant and environmental gradients differs among functional communities.
Litter arthropod composition can be affected by plant community composition
(Rypstra et al. 1999; Wolkovich et al. 2009) and soil environmental variables (Pan et al.
2015; Kwon et al. 2016). The correlations of litter arthropods with plant gradients show
that its relationship with plant composition was not a strong influencer of litter arthropod
composition at Oakville. The trapping method used to collect litter specimens may have
skewed the characterization of this community. Pitfall traps are more effective for
trapping arthropods that are more active at ground level (Parsifka et al. 2007). This likely
under sampled litter arthropods that are more active in the plant litter level, which may
have resulted in lack of detection of a strong response to any plant gradients.
Litter arthropods did respond strongly to soil salinity in year one. Unique
groupings of litter arthropod composition occurred over a short distance of change along
the soil salinity gradient. Litter arthropod composition does not become distinctly
different until transitioning from one extreme of salinity to the other. This means that the
litter arthropod composition in the most severely saline areas are different from litter
arthropod composition in the least saline areas of Oakville. This shows that salinity did
affect year one litter arthropod community assembly, but that zonation occurred at broad
scales along the salinity gradient.
Mid-story arthropods are dependent on plant community structure (Rypstra et al.
1999), and mid-story arthropod community composition will vary with changes in plant
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community structure (Johnson & Agrawal 2005). Mid-story arthropods did respond to
plant community composition and plant community architecture at Oakville. The scale of
plant community composition that mid-story arthropods responded to was different
between years. Mid-story arthropods responded to functional composition and C3 and C4
grass cover in year one and species composition and non-native cover in year two. Zonal
patterns of mid-story arthropod composition in response to plant cover gradients (C3 and
C4 grass and non-native plant species) show that mid-story arthropods only differ among
plots that vary substantially in cover of these plant species. In year one, mid-story
arthropods responded to plant community architecture, height density, and dead height,
but did not respond to these gradients in year two. Mid-story arthropods were more wellstructured in response to plant community architecture gradients than to plant
composition gradients. Mid-story arthropods form distinct groups among areas that have
similar height density and dead height and differ among plots that have less similar height
density and dead height. The differences in response to plant composition and plant
community architecture suggest physical resources provided by the plant community are
more important to patterns in mid-story arthropods than the actual species or functional
groups that are present.
In year two, mid-story arthropods responded strongly to salinity. There was a
steeper salinity gradient in year two (Chapter II; Figure 2) which may have influenced
nutrient content and morphology of plants along the salinity gradient (Hester 2001;
Johnson & Agrawal 2005). Changes in plant morphology and nutrient content will affect
herbivore community composition which will have cascading effects on the composition
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of their predators (Johnson & Agrawal 2005). This may have led to the well-structured
zonation patterns of mid-story arthropods in response to salinity, and may explain why
they were more well-structured in their response to salinity than litter arthropods in year
one.
The canopy community did not form correlations with any plant or environmental
gradients in year one, but did form correlations with plant and environmental gradients in
year two. Canopy arthropod correlations with plant and environmental gradients in year
two may show increased use of the site in favorable years. There were fewer precipitation
events in the months in which arthropod collection occurred in year two, which may have
affected the abundance of aerial arthropods at the site (Gruebler et al. 2008). Oakville is
an open grassland which does not provide much protection from wind and rain to aerial
arthropods, and this may have an effect on how it is used by the canopy community
(Gruebler et al. 2008). However, canopy arthropods did not respond strongly to any plant
or environmental gradients which suggests that site-scale gradients may not influence
canopy community assembly. This may be due to the highly mobile nature of this
community.
Each arthropod functional community was structure along plant and
environmental gradients with which they strongly responded. This shows that there are
niche-based assembly processes acting on each arthropod functional community.
However, if arthropod community assembly were driven solely by niche-based processes,
as is predicted with deterministic assembly, they would have responded to the same
gradients in each year. The inconsistent response to plant and environmental gradients in
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each arthropod functional community suggest that there are also stochastic processes
acting on arthropod community assembly in each functional community. The presence of
niche-based and stochastic processes suggest that Oakville arthropod community
assembly is in accordance with the alternative stable states theory of community
assembly.
Arthropod communities, and their relationship with the plant community, form
the base of grassland food-webs. Interactions with plant and environmental gradients can
determine how arthropod communities assemble and form patterns of community
composition. Arthropod community composition and patterns within a site can influence
how arthropods function in grassland habitats (Fox-Dobbs et al. 2010; Pringle et al.
2010). Yet our understanding of how arthropod communities assemble and form zonation
patterns of composition in response to plant and environmental gradients is limited. This
study shows that arthropod response to plant and environmental gradients can vary based
on location within the plant community. Understanding how arthropod community
assembly occurs in remnant grasslands may inform our understanding of how community
assembly will occur in grassland restorations (Wodika & Baer 2015). This can help
restoration efforts, which typically solely focus restoration of plant communities, to better
plan restorations that will include grassland arthropods.
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CHAPTER IV
CONCLUSIONS
Soil environmental variables can function as abiotic filters that influence
assembly and distribution within plant and arthropod communities (Nelson & Anderson
1983; Potts & Wilmer 1997; Fattorini & Halle 2004; Klimek et al. 2007; Pan et al. 2015;
Kwon et al. 2016). Additionally, arthropod interactions with plant community can
function as biotic filters that influence assembly and distribution within arthropod
communities (Siemann 1998; Fantinato et al. 2016; Lengyel et al. 2016). However, we do
not have a good understanding of how assembly processes act across multiple taxonomic
levels to influence grassland plant and arthropod community structure. The associations
among plants, arthropods and environmental gradients can show how assembly occurs in
plant and arthropod communities to maintain patterns of community composition.
Seabloom & van der Valk (2003a) used Mantel tests to show that prairie wetland
plant species composition responds directly to environmental gradients, and Mantel
correlograms to show how zonation patterns form in the plant community in response to
these environmental gradients. They showed that plant species composition in natural and
restored prairie wetlands respond to a single environmental gradient (water depth). My
study expands on this by using Mantel tests to show direct response across multiple
taxonomic groups (plants and arthropods) to environmental gradients and each
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other in a more complex system than prairie wetlands. I also employed Mantel
correlograms to show how zonation patterns form in response to the gradients that
strongly influenced plant and arthropod community composition.
There were three environmental gradients (elevation, soil moisture, and soil
salinity) that plant community composition consistently responded to in both years of the
study. Change in elevation has been shown to influence plant community composition
(Andersen et al. 2015), and soil salinity and soil moisture can function as abiotic filters
that can determine spatial patterns in plant communities (Smith et al. 2015). Elevation
changed from upland to lowland along a SW to NE gradient, and change in soil moisture
and soil salinity occurred in this same direction (Chapter II; Figure 7). However, the
extent of change along each of these gradients differed. Soil moisture was the most
heterogeneous and soil salinity was the least heterogeneous over geographic space.
Overall, community assembly in response to elevation, soil moisture, and soil
salinity was occurring deterministically across plant species and functional composition
metrics. Even though community assembly was occurring in the same ways across plant
species and functional composition metrics responses varied between them. Response of
functional composition was driven by three functional groups: forb, legume, and woody.
C3 and C4 grass composition did not respond to any environmental gradients. Zonation
patterns of functional composition metrics were less well defined than zonation patterns
of plant species composition metrics. Zonation patterns also varied depending on the
environmental gradient that was driving response in the plant community.
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Zonation patterns were most similar along the elevation gradient (Figure 19).
Distinct groupings occurred over the same range in species composition, native species
composition, non-native species cover, and woody cover. Zonation patterns in response
to soil moisture were more variable than in response elevation or soil salinity (Figure
19). This creates more spatial heterogeneity of species and functional composition
metrics in response to soil moisture than the other gradients because soil moisture is more
geographically heterogeneous and plant composition responses are more variable.
Zonation patterns of plant species composition and non-native species cover were similar
in response to soil salinity, and they were defined than over shorter ranges of salinity than
the response of forb cover. Responses to soil salinity will create less spatial heterogeneity
in plant species and functional composition across Oakville. Soil salinity is less
geographically heterogeneous than elevation and soil moisture. Even the more well
defined groupings of plant species composition and non-native species cover will remain
similar over wider geographic distances across Oakville because of the broader extent of
change across the site in response to salinity.
Arthropod response to plant gradients was more complex than the responses of
the plant community to environmental gradients. Arthropod functional communities
(litter; mid-story; canopy) did not consistently correlate with any plant gradients, showing
a different response of these three functional communities. Within each arthropod
functional community response to environmental gradients between years was
inconsistent. The inconsistencies in response to indicate that there is some stochasticity
acting on arthropod community assembly. However, non-random distribution along plant
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Figure 19. Response of plant and arthropod metrics to changes of elevation (m), soil moisture (% VWC), and salinity
(µS · cm-1) as determined with Mantel correlograms in Chapters II and III. Solid lines represent range of positive correlation, and
dashed lines represent range of negative correlation.

and environmental gradients indicates that there are some niche-based processes also
acting on arthropod community assembly.
Litter arthropods responded strongly to soil salinity in year one, but did not
respond strongly to plant gradients which suggests that litter community assembly is most
strongly influenced by salinity at Oakville. Mid-story arthropods responded to soil
salinity in year two, and were more well-structured along this gradient than litter
arthropods were in year one (Figure 19). The salinity gradient was steeper in year two
than it was in year one which may account for the differences in structure along the
salinity gradient between these two arthropod functional communities (Chapter II;
Figure 2). Zonation patterns of mid-story arthropods in response to salinity were similar
to plant species composition and non-native species cover (Figure 19). However, midstory patterns were less well defined. Mid-story arthropod community response to soil
salinity was assessed with data from 37 plots that were widely distributed across
Oakville, while the plant community response to soil salinity was assessed with data from
229 plots that were more evenly distributed across Oakville. The differences in sample
size and distribution of data collection points may be causing the differences seen in
zonation patterns between plants and mid-story arthropods.
The mid-story arthropod functional community was the only arthropod functional
community to respond strongly to plant gradients. Mid-story arthropod response to plant
gradients was not influenced by plant gradient response to environmental gradients. In
year one mid-story arthropod community composition responded to plant gradients (C3
and C4 grass cover) that did not respond to any environmental gradients. In year two,
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mid-story arthropods responded to plant species composition and non-native species
cover, but patterns of mid-story arthropod composition in response to non-native species
cover were not similar to patterns of non-native species cover in response to
environmental gradients. Mid-story arthropod composition did not become structured
until reaching extreme differences in non-native species cover. In year one, mid-story
arthropods also responded to plant community architecture, height density, and dead
height. None of these plant gradients responded to environmental gradients.
Canopy arthropods did not correlate with any gradients in year one and did not
respond strongly to any plant or environmental gradients in year two. This suggests that
site-scale gradients may not be strongly influencing assembly or zonation patterns in
canopy arthropods, and is not able to provide much insight into how they used Oakville.
My results show how assembly occurs in grassland plant communities in response
to strong environmental gradients, and how assembly occurs in grassland arthropod
communities in response to plant and environmental gradients in the same space.
Environmental gradients (elevation, soil moisture, and soil salinity) strongly influence
plant community assembly similarly across all resolutions of community in response to
these gradients. Though, patterns of plant species and functional composition varied in
response to environmental gradients. Arthropod functional community response to plant
and environmental gradients differs with location in the plant community, and mid-story
arthropods was the only community that responded to plant and environmental gradients.
Mid-story arthropod community assembly along plant gradients was not similar to plant
community assembly along environmental gradients. However, mid-story arthropod
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community assembly in response to salinity was very similar to plant community
assembly in response to salinity.
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APPENDIX A:
ADDITIONAL FIGURES AND TABLES

Table A.1. Mean year one and year two daily temperature (oC), daily wind speed (km · h-1) and per precipitation event
accumulation (mm) summary for field season by month in year one and year two. Mean values calculated from data
collected at the Grand Forks Air Force Base, ND weather station. Data were retrieved from
http://www.wunderground.com.
Weather Metric
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Mean Daily
Temperature (oC)

Mean Daily
Wind Speed (km · h-1)
Mean Gusting Wind
Speed (km · h-1)
Per Event
Precipitation (mm)

May

June

July

August

2014

2015

2014

2015

2014

2015

2014

2015

18.2 (1.4)
12.3 (1.1)
6.6 (1.1)

18.2 (1.3)
11.4 (0.9)
4.7 (0.8)

23.3 (0.6)
18.1 (0.4)
13.0 (0.5)

24.4 (0.7)
18.2 (0.5)
12.0 (0.5)

25.5 (0.6)
19.4 (0.6)
13.4 (0.5

27.0 (0.5)
21.1 (0.5)
15.4 (0.6)

25.1 (0.5)
19.5 (0.4)
13.9 (0.6)

26.5 (0.7)
19.4 (0.7)
12.2 (0.7)

27.3 (1.6)
14.8 (1.9)

30.0 (2.2)
16.1 (1.5)

29.5 (1.7)
15.1 (1.0)

26.9 (1.7)
12.4 (0.9)

27.5 (2.2)
13.6 (1.1)

27.1 (2.1)
13.1 (1.2)

22.9 (1.9)
10.5 (0.8)

25.1 (1.6)
11.9 (1.0)

20
44.2 (1.9)

25
44.7 (3.2)

25
47.1 (3.8)

21
44.6 (2.4)

19
45.5 (2.8)

17
46.9 (3.9)

14
42.4 (5.5)

15
44.1 (2.9)

15
5.1 (1.5)

14
9.0 (3.8)

16
9.9 (3.8)

14
6.5 (2.1)

8
16.6 (14.1)

10
10.9 (2.9)

8
8.8 (2.5)

3
19.6 (10.3)

High (se)
Average (se)
Low (se)
High (se)
Average (se)
Days with Gusts
Mean Gusts (se)
Events
Accumulation (se)

Table A.2. Correlations of year one and year two plant community matrices with environmental matrices. Values
represent Mantel correlation (rM; 9999 permutations). Values that meet the criteria for strong correlation (rM ≥ 0.20
and p < 0.01) are listed in bold text.
Plant Matrix
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pH
2014
2015
Species Composition
0.064** 0.071**
Native Species Composition
-0.015
0.046‡
Non-Native Species Composition
0.062*
0.050‡
Non-Native Percent Cover
0.030** 0.051*
Functional Group Composition
0.042‡
0.045‡
C3 Grass Cover
-0.031
0.02
C4 Grass Cover
-0.004
-0.051
Graminoid Cover
-0.036
0.088‡
Forb Cover
0.001
-0.002
Legume Cover
0.022
0.064‡
Woody Cover
0.042
-0.024
Plant Architecture
0.072‡
0.010
Height Density
0.070‡
0.020
Dead Height
0.006
0.002
Bare Ground
-0.063
PAR
-0.066
*** < 0.001; ** < 0.01; * < 0.05; ‡ < 0.1

Soil Salinity
2014
2015
0.265*** 0.322***
0.154*** 0.167***
0.003
0.028
0.128*** 0.293***
0.173*** 0.172***
-0.050
-0.008
-0.045
-0.059
0.052‡
0.067‡
0.084*** 0.199***
0.052‡
-0.021
0.056‡
-0.018
0.0004
0.163***
0.005
0.027
-0.025
0.005
0.211***
0.283***

Soil Texture
2014
2015
0.059**
0.124***
0.0001
0.028
0.111*** 0.091**
0.068*** 0.073***
0.061*
0.093*
-0.025
-0.041
-0.035
-0.055
0.019
0.033
0.049
0.03
0.049
-0.007
0.064‡
0.024
-0.049
-0.007
-0.049
-0.017
-0.005
-0.040
0.002
0.038

Soil Moisture
2014
2015
0.323*** 0.383***
0.095**
0.188***
0.278*** 0.305***
0.215*** 0.190***
0.238*** 0.313***
-0.050
-0.030
-0.070
-0.052
-0.061
-0.05
0.051*
0.037
0.422*** 0.478***
0.327*** 0.520***
0.005
0.25
0.044
0.057‡
-0.049
-0.052
-0.056
0.113**

Elevation
2014
2015
0.244*** 0.346***
0.147*** 0.225***
0.062**
0.189***
0.125*** 0.264***
0.226*** 0.120***
0.038
0.048‡
0.075**
0.062*
0.016
0.076*
0.034
0.094***
0.091**
0.163***
0.194*** 0.022***
-0.004
0.074**
0.006
0.072*
-0.060
-0.006
0.022
0.129***

Table A.3. Correlations among year one environmental variables. Values
represent Pearson’s correlation coefficient (r). Significant values (p < 0.05)
have been marked with an asterisk.
Environmental
Variables
pH

pH

Salinity

Sand
Content

Clay
Content

Silt
Content

Seasonal
Moisture

1

Salinity

-0.362*

1

Sand Content

0.177*

-0.415*

1

Clay Content

-0.055

-0.243*

-0.187*

1

Silt Content

-0.075

0.496*

-0.530*

-0.734*

1

Seasonal Moisture

-0.222*

0.704*

-0.543*

0.013

0.364*

1

Elevation

0.016

-0.489*

0.524*

0.262*

-0.587*

-0.561*

Table A.4. Correlations among year two environmental variables. Values
represent Pearson’s correlation coefficient (r). Significant values (p < 0.05)
have been marked with an asterisk.
Environmental
Variables
pH

pH

Salinity

Sand
Content

1

Salinity

-0.498*

1

Sand Content

0.251*

-0.403*

1

Clay Content

-0.020

-0.278*

-0.187*

1

Silt Content

-0.156*

0.519*

-0.530*

-0.734*

1

Seasonal Moisture

-0.401*

0.564*

-0.538*

0.014

0.360*

1

Elevation

0.196*

-0.511*

0.524*

0.262*

-0.587*

-0.607*
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Clay
Content

Silt
Content

Seasonal
Moisture

Table A.5. Correlations among year one plant community matrices. Values represent Mantel correlation (rM).
Species
Composition
0.441***

Functional
Composition
1

81

Functional
Composition
0.177***
0.245***
C3
Cover
0.137***
0.258***
C4
Cover
0.108**
Graminoid 0.093**
Cover
0.140***
0.101***
Forb
Cover
0.025
0.104**
Legume
Cover
0.123***
0.169***
Woody
Cover
0.433***
0.257***
Native
Composition
0.157***
0.058*
Non-Native
Composition
0.325***
0.162***
Non-Native
Cover
0.291***
0.228***
Plant
Architecture
*** < 0.001; ** < 0.01; * < 0.05; ‡ < 0.1

C3
Cover

C4
Cover

Graminoid
Cover

Forb
Cover

Legume
Cover

Woody
Cover

Native
Composition

Non-Native
Composition

Non-Native
Cover

1
0.648***

1

0.091*

-0.012

1

0.056*

-0.022

0.003

1

-0.067

-0.094

-0.064

0.003

1

0.007

-0.062

-0.059

-0.069

0.213**

1

0.263***

0.340***

0.172***

0.125***

-0.046

0.066*

1

-0.077

-0.13

-0.051

0.025

0.199***

0.136**

-0.151

1

0.019*

0.017‡

-0.004

0.095***

0.071***

0.047***

0.246***

0.492***

1

0.310***

0.119*

0.023

0.189***

-0.03

0.028

0.229***

-0.076

0.016‡

Table A.6. Correlations among year two plant community matrices. Values represent Mantel correlation (rM).
Species
Composition
0.501***

Functional
Composition
1

82

Functional
Composition
0.242***
0.145**
C3
Cover
0.149***
0.092*
C4
Cover
0.192***
Graminoid 0.073*
Cover
0.247***
0.192***
Forb
Cover
0.125***
0.176***
Legume
Cover
0.176***
0.254***
Woody
Cover
0.485***
0.260***
Native
Composition
0.284***
0.182***
Non-Native
Composition
0.490***
0.322***
Non-Native
Cover
0.376***
0.196***
Plant
Architecture
*** < 0.001; ** < 0.01; * < 0.05; ‡ < 0.1

C3
Cover

C4
Cover

Graminoid
Cover

Forb
Cover

Legume
Cover

Woody
Cover

Native
Composition

Non-Native
Composition

Non-Native
Cover

1
0.672***

1

0.090‡

0.105*

1

0.103**

0.012

0.065‡

1

-0.028

-0.052

-0.067

0.033

1

-0.012

-0.012

-0.066

-0.017

0.349***

1

0.344***

0.425***

0.177***

0.161***

0.078*

0.098**

1

0.002

-0.053

-0.081

0.046*

0.279***

0.225***

0.174***

1

0.131***

0.082***

-0.075

0.168***

0.052*

0.037*

0.518***

0.463***

1

0.428***

0.135**

-0.022

0.150***

-0.022

0.053

0.260**

-0.046

0.193***

Figure A.1. Plant and environmental variables which were strongly correlated with at least
one arthropod matrix in one but not both years of the study. Boxplots represent data
collected at arthropod sample locations.

Table A.7. Specimen count and number of orders, families and morphospecies
represented in each arthropod functional community at Oakville in year one and year
two.
Functional
Community
Litter
Mid-Story
Canopy

Number of
specimens
2014
2015
4092
3686
4480
8231
23411
31137

Number of
Orders
2014
2015
20
19
17
14
14
16

83

Number of
Families
2014
2015
79
95
94
113
-

Number of
Morphospecies
2014
2015
110
146
177
186
127
183

Table A.8. Number of families and morphospecies identified in the five most frequently collected orders in each arthropod
functional community across years.
Functional
Community
Araneae
Coleoptera
Diptera
Hemiptera
Hymenoptera

Litter
2014
2015
Families Morphospecies Families Morphospecies
8
15
9
16
11
17
13
22
14
17
28
34
10
17
7
21
10
12
11
16

Mid-Story
2014
2015
Families Morphospecies Families Morphospecies
9
15
10
19
15
25
17
32
34
59
34
55
18
47
16
48
16
24
20
30

Table A.9. Correlations among year one Oakville arthropod
functional community composition and diversity matrices.
Values represent Mantel correlation (rM).

84

Litter
Composition
1
Litter Composition
0.137‡
Mid-story Composition
0.096
Canopy Composition
*** < 0.001; ** < 0.01; * < 0.05; ‡ < 0.1

Mid-story
Composition

Canopy
Composition

1
-0.087

1

Table A.10. Correlations among year two Oakville arthropod
functional community composition and diversity matrices.
Values represent Mantel correlation (rM).
Litter
Composition
1
Litter Composition
-0.080
Mid-story Composition
0.026
Canopy Composition
*** < 0.001; ** < 0.01; * < 0.05; ‡ < 0.1

Mid-story
Composition
1
0.114

Canopy
Composition

1

Canopy
2014
2015
Morphospecies Morphospecies
11
13
22
22
40
62
17
33
19
32

REFERENCES
Ackerly, D.D. and W.K. Cornwell. 2007. A trait-based approach to community assembly:
partitioning of species trait values into within- and among-community
components. Ecology Letters. 10: 135-145.
Alhamad, M.N., M.A. Alrababah, M.M. Bataineh and A.S. Al-Horani. 2007.
Environmental gradients and community attributes underlying biodiversity
patterns of semi-arid Mediterranean grasslands. Plant Ecology. 196(2): 289-299.
Andersen, K. M., B. J. Naylor, B. A. Endress, C. G. Parks and R. Ohlemuller. 2015.
Contrasting distribution patterns of invasive and naturalized non-native species
along environmental gradients in a semi-arid montane ecosystem. Applied
Vegetation Science, 18(4): 683-693.
Aronson, M.F.J. and S. Galatowitsch. 2008. Long-term vegetation development of
restored prairie pothole wetlands. Wetlands. 28(4): 883-895.
Aschenbach, T.A. and K. Kindscher. 2006. Plant species on salt-affected soil at
Cheyenne Bottoms, Kansas. Transactions of the Kansas Academy of Science.
109(3/4): 207-213.
Bestelmeyer, B.T. and J.A. Wiens. 2001. Ant biodiversity in semiarid landscape mosaics:
the consequences of grazing vs. natural heterogeneity. Ecological Applications.
11(4): 1123-1140.
Bidlingmayer, W.L. and D.G. Hem. 1981. Mosquito flight paths in relation to the
environment effect of the forest edge upon trap catches in the field. Mosquito
News. 41(1): 55-59.
Borror, D.J., D.M. De Long and C.A. Triplehorn. 1981. An introduction to the study of
insects 5th ed. Philadelphia, PA (USA): Saunders College Publishing.
Brewer, C.A. and L. Pickle. 2002. Evaluation of methods for classifying epidemiological
data on choropleth maps in series. Annals of the Association of American
Geographers. 92(4): 662-681.
Bui, E. N. 2013. Soil salinity: A neglected factor in plant ecology and biogeography.
Journal of Arid Environments. 92, 14-25.
85

Cha, S.H. 2007. Comprehensive survey on distance/similarity measures between
probability density functions. MMMAS. 4(1): 300-307.
Chase, J.M. and J.A. Myers. Disentangling the importance of ecological niches from
stochastic processes across scales. Philosophical Transactions of the Royal
Society B. 366: 2351-2363.
Clements, F.E. 1916. Plant succession: an analysis of the development of vegetation.
Pages 140-143. Reprint in E.J. Kormondy (ed.). 1965. Readings in Ecology.
Englewood Cliffs, NJ. Prentice Hall Inc. 219 pp.
Coppedge, B.R., D.M. Engle, R.E. Masters and M.S. Gregory. 2001. Avian response to
landscape change in fragmented southern Great Plains grasslands. Ecological
Applications. 11(1): 47-59.
Coulson, M.R.C. 1987. In the matter of class intervals for choropleth maps: with
particular reference to the work of George F. Jenks. Cartographica. 24(2): 16-39.
Cowles, H.C. 1899. The ecological relations of the begetation on the sand dunes of Lake
Michigan part I: geographical relations of the dune floras. Botanical Gazette.
27(2): 95-117.
Cox, R., M. O’Neal., R. Hessel, L.A. Schulte and M. Helmers. 2014. The impact of
prairie strips on aphidophagous predator abundance and soybean aphid predation
in agricultural catchments. Environmental Entomology. 43(5): 1185-1197.
Crist, T.O., S.V. Pradhan-Devare and K.S. Summerville. 2006. Spatial variation in
insect community and species responses to habitat loss and plant community
composition. Oecologia. 147: 510-521.
Curtis, J.T. and R.P. McIntosh. 1951. An upland forest continuum in the prairie-forest
border region of Wisconsin. Ecology. 32(3): 476-496.
Dallas, T. and J.M. Drake. 2014. Relative importance of environmental, geographic, and
spatial variables on zooplankton metacommunities. Ecosphere. 5(9): 104.
http://dx.doi.org/10.1890/ES14-00071.1.
Del Toro, I., R.R. Ribbons and S.L. Pelini. 2012. The little things that run the world
revisited: a review of ant-mediated ecosystem services and disservices
(Hymenoptera: Formicidae). Myrmecological News. 17: 133-146.
Dogan, N. and I. Dogan. 2010. Determination of the number of bins/classes used in
histograms and frequency tables: a short bibliography. Journal of Statistical
Research. 7(2): 77-86.
86

Drake, J.A. 1991. Community-assembly mechanics and the structure of an experimental
species ensemble. The American Naturalist. 137(1): 1-26.
Edwards, E.J. and C.J. Still. 2008. Climate, phylogeny and the ecological distribution of
C4 grass. Ecological Letters. 11: 266-276.
Fantinato, E. S. Del Vecchio, A. Slaviero, L. Conti, A.T.R. Acosta and G. Buffa. 2016.
Does flowering synchrony contribute to the sustainment of dry grassland
biodiversity? Flora. 222: 96-103.
Farrell, K.A., W.S. Harpole, C. Stein, K.N. Suding and E.T. Borer. 2015. Grassland
arthropods are controlled by direct and indirect interactions with cattle but are
largely unaffected by plant provenance. PLoS ONE. 10(7): e0129823. doi:
10.1371/journal.pone.0129823
Fattorini, M. and S. Halle. 2004. The dynamic environmental filter model: how do
filtering effects change in assembling communities after disturbance. Pages 96131 in V.M. Temperton, R.J. Hobbs, T. Nuttle and S. Halle (ed.). Assembly Rules
and Restoration Ecology: Bridging the Gap Between Theory and Practice.
Washington DC (USA): Island Press.
Fox-Dobbs, K., D.F. Doak, A.K. Brody and T.M. Palmer. 2010. Termites create spatial
structure and govern ecosystem function by affecting N2 fixation in an East
African savanna. Ecology. 91(5): 1296-1307.
Fukami, T. 2010. Community assembly dynamics in space. Pages 45-54 in H.A. Verhoef
and P.J. Morin (ed.). Community Ecology: Processes, Models and Applications.
Oxford (UK): Oxford University Press.
Garcia, R.R., F.J. Ocharan, B.M. Jauregui, U. Garcia, K. Osoro and R. Celaya. 2010.
Ground-dwelling arthropod communities present in three types of Cantabrian
(NW Spain) heathland grazed by sheep or goats. European Journal of
Entomology. 107: 219-227.
Gavlak, R., D. Horneck and R.O. Miller. 2005. Soil, pland and wter reference methods
for the western region. WREP 3rd ed. Spokane, WA. Western Regional Extension
Publication, Far West Fertilizer and Agrichemical Association.
Gleason, H.A. 1926. The individualistic concept of plant association. Bulletin of the
Torrey Botanical Club. 53(1): 7-26.
Goslee, S.C., and D.L. Urban. 2007. The ecodist package for dissimilarity-based analysis
of ecological data. Journal of Statistical Software. 22(7): 1-19.

87

Gruebler, M.U., M. Morand and B. Naer-Daenzer. 2008. A predictive model of the
density of airborne insects in agricultural environments. Agriculture, Ecosystems
& Environment. 123: 75-80.
Hadley, E.B. and R.P. Buccos. 1967. Plant community composition and net primary
production within a native Eastern North Dakota prairie. American Midland
Naturalist. 77: 116-127.
Hadley, E.B. 1970. Net productivity and burning responses of native Eastern North
Dakota prairie communities. American Midland Naturalist. 84(1): 121-135.
Heidel, B.L. 1986. Bluestem prairie inventory in the Red River Valley, North Dakota.
Pages 160-162 in G.K. Clambey and R.H. Pemble (ed.). The prairie: past, present,
and future. Moorehead, MN (USA). Tri-College University Center for
Environmental Studies, North Dakota State University.
Hobeck, W.W., T.M. Syatos, S.M. Spomer and L.G. Higley. 1999. Trap color and
placement affects estimates of insect family-level abundance and diversity in a
Nebraska salt marsh. Entomologia Experimentalis et Applicata. 91: 393-402.3.
Horvath, R., T. Magura, C. Szinetar, J. Eichardt. E. Kovacs and B. Tothmeresz. 2015. In
stable, unmanaged grasslands local factors are more important than landscapelevel factors in shaping spider assemblages. Agriculture, Ecosystems and
Environment. 208: 106-113.
Hovick, T.J., R.D. Elmore and S.D. Fuhlendorf. 2014. Structural heterogeneity increases
diversity of non-breeding grassland birds. Ecosphere. 5(5): 62.
http://dx.doi.org/10.1890/ES14-00062.1
Howard, J.L. 1996. Bromus inermis. In: Fire Effects Information System, [Online]. U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station,
Fire Sciences Laboratory (Producer). Available:
http://www.fs.fed.us/database/feis/plants/graminoid/broine/all.html. Accessed: 22
May 2016
Hubbell, S.P. 2001. The Unified Neutral Theory of Biodiversity and Biogeography.
Princeton, NJ: Princeton University Press.
Isaacs, R., J. Tuell, A. Fiedler, M. Gardiner, and D. Landis. 2009. Maximizing
arthropod-mediated ecosystem services in agricultural landscapes: the role of
native plants. Frontiers in Ecology and the Environment, 7(4), 196-203.
Joern. A. 1982. Vegetation structure and microhabitat selection in grasshoppers
(Orthoptera, Acrididae). The Southwestern Naturalist. 27(2): 197-209.
88

Johnson, M.T.J. and A.A. Agrawal. 2005. Plant genotype and environment interact to
shape a diverse arthropod community on evening primrose (Oenothera biennis).
Ecology. 86(4): 874-885.
Keddy, P.A. 1992. Assembly and response rules: two goals for predictive community
ecology. Journal of Vegetation Science. 3(2): 157-164.
Klimek, S., A. Richter, M. Hofman and J. Isselstein. 2007. Plant species richness and
composition in managed grasslands: the relative importance of field management
and environmental factors. Biological Conservation. 134(4): 559-570.
Koricheva, J. C.P.H. Mulder, B. Schmid, J. Joshi and K. Huss-Danell. 2000. Numerical
responses of different trophic groups of invertebrates to manipulations of plant
diversity in grasslands. Oecologia. 125: 271-282.
Krivoruchko, K. 2012. Empirical Bayesian kriging [Online]. Available:
http://www.esri.com/NEWS/ARCUSER/1012/files/ebk.pdf. Accessed: 26 May
2016.
Kwon, T.S., Y.S. Kim, S.W. Lee and Y.S. Park. 2016. Changes of soil arthropod
communities in temperate forests over 10 years (1998-2007). Journal of AsiaPacific Entomology. 19: 181-189.
La Pierre, K.J., A. Joern and M.D. Smith. 2015. Invertebrate, not small vertebrate,
herbivory interacts with nutrient availability to impact tallgrass prairie community
composition and forb biomass. Oikos. 124: 842-850.
Laird, W.M. 1944. The geology and ground water resources of the Emerado Quadrangle.
North Dakota Geological Survey Bulletin 17, 35 p.
Landis, D.A., M.M. Gardiner, W. van der Werf and S.M. Swinton. 2008. Increasing
corn for biofuel production reduces biocontrol services in agricultural landscapes.
PNAS. 105(51): 20552-20557.
Legendre, P. and L. Legendre. 2012. Numerical Ecology, 3rd ed. Amsterdam: Elsevier.
Lengyel, S., E. Deri and T. Magura. 2016 Species richness responses to structural or
compositional habitat diversity between and within grassland patch: a multi-taxon
approach. PLoS One. 11(2): e 0149662. doi: 10.1371/journal.pone.0149662.
Lenz, T.I., J.L. Moyle-Croft and J.M. Facelli. 2003. Direct and indirect effects of exotic
annual grasses on species composition of a South Australian grassland. Austral
Ecology. 28: 23-32.

89

Liira, J., K. Zobel, R. Magi and G. Molenberghs. 2002. Vertical structure of herbaceous
canopies: the importance of growht-form and species-specific traits. Plant
Ecology. 163: 123-134.
Lookingbill, T.R., and D.L. Urban. 2005. Gradient analysis, the next generation: towards
more plant-relevant explanatory variables. Canadian Journal of Forest Research
35: 1744-1753.
Lortie, C.J., R.W. Brooker, P. Choler, et al. 2004. Rethinking plant community theory.
Oikos. 107(2): 433-438.
Matteson, K.C., J.B. Grace and E.S. Minor. 2013. Direct and indirect effects of land use
on floral resources and flower-visiting insects across an urban landscape. Oikos.
122: 682-694.
Mazia, C.N., E.J. Chaneton and T. Kitzberger. 2006. Small-scale habitat use and
assemblage structure of ground-dwelling beetles in Patagonian shrub steppe.
Journal of Arid Environments. 67: 177-194.
McGlinn, D.J. and M.W. Palmer. 2011. Quantifying the influence of environmental
texture on the rate of species turnover: evidences from two habitats. Plant
Ecology. 212: 495-506.
McCune, B. and J.B. Grace. 2002. Analysis of ecological communities. MjM software
Design. Gleneden Beach, OR.
Meindl, G.A., D.J. Bain and T.L. Ashman. 2013. Edaphic factors and plant-insect
interactions: direct and indirect effects of serpentine soil on florivores and
pollinators. Oecologia. 173: 1355-1366.
Miller, J.C. 1993. Insect natural history, multi-species interactions and biodiversity in
ecosystems. Biodiversity and Conservation. 2: 233-241.
Mormul, R.P., S.M. Thomaz, A.M. Takeda and R.D. Behrend. 2011. Structural
complexity and distance from source habitat determine invertebrate abundance
and diversity. Biotropica. 43(6): 738-745.
Nelson, D.C., and R.C. Anderson. 1983. Factors related to the distribution of prairie
plants along a moisture gradient. American Midlands Naturalist. 109(2): 367-375.
Nemec, K.T., C.R. Allen, S.D. Danielson and C.J. Helzer. 2014. Responses of predatory
invertebrates to seeding density and plant species richness in experimental
tallgrass prairie restorations. Agriculture, Ecosystems and Environment. 183: 1120.
90

Obrist, M.K. and P. Duelli. 2010. Rapid biodiversity assessment of arthropods for
monitoring average local species richness and related ecosystem services.
Biodiversity Conservation. 19: 2201-2220.
Oksanen, J., F.G Blanchet, R. Kindt, et al. 2016. vegan: Community Ecology Package. R
package version 2.3-4. https://CRAN.R-project.org/package=vegan
Orford, K.A., P.J. Murray, I.P. Vaughan and J. Memmott. 2016. Modest enhancements to
conventional grassland diversity improve the provision of pollination services.
Journal of Applied Ecology. 53: 906-915.
Owojori, O.J., A.J. Reinecke, P. Voua-Otomo and S.A. Reinecke, 2009. Comparative
study of the effects of salinity on life-cycle parameters of four soil-dwelling
species (Folsomia candida, Enchytraeus doerjesi, Eisenia fetida and
Aporrectodea caliginosa). Pedobiologia. 52: 351-360.
Pan, C., H. Zhao, Q. Feng, J. Liu, Y. Cai, C. Liu and J. Li. 2015. Temporal variations of
ground-dwelling arthropods in relation to grassland salinization. European
Journal of Soil Biology. 68: 25-32.
Parsifka, J.R., M.D. Lopez, R.L. Hellmich, L.C. Lewis and G.P. Dively. 2007.
Comparison of pitfall traps and litter bags for sampling ground-dwelling
arthropods. Journal of Applied Entomology. 131(2): 115-120.
Pasquet, R.S., A. Peltier, M.B. Hufford, et al. 2008. Long-distance pollen flow
assessment through evaluation of pollinator foraging range suggests transgene
escape distances. PNAS. 105(36): 13456-13461.
Piernik, A. E. Kazmierczak and L. Rutkowski. 1996. Differentiation of vegetation in a
saline grassland in the vicinity of Inowroclaw Soda Plants at Matwy. Acta
Societatis Botanicorum Poloniae. 65(3-4): 349-356.
Potts, S.G. and P. Willmer. 1997. Abiotic and biotic factors influencing nest-site selection
by Halictus rubicundus, a ground-nesting halictine bee. Ecological Entomology.
22: 319-328.
Pringle, R.M., D.F. Doak, A.K. Brody, R. Jocque and T.M. Palmer. 2010. Spatial pattern
enhances ecosystem functioning in an African savanna. PLoS Biology. 8(5):
e1000377. doi: 10.1371/journal.pbio.1000377.
R Core Team. 2015. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available from:
http://www.R-project.org/.

91

Rapp, W.F. 2001. The terrestrial isopods of Nebraska (Crustacea:Isopoda). Transactions
of the Nebraska Academy of Sciences. 27: 9-11.
Redmann, R.E., and G. Hulett. 1964. Factors affecting the distribution of certain species
of Compositae on an eastern North Dakota prairie. Proceedings of the Academy of
Science North Dakota. 18: 10-21.
Redmann, R.E. 1972. Plant communities and soils of an Eastern North Dakota prairie.
Bulletin of the Torrey botanical Club. 99(2): 65-76.
Reinhardt, D. and C. Kuhlemeier. 2002. Plant architecture. EMBO reports. 3(9). 846-851.
Robel, R.J., J.M. Briggs, A.D. Dayton and L.C. Hulbert. 1970. Relationship between
visual obstruction measurements and weight of grassland vegetation. Journal of
Range Management. 23: 295-297.
Rypstra, A.L., P.E. Carter, R.A. Balfour and S.D. Marshall. 1999. Architectural features
of agricultural habitats and their impact on the spider inhabitants. The Journal of
Arachnology. 27: 371-377.
Sandoval, F.M., L.C. Benz and R.H. Mickelson. 1964. Chemical and physical properties
of soils in a wet saline area in Eastern North Dakota. Soil Science Society of
America Proceedings. 28(2): 195-199.
Savage, J.A. and J. Cavender-Bares. 2012. Habitat specialization and the role of trait
lability in structuring diverse willow (genus Salix) communities. Ecology.
93(sp8): S138-S150.
Schaffers, A.P., I.P. Raemakeers, K.V. Sykora and C.J.F. ter Braak. 2008. Arthropod
assemblages are best predicted by plant species composition. Ecology. 89(3): 782794.
Schwilk, D.W and D.D Ackerly. 2005. Limiting similarity and functional diversity along
environmental gradients. Ecology Letters. 8(3): 272-281.
Seabloom, E.W. and A.G. van der Valk. 2003a. The development of vegetative zonation
patterns in restored prairie pothole wetlands. Journal of Applied Ecology. 40: 92100.
Seabloom, E.W. and A.G. van der Valk. 2003b. Plant diversity, composition, and
invasion of restored and natural prairie pothole wetlands: implications for
restoration. Wetlands. 23(1): 1-12.

92

Seelig, B.D. 2000. Salinity and sodicity in North Dakota soils. NDSU Extension Service
EB 57, North Dakota State University, Fargo, ND. 15 p.
Siemann, E. 1998. Experimental tests of effects of plant productivity and diversity on
grassland arthropod diversity. Ecology. 79(6): 2057-2070.
Silveira, F.A.O. and E.G. Oliveira. 2013. Does plant architectural complexity increase
with increasing habitat complexity? A test with a pioneer shrub in the Brazilian
Cerrado. Brazilian Journal of Biology. 73(2). 271-277.
Simons, N.K., W.W. Weisser and M.M. Gossner. 2016. Multi-taxa approach shows
consistent shifts in arthropod functional traits along grassland land-use intensity
gradient. Ecology. 97(3): 754-764.
Skarkova, P., M. Kos, D. Drobne, M. Vavrova and A. Jemec. 2016. Effects of food
salinization on terrestrial crustaceans Percellio scaber. Applied Soil Ecology. 100:
1-7.
Smith, M.J., P.L. Drake, R. Vogwill and C.A. McCormick. 2015. Managing natural
resources for their human values. Ecosphere. 6(8): 140.
http://dx.doi.org/10.1890/ES15-00125.1.
Snow, A.A. and S.W. Vince. 1984. Plant Zonation in an Alaskan salt marsh: II. An
experimental study of the role of edaphic conditions. Journal of Ecology. 72(2):
669-684.
Soil Survey Staff, Natural Resources Conservation Service, United States Department of
Agriculture. Web Soil Survey. Available from:
http://websoilsurvey.nrcs.usda.gov. Accessed: 7 April 2014.
Solon, J., M. Degórski and E. Roo-Zielińska. 2007. Vegetation response to a
topographical-soil gradient. Catena. 71: 309-320.
Temperton, V.M. and R.J. Hobbs. 2004. The search for ecological assembly rules and its
relevance to restoration ecology. Pages 34-54 in V.M. Temperton, R.J. Hobbs, T.
Nuttle and S. Halle (ed.). Assembly Rules and Restoration Ecology: Bridging the Gap
Between Theory and Practice. Washington DC (USA): Island Press.

Tesky, J.L. 1992. Hordeum jubatum. In: Fire Effects Information System, [Online]. U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station,
Fire Sciences Laboratory (Producer). Available:
http://www.fs.fed.us/database/feis. Accessed: 22 May 2016.

93

Tews, J. U. Brose, V. Grimm, et al. 2004. Animal species diversity driven by habitat
heterogeneity/diversity: the importance of keystone structures. Journal of
Biogeography. 31: 79-92.
Theoharides, K. A. and J.S. Dukes. 2007. Plant invasion across space and time: factors
affecting nonindigenous species success during four stages of invasion. New
Phytologist, 176(2): 256-273.
Tilman, D. 1986. Resources, competition and the dynamics of plant communities. Pages
51-75 in M. Crawley (ed.). Plant Ecology. Oxford, England: Blackwell Scientific
Publications.
Tilman, D. 2004. Niche tradeoffs, neutrality, and community structure: a stochastic
theory of resource competition, invasion, and community assembly. PNAS.
101(30): 10854-10861.
Torma, A., R. Galle and M. Bozso. 2014. Effects of habitat and landscape characteristics
on the arthropod assemblages (Araneae, Orthoptera, Heteroptera) of sand
grassland remnants in Southern Hungary. Agriculture, Ecosystems and
Environment. 196: 42-50.
Uddin, M.B., M.J. Steinbaur, A. Jentsch, S.A. Mukul and C. Beierkugnlein. 2013. Do
environmental attributes, disturbances and protection regimes determine the
distribution of exotic plant species in Bangladesh forest ecosystem? Forest
Ecology and Management. 303: 72-80.
Ugland, K.I, J.S. Gray and K.E. Ellingsen. 2003. The species-accumulation curve and
estimation of species richness. Journal of Animal Ecology. 72: 888-897.
Valko, O., B. Tothmeresz, A. Kelemen, E. Simon, T. Miglecz, B.A. Lukacs, and P.
Torok. 2014. Environmental factors driving seed bank diversity in alkali
grasslands. Agriculture, Ecosystems & Environment. 182: 80-87.
van der Valk, A.G. 1981. Succession in wetlands: a Gleasonian approach. Ecology. 69(3).
688-696.
Vermeire, L.T. and R.L. Gillen. 2001. Estimating herbage standing crop with visual
obstruction in tallgrass prairie. Journal of Range Management. 54(1): 57-60.
Vermeire, L.T., A.C. Ganguli and R.L. Gillen. 2002. A robust model for estimating
standing crop across vegetation types. Journal of Range Management. 55: 494497

94

Vince, S.W. and A.A. Snow. 1984. Plant Zonation in an Alaskan salt marsh: I.
distribution, abundance and environmental factors. Journal of Ecology. 72(2):
651-667.
Voigt, W. and J. Perner. 2004. Functional group interaction patterns across trophic levels
in a regenerating and a seminatural grassland. Pages 156-188 in V.M. Temperton,
R.J. Hobbs, T. Nuttle and S. Halle (ed.). Assembly Rules and Restoration
Ecology: Bridging the Gap Between Theory and Practice. Washington DC
(USA): Island Press.
Wali, M.K. and P.B. Kannowski. 1975. Prairie ant mound ecology: interrelationships of
microclimate, soils and vegetation. Pages 155- 169 in M.K. Wali (ed.). Prairie: A
multiple view. Grand Forks, ND (USA): University of North Dakota Press.
Wunderground.com. 2016. Weather history for KRDR [Online]. Atlanta, GA: The
Weather Channel, LLC. Available:
http://www.wunderground.com/history/airport/KRDR/2016/2/14/CustomHistory.
html?req_city=Emerado&req_state=ND&reqdb.zip=58228&reqdb.magic=1&req
db.wmo=99999. Accessed: 14 February 2016
Weiher, E. and P.A. Keddy. 1995. The assembly of experimental wetland plant
communities. Oikos. 73: 323-335.
Weiher, E., D. Freund, T. Bunton, A. Stefanski, T. Lee and S. Bentivenga. 2011.
Advances, challenges and a developing synthesis of ecological community
assembly theory. Philosophical Transactions of the Royal Society B. 366: 24032413.
Whitman, W. C., and M. K. Wali. 1975. Grasslands of North Dakota. Pages 53-74 in
M.K. Wali (ed.). Prairie: a multiple view. Grand Forks, ND (USA): University of
North Dakota Press.
Whittaker, R.H. 1953. A consideration of the climax theory: the climax as a population
pattern. Ecological Monographs. 23(1): 41-78.
Whittaker, R.H. 1956. Vegetation of the Great Smoky Mountains. Ecological
Monographs. 26(1): 1-80.
Whittaker, R.H. 1960. Vegetation of the Siskiyou Mountains, Oregon and California.
Ecological Monographs. 30(3): 279-338.

95

Willis, C.G., M. Halina, C. Lehman, P.B. Reich, A. Keen, S. McCarthy and J. CavenderBares. 2010. Phylogenetic community structure in Minnesota Oak savanna is
influenced by spatial extent and environmental variation. Ecography. 33: 565577.
Wodika, B.R. and S.G. Baer. 2015. If we build it, will they colonize? A test of the field of
dreams paradigm with soil macroinvertebrate communities. Applied Soil Ecology.
91: 80-89.
Wolkovich, E.M., D.T. Bolger and D.A. Holway. 2009. Complex responses to invasive
grass litter by ground arthropods in a Mediterranean scrub ecosystem. Oecologia.
161: 697-708.
Yan, D. and K.M. de Beurs. 2016. Mapping the distributions of C3 and C4 grasses in the
mixed-grass prairies of southwest Oklahoma using the Random Forest
classification algorithm. International Journal of Applied Earth Observation and
Geoinformation. 47: 125-138.
Zalatnai, M. and L. Kormoczi. 2004. Fine-scale pattern of the boundary zones in alkaline
grassland communities. Community Ecology. 5(2): 235-246.
Zelnik, I. and A. Carni. 2008. Distribution of plant communities, ecological strategy
types and diversity along a moisture gradient. Community Ecology. 9(1): 1-9.

96

