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Abstract: The mountain pine beetle, Dendroctonus ponderosae (Coleoptera: Scolytinae), is an
economically important bark beetle species with a wide geographic range spanning from the
southwestern United States into northern Canada. This beetle causes extensive tree mortality to
13 pine species. Mites (Acari) are common and abundant symbionts of mountain beetles that may
influence their fitness through positive and negative interactions. We present a unique assessment of
the mite associates of mountain pine beetles using measures of alpha and beta diversity. We sampled
phoretic mites from five beetle populations: Arizona, Colorado, South Dakota, Utah (USA), and Alberta
(Canada) that varied in host tree species, local climate, and beetle population level. We collected
4848 mites from 8 genera and 12 species. Fifty to seventy percent of beetles carried mites in flight
with the highest mite loads occurring in middle and southern populations; decreasing in northern
populations. Mite assemblages (i.e., both richness and composition) varied along a south to north
latitudinal gradient and were driven by species turnover (i.e., species replacement). Differences
in mite composition increased with distance between populations. We discuss climatic variation,
environmental filtering, and host tree differences as factors that could affect differences in mite
composition between beetle populations and discuss implications for functional shifts. Our results
could represent a model for estimating diversity patterns of mite symbionts associated with other
major insect pests in coniferous forest systems.

Keywords: biodiversity; bark beetles; symbionts; species assemblage; beta diversity; forest ecosystems

1. Introduction

Globally, forests face increased pressure from insect pests, such as bark beetles (Coleoptera:
Scolytinae) [1–3]. Bark beetle impacts can be severe as they actively damage tree phloem tissue
and vector phytopathogens, resulting in large events of tree mortality [4,5]. The mountain pine
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beetle, Dendroctonus ponderosae Hopkins, has been responsible for tree mortality across more than
30 million hectares of forest in western North America in the last decade [4,5]. Previously constrained
by temperature, a warming climate has allowed the mountain pine beetle to expand its habitable
range to higher elevations and its geographic distribution northward [6–8]. The mountain pine
beetle colonizes 13 pine species of which it most commonly attacks lodgepole pine (Pinus contorta
Doug.), white pine (Pinus strobiformis Englm.), limber pine (Pinus flexilis E. James), ponderosa pine
(Pinus ponderosa Doug. ex C. Lawson) [9], and more recently, jack pine (Pinus banksiana Lamb.) [7,10].

Most of the mountain pine beetle’s life is spent within the phloem layer of its host tree where
beetles tunnel, deposit blue-staining fungi, lay eggs, and complete development from larval to
adult [11–13]. The microhabitats created by beetle activity are used by numerous organisms hereby
referred to as ‘symbiota’ or ‘symbionts’ [14]. The beetle’s symbiota can also influence its fitness via
ecological interactions (e.g., alimentary mutualists and fitness antagonists) [15,16]. For example, fungal
symbiota associated with the mountain pine beetle can positively influence beetle reproductive success
by providing nutritional resources [13,17,18] or negatively via parasitism and competition [19,20].
Mites (Acari) are important associates of bark beetles [16,21] and perform various direct and indirect
functional roles in bark-beetle galleries such as vectoring fungi, predating each-other and beetle young,
etc. [14,22,23]. They may specialize on a single beetle host, act as generalists, and form complexes of
cryptic species with varying degrees of host specificity [24,25]. As in other closely related bark beetles,
mite functions influence a beetle’s success both directly and indirectly [26–29]. Mites can indirectly
affect tree death by facilitating the transmission of plant pathogens into a new tree [29,30]. For example,
mites associated with the bark beetle, Scolytus multistriatus (Marsham), contribute to the transmission
of the destructive vascular wilt disease agent, Ophiostoma novo-ulmi Brasier in Ulmus spp.; interestingly,
this fungus can significantly reduce beetle fitness [31].

Mites associate with bark beetles and other forest insects via phoresy [32], i.e., by using the beetles
as a means of passive transport between trees and under the bark within a tree. Very high loads
of phoretic mites can impair host mobility and negatively affect the host or ‘carrier’ beetle [27,33].
In carrion beetles (Coleoptera: Silphidae) mites at abnormally large densities negatively affected
their host beetle fitness [34]. Several factors are known to influence phoretic mite loads across beetle
populations, including forest tree composition [16,35], temperature [36–38], geographic distance and
dispersal (reviewed in [39]), and beetle abundance [29,40]. Since the mountain pine beetle shows
varying preferences for certain pine species [12], with the abundance of preferred host trees, and local
climate varying among forests [4–6], it is expected that mite assemblages differ across beetle populations,
but this is rarely tested.

Disregarding mites in the study of bark beetles not only underestimates the total biodiversity
associated with bark beetles, but also reduces our ability to interpret variation in beetle population
dynamics [16,21,41]. Additionally, previous studies of mountain pine beetle mites have largely
been restricted to single populations, lacking comparisons of different populations [5,21,42]; thereby
limiting our understanding of how specific mite assemblages relate to their beetle host success or
population stage.

Here we examine, describe, and analyze the phoretic mite assemblages associated with mountain
pine beetles in five different beetle populations spread across a latitudinal gradient and varying in
host tree species, local climate, and beetle population stage. We use measures of alpha and beta
diversity to describe these compositional differences and discuss mechanisms that might be driving
these differences; specifically host tree variability, climatic variability, beetle abundance, and mite
functional group. We predict that increased latitudinal separation correlates with differences in mite
assemblages, and that differences may be caused by climate and environmental factors. Our aim is to
set the stage for future work that would examine broad scale patterns of mite assemblages associated
with mountain pine beetles and other economically and ecologically important forest insect species.
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2. Materials and Methods

2.1. Mite Collection

Between 2009 to 2017, 2225 mountain pine beetle specimens were collected in Arizona, Colorado,
Utah, South Dakota (United States), and Alberta (Canada) during the beetle’s main emergence event,
which usually occurs in the late summer months between July–August (Figure 1; Table 1). Beetles were
captured using a combination of baited flight traps (Lindgren funnel traps; ref. [43]) and infested logs
placed inside emergence chambers [44] (Table 1). Sampling size of beetles varied due to differences
in funding and resources, and the sampling strategies of each author/collaborator. Host tree species,
sampling years, and beetle population phase also varied with location (Table 1). This broad dataset,
therefore, represents nearly all stages and climate types of mountain pine beetle populations across its
North American distribution. Differences in sample size of beetles and associated mite loads were
accounted for through the use of multi-variate non-parametric statistical analyses. Between 161 and
910 beetles from each population were examined for mites. Mites were removed from each beetle,
identified by clearing and mounting on glass slides under a dissecting microscope, and stored using
mite collection protocols and identification resources as described in Vissa, et al. [35] for Arizona
and Utah populations, Mori, et al. [42] for Alberta, Reboletti [45] for South Dakota, and Mercado,
et al. [21] for Colorado. These vary only subtly in mite storage (particularly location of specimen),
and otherwise converge on the same collection, clearing and mounting protocols used for processing
bark-beetle mites.
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Table 1. Mountain Pine Beetle (MPB) population, sampling, and site information. (#) refers to the “total number of” beetles and/or mites.

Population Sampling
Year(s)

Lat (N)
N to S

Descriptive
Latitude

Elevation
(m)

MPB
Attacked
Host Tree

Year
MPB

Population
Phase

Descriptive
Precipitation # MPB # mites

Average
Mites per

Beetle

Total No.
of Mite
Species

Grande Prairie,
Alberta,

Canada (CAN)
2009 54.69 northern ~750 Pinus

contorta 2009 Epidemic most dry 910 801 0.88 3

Black Hills,
South Dakota

(USA)
2007 43.5 middle ~2200 Pinus

ponderosa 2011 Epidemic dry 350 1106 3.16 7

Logan Canyon,
Utah (USA) 2016/2017 41.93 middle ~2300 Pinus

flexilis 2016–2017 Endemic wet 161 886 5.50 5

Roosevelt N.F.,
Colorado (USA) 2012/2013 40.4 middle ~2250 Pinus

ponderosa 2012–2013
Epidemic

to
Endemic

dry 565 1460 2.58 5

Lockett
Meadow,

Arizona (USA)
2016/2017 35.36 southern ~2600 Pinus

strobiformis 2016–2017 Endemic wettest 239 595 2.49 5



Forests 2020, 11, 1102 5 of 16

2.2. Assessing Climatic Conditions

To assess sampling year and population location factors, we compared sampling year
average and 30-year annual averages of precipitation and temperature extracted from the PRISM
(Parameter-elevation Regressions on Independent Slopes Model) Climate Group, Oregon State
University database [46] using field coordinates listed in Table 1. The same data for Alberta, Canada
was retrieved from the Canadian Climate Normals database (Environment and Climate Change
Canada, 2019; ref. [47]).

Alberta, the northern-most population, had the lowest minimum and maximum temperatures
overall; and had particularly low average minimums in the sampling year (Figure 2). South Dakota
had the highest average maximum and average minimum temperatures overall. Extracted climate
data showed low precipitation in both regions. Colorado’s climatic conditions were similar to that of
South Dakota during the 2012 sampling year but experienced a marked increase in total precipitation
during the 2013 sampling year. Utah experienced similar average maximums as those seen in
Colorado, however, lower average minimum temperatures were observed. Arizona, the southern-most
population, had higher maximum and minimum temperatures compared to Utah, although Arizona
received less total precipitation compared to Utah (Figure 2).
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2.3. Mite Data Analysis

Analyses were carried out in R. ver. 3.6.2 (R Core Team, 2019) using raw mite abundance data.
Species accumulation curves for each population and the overall total sample pool were estimated using
the specaccum function in the vegan package [48]. To test for differences in mite loads across populations,
we used generalized linear models (GLM) using the glm function in the MASS package [49]. To test
for pairwise differences in the assemblage of species across sampling locations based on the presence
and absence of species and their abundances, a negative binomial GLM with pairwise comparisons
using the manyglm function in the mvabund package [50] was used. The use of the negative binomial
distribution was determined by model selection using the Akaike information criterion (AIC) [51]
where Poisson, zero-inflated binomial and negative binomial distribution models were compared.

The multivariate species data were fit and analyzed with the mvabund package. The principle
model fitting function, manyglm fits a GLM via resampling for each sampled species using species
abundances. It allows for multiple species testing and uses a likelihood ratio test (LRT) and resampled
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p-values to detect significance where the null-hypothesis (H0) considers beetle population to have no
effect on mite species composition. To account for correlation in testing 1000 resampling iterations
were used in our analysis via ‘pit.trap’ resampling in testing [50].

Beta diversity metrics for each population were calculated with the betapart package [52].
This package uses multiple-site dissimilarity measures to assess the spatial patterns of beta diversity.
It also accounts for compositional heterogeneity across sites, thereby accounting for multivariate
structure of dissimilarity in species composition [53]. Beta diversity calculations were conducted using
both the Sorenson and Jaccard dissimilarity indices with no differences in results observed between
the two. The Sorenson dissimilarity is used in all visualizations where: βsor is the overall Sorenson
dissimilarity index, βsne is dissimilarity explained by nestedness, and βsim is dissimilarity explained
by turnover. βsor, βsne, and βsim are measured on a 0–1 scale where βsor = 0 indicates all species
are shared and βsor = 1 indicates no species are shared. βsor may also be expressed as (βsne + βsim).
Degrees of nestedness were visually represented in a cluster dendrogram made within the betapart
package. Finally, indicator species associated with each sampling location were assessed with the
indicspecies package [54]. The indicator species analysis [55] highlights the occurrence of species that
determine the community assemblage or its diversity within the given sampling area.

3. Results

3.1. Mite Abundance, Taxa Found, and Species Richness

A total of 4848 mites were collected across all sampled mountain pine beetle populations (Table 1).
Mites represented 8 genera and 12 species (Table 2). No species were endemic to any population,
while two species (Tarsonemus endophloeus Lindquist and Proctolaelaps subcorticalis Lindquist) were
found in all populations. Mites from over 100 beetles were sampled from each population with
species accumulation curves beginning to approach or fully approaching asymptote in all populations
(Figure 3). The number of mites per beetle varied significantly (GLM analysis; p < 0.01) in all but three
comparisons across populations (Table 3). Mite loads were highest in middle to southern populations;
and decreased in northern populations. Alberta, the northern-most population, had significantly lower
mite loads than all other populations. Percentage of phoretic mites per beetle was lowest in beetle
populations in Alberta, Canada. Arizona and Utah had the greatest percentage of beetles carrying
mites, followed by South Dakota where half the beetles carried mites (Figure 4).Forests 2020, 11, x FOR PEER REVIEW 7 of 17 
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Table 2. Average abundance per beetle (±standard error), functional and taxonomic information for
mite species captured. Indicator species (p < 0.05) for each population are indicated with an asterisk
(*). Species with average abundance <0.1 are considered rare species. Significant difference between
abundances listed below across populations were confirmed (see generalized linear models (GLM)
analysis; Table 3).

Taxa Information Average Abundance Per Beetle (±S.E.)

Mite Species Functional
Group Alberta South

Dakota Utah Colorado Arizona

Tarsonemus ips Lindq. Fungivore 0.34 (0.03) 3.26 (0.14) 3.82 (0.46) 1.19 (0.15) 0.79 (0.1) *

Tarsonemus endophloeus Lindq. Fungivore 0.32 (0.01) 0.04 (0.02) 0.27 (0.05) *

Proctolaelaps subcorticalis Lindq Predator 0.5 (0.07) * 1.73 (0.07) * 0.03 (0.03) 0.39 (0.07) * 0.01 (0.01)

Dendrolaelaps quadrisetus Berl. Predator 0.22 (0.05) 0.08 (0.02)

Trichouropoda sp.
(T. utahensis Wis. and Hirch. in

Utah, Arizona;
and T. utahensis + T. maeandralis

Hirsch. in Colorado)

Omnivore 1.39 (0.22) * 2.3 (0.35) * 1.32 (0.16)

Nanacarus sp. Omnivore 0.01 (0.00)

Histiogaster sp. Detritivore 0.43 (0.02) 0.28 (0.19) *

Histiogaster arborsignis Woodr. Detritivore 0.04 (0.01) * 0.02 (0.01)

Schweibea sp. Unknown 0.18 (0.01) *

Parawinterschmidtia sp. Unknown 0.04 (0.00)

Overall mites/beetle 0.9 3.2 5.5 2.6 2.49

Total Species Richness 3 7 5 5 5

Table 3. GLM test statistics for total mite abundance per beetle across five sampled populations.
Asterisk (*) shows significane at p ≤ 0.05.

Analysis of Deviance Table

Population t-value p-value

Intercept (Arizona) 7.079 <0.01 *

Alberta −6.8 <0.01 *

South Dakota −1.542 0.1

Colorado 3.154 <0.01 *

Utah 4.091 <0.01 *

Pairwise Comparisons

Population Pair z-value p-value

Arizona-Canada 6.8 <0.01 *

Arizona-Colorado −3.154 0.01 *

Arizona-South Dakota 1.542 0.53

Arizona-Utah −4.091 <0.01 *

Canada-Colorado −12.016 <.01

Canada-South Dakota −6.685 <.01

Canada-Utah −11.037 <0.01 *

Colorado-South Dakota 5.687 <0.01 *

Colorado-Utah −1.574 0.51

South Dakota-Utah −6.122 <0.01 *
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A pairwise comparison of the total mite species richness per beetle showed no difference between
populations (p > 0.05; Table 4). Specific indicator species in each population varied, with some overlap
occurring across Alberta, South Dakota, and Colorado. There was no overlap in indicator species
between the southern-most and northern-most populations (Table 2).

Table 4. Pairwise population comparisons of total mite species richness per beetle.

Population Pair |t-Value| Std. Error p-Value

Arizona-Alberta 0.164 0.01 0.99

Arizona-Colorado 0.797 0.01 0.93

Arizona-South Dakota 0.032 0.012 1

Arizona-Utah 1.412 0.01 0.62

Alberta-Colorado 1.089 0.01 0.81

Alberta-South Dakota 0.157 0.012 0.99

Alberta-Utah 1.706 0.01 0.43

Colorado-South Dakota 0.961 0.01 0.87

Colorado-Utah 0.762 0.012 0.94

South Dakota-Utah 1.604 0.01 0.5

3.2. Partitioning Compositional Differences Using Measures of Beta Diversity

The mite assemblages associated with the five bark beetle populations differed geographically
based on the presence and absence of species and their relative abundances (Table 5; LRT = 7159;
p = 0.001). Tarsonemus endophloeus was present in mid-latitude populations (Utah, Colorado, and South
Dakota), with highest abundances in South Dakota and Colorado. Tarsonemus endophloeus was rare in
Utah and absent from the southernmost (Arizona) and northernmost (Alberta) populations in our study
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(Figure 5; Table 2). Dendrolaelaps quadrisetus Berlese was found only in Arizona and Utah; however,
these were captured in 2016 and not in 2017. Trichouropoda utahensis Hirschmann and Wisniewski,
in particular, was unique to middle and southern mountain pine beetle populations from Utah, Arizona,
and in Colorado (where T. maeandralis Hirschmann also was found). It is also indicative of Utah where
it was most abundant (Figure 5; Table 2). Mites in the genus Trichouropoda are not reported in Alberta
in our study location; however, they have been observed on mountain pine beetles from the southwest
of the province near Banff National Park [56]. Some rare species, which include Histiogaster arborsignis
Woodring, Nanacarus sp., and Parawinterschmidtia sp., were captured in very low numbers.

Table 5. (A) Multivariate test statistic showing likelihood ratio test (LRT) values for population effect
on mite composition based on the presence/absence of species and abundances where Df = degrees of
freedom; (B) Wald test statistics for population differences shown in (A); (C) LRT for differences in mite
species across all populations. Asterisk (*) shows significance at p ≤ 0.05.

(A) Multivariate Test—Analysis of Deviance Table

Df Df Difference LRT p-value

(Intercept) 2030
4 7159 0.01 *

Population 2026

(B) Wald Test Statistics by Population

Population Wald Value p-Value

Intercept (Arizona) 6.311 <0.01 *

Alberta 6.646 <0.01 *

South Dakota 4.937 <0.01 *

Colorado 3.922 <0.01 *

Utah 5.31 <0.01 *

(C) Univariate Comparisons of Species Abundances Across All Populations

Mite Species LRT p-value

Tarsonemus ips Lindq. 192.849 <0.01 *

Tarsonemus endophloeus Lindq. 116.192 <0.01 *

Trichouropoda utahensis Wis.
and Hirsch. 223.699 <0.01 *

Trichouropoda sp. complex
(T. maeandralis Hirsch. +

T. utahensis)
459.59 <0.01 *

Proctolaelaps subcorticalis Lindq. 65.354 <0.01 *

Histiogaster arborsignis Woodr. 27.042 <0.01 *

Histiogaster sp. 24.011 0

Schweibea sp. 18.026 <0.01 *

Other/Rare spp. 9.689 0.04
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Tarsonemus endophloeus Lindq. 116.192 <0.01 * 
Trichouropoda utahensis Wis. and 

Hirsch. 
223.699 <0.01 * 

Trichouropoda sp. complex 459.59 <0.01 * 

Figure 5. Mite assemblages shown as percentage of each mite species (excluding extremely rare species)
sampled across five populations. Asterisk (*) indicates significantly different assemblages between
populations (for full statistics, see Table 5).

Differences in mite composition between populations can be further explained by measures of
nestedness and turnover (species replacement). On a scale of 0–1 where 1 = complete dissimilarity,
the total dissimilarity in mite composition (βsor) across populations was 0.54. The majority
of dissimilarity resulted from turnover (βsim) which explained 0.43 of the total dissimilarity,
while nestedness (βsne) accounted for 0.114 of the total dissimilarity.

The highest rates of turnover occurred between the southernmost beetle populations (Arizona
and Utah) and the other populations, particularly Alberta (Figure 6a). High rates of turnover were
also seen between southern-most population (Arizona) and each of the mid-latitude populations
(Colorado and South Dakota) as well as between the northernmost population (Alberta) and the
mid-latitude populations (Figure 6a). The mite assemblages of Arizona and Utah were completely
nested, i.e., the mites found in Utah were a subset of those found in Arizona. Alberta mite assemblages
were a subset of those found in South Dakota and other middle populations (Figure 6a,b).
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Figure 6. (a) Sorenson dissimilarity indices of Beta (β) diversity for mite communities partitioned into
nestedness (βsne) and turnover (βsim) from southern-most (Arizona [AZ]) to northern-most (Alberta,
Canada [CAN]) sampled populations; (b) cluster dendrogram showing degree of nestedness based on
overall dissimilarity (βsor).
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4. Discussion

Geographically distant mountain pine beetle populations have different symbiotic mite
assemblages despite some commonalities reflected in species overlap. Sorenson’s dissimilarity
values for beta diversity indicate that the mite assemblage of beetle populations geographically closer
to one another are more similar than populations that are geographically more distant. This was most
evident between Alberta and all other populations. Turnover and nestedness patterns varied although
species richness did not show any significant variability across populations.

4.1. Differences in Species Richness and Abundance

No significant differences were detected in mite species richness, presumably because richness per
beetle was generally very low for all populations. Species accumulation curves approached asymptote
in all populations (although not at the same rates), indicating that our sampling efforts adequately
captured the overall mite richness associated with these populations. However, the disparities in species
accumulation curves between populations may also be due to the possible presence of cryptic species
that could not be uncovered. The number of mites per beetle (mite load) did not vary on a latitudinal
gradient (as predicted), suggesting that other factors may better explain these differences. We observed
that post-outbreak and ‘endemic’ stage populations had higher mite abundances, and observably
higher total richness (Table 2) suggesting that mite loads may be indicative of beetle population
phase. Hofstetter, et al. [57] show that higher mite loads dominated by Tarsonemus mites correlated
with decreased beetle progeny densities because of mite introduction of antagonistic blue-stain fungi.
While our sampling efforts could not test particular hypotheses, our observed mite load trends may
provide insight on population specific ecological dynamics in mountain pine beetles. High mite loads
can affect beetle flight [27,33] or influence their reproductive success within trees [58]. The specific
effects of different mite levels on mountain pine beetles has not been tested. Our analysis of mite
community patterns provides a foundational step towards understanding these effects.

The finding that Tarsonemus ips and Proctolaelaps subcorticalis occurred in all populations suggests
that these mites may not be affected by latitude, pine tree host, climate, or beetle population stage.
Trichourpoda utahensis was only found in Arizona and Utah; and although also found in Colorado,
occurred alongside a second Trichouropoda species, T. maeandralis (which was not the case for Arizona
and Utah). Trichouropoda mites carry fungi that differ from the mutualistic fungi carried by the mountain
pine beetles, and its relationship with collapsing beetle population has been suggested [16].

4.2. Beta Diversity Patterns

As expected, populations relatively closer together shared more species between them than
those geographically distant. High nestedness at these sites may indicate a low overall phoretic mite
biodiversity [59]. Utah and Arizona (and likewise South Dakota and Alberta) showed nested patterns
where mite species were likely removed rather than replaced. This could be due to the large latitudinal
and subsequent climate shift between these populations resulting in loss of species with changes in
local climate.

High rates of species turnover are explained by environmental differences causing some species
to be replaced by others more suited to the new environment [60]. Although not specifically tested in
this study, we hypothesize that environmental filtering, specifically temperature, serves as a likely
explanation for differences in mite community assemblages across latitude. Beta diversity patterns
driven by turnover are associated with temperature seasonality, which may be experienced across
a latitudinal gradient [61]. Other complementary abiotic factors may contribute to high levels of
turnover, particularly dispersal ability. Hill, et al. [62], showed that spatial patterns and environmental
heterogeneity play a large role in explaining high levels of dissimilarity [in community assemblage]
among sites in passively transported invertebrates and are better explained by increased turnover.
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However, dispersal limitations are often defined for arthropods by temperature [63], which may be the
ultimate driver of the latitudinal patterns.

Differences in host tree species may also help explain mite composition patterns across bark beetle
populations. Our data analysis could not accommodate testing for differences in mite composition by
host tree because host tree and location are confounding factors except for South Dakota and Colorado
which shared the same host tree species (Table 1), and beetles collected via flight traps may come
from a variety of tree species. Fungal symbiota associated with the mountain pine beetle induce
different secondary chemical responses in different host tree species which may contribute to the tree’s
attractiveness as a host environment for the beetle and its associates [64,65]. In our study, although
Colorado and South Dakota populations shared the same host (Pinus ponderosa), the overall mite
compositions associated with these populations differed significantly. However, it should be noted
that sampling years varied. However, these two populations did differ in their beetle population
stage—Colorado was a collapsing population from an epidemic while the South Dakota population
was increasing to epidemic status. Vissa et al. [35] reported vastly different mite loads associated with
beetles attacking two different tree species within a single region in Portugal, suggesting that dominant
host tree type can also affect beetle-associated mite abundances. Here we found that the population
from limber pine (Utah) had beetles with the greatest mite loads. Tree genotype has also been shown
to drive different defense production, insect preference, and long-term population dynamics [66,67].

Temperature affects patterns in species diversity across latitudinal gradients [68]. Our colder
population of Alberta had the lowest mite diversity while the others, similarly warmer populations,
had contrasting higher mite diversities. Evans, et al. [69] showed that a Trichouropoda sp. associated
with the southern pine beetle had the highest reproductive success in warmer temperatures. This was
reflected in our results where populations with higher average minimum and maximum temperatures
also had more mites per beetle. Species of Trichouropoda were also absent in Alberta but prevalent
in Colorado, Utah, and Arizona, where both temperature and precipitation were higher during
development years; however, this may be confounded with the population stages in these populations.

4.3. Implications for Shifts in Functional Groups of Mites

The concept of environmental filtering in symbiotic mite communities associated with bark beetle
systems is not well explored. Swenson et al. [70] hypothesized that abiotic (i.e., environmental) filtering
not only alters species assemblages in plants, but also alters the functional diversity. Thus, in climatically
‘extreme’ regions, not only are there fewer species [70], but the functional groups can be altered as
well [71]. While we were unable to identify specific shifts in the functional groups of mites, the observed
compositional differences may contain vital information on the resulting functional shifts.

High taxonomic turnover does not directly translate to a significant functional turnover [72].
Fish faunas with high taxonomic beta diversity were associated with low functional beta diversity,
suggesting that although species assemblages varied, they maintained shared functional attributes [72].
Our methods were unable to tease apart the functional diversity patterns associated with symbiotic mite
populations or allow us to specifically identify which mite species are being replaced and by whom;
however, we did observe some uniformity in the abundant functional groups across all populations.
Fungivores (particularly Tarsonemus mites) were abundant in each epidemic population, followed
by a generalist predator (P. subcorticalis), suggesting that these species likely affect beetle population
dynamics (either by promoting the spread of fungi or by direct predation).

5. Conclusions

To our knowledge, this is the first study to examine and partition the differences in the beta
diversity of symbiotic mite communities associated with an economically important North American
bark beetle (the mountain pine beetle) across a wide range of its distribution; and may serve as a model
system for estimating diversity patterns of symbiota associated with other major insect pests in pine
forest systems. As anticipated, the composition of mite biodiversity associated with mountain pine
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beetles varied geographically although no mite assemblage was entirely unique, and environmental
differences driven by geography can best explain these differences. Our assessment of mite species
composition patterns provides foundational information for further steps to identifying key species
interactions shaping forest insect systems.
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