
Introduction

Global climate change is expected to have drastic af-

fects on populations through direct impacts on demo-

graphics and through disruption of community interac-

tions (Stireman et al. 2005). Few studies have addressed

the potential impact of changing annual and seasonal tem-

peratures on the interactions and associations of symbi-

otic species within communities (Post et al. 1999, Ness

and Bressmer 2005). Cascading effects from climate

change are increasingly likely in communities where mul-

tiple symbiotic associations occur, and differential re-

sponses of symbiotic species to climate change can dis-

rupt vital associations (Walther et al. 2002). We

experimentally test the effects of temperature on the

abundance and interaction among multiple mutualistic,

commensalistic, and antagonistic associations with a key-

stone species, the southern pine beetle (Dendroctonus

frontalis Zimmermann).

Bark beetles (Curculionidae: Scolytinae) have obli-

gate and facultative associations with many microbial and

invertebrate species. For instance, symbiotic fungi are in-

troduced by aggressive bark beetles to help kill host trees

(Paine et al. 1997) or used as sustenance for developing

beetle larvae (Webb and Franklin 1978, Ayres et al.

2000). Alternatively, microbes introduced by beetles into

host trees have antagonistic affects on beetle fitness (Bar-

ras 1970, Lombardero et al. 2000b). Bark beetles are also

phoretic hosts to many mite species which further intro-

duce microbes or alter existing relationships between

bark beetles and fungi (Klepzig et al. 2001b). Recent stud-

ies of beetle communities reveal that mites, bark beetles

and associated fungi form continuous or complex chains

of species connections (Lombardero et al. 2000b, Hofstet-

ter et al. 2005a). Non-linear relationships between linked

species with intricate feedback structures and depend-

encies within bark beetle community contribute to the

complex dynamics exhibited by many bark beetle species

(Six and Paine 1998, Lombardero et al. 2003, Hofstetter
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Abstract. The relative abundance and nature of associations between symbiotic species can be affected by abiotic
conditions with consequences for population dynamics. We investigated the effects of temperature on the community
of mites and fungi associated with the southern pine beetle, Dendroctonus frontalis, an important pest of pine forests in
the southern United States. First, we determined whether the growth rates of mutualistic and antagonistic fungi associ-
ated with D. frontalis differed in their responses to temperature. Second, we tested the effects of temperature on the
abundance of, and interactions among, fungi, mites and beetles within D. frontalis-infested trees. Fungi differed in their
growth responses to temperature, resulting in changes in fungal-beetle associations. Mite species associated with D.
frontalis also differed in their responses to temperature, resulting in different mite communities associated with bark
beetle progeny. The effects of temperature on beetle reproduction could not be assessed because of high wood borer
density, but inter-relations among surviving beetles, mites and fungi were altered by temperature. Results support the
hypothesis that temperature can produce direct and indirect effects on the web of mutualistic and antagonistic relation-
ships within the community of D. frontalis and their symbiotic mites and fungi.



et al. 2005a, 2006). The inter-relations between bark bee-

tles and symbionts (e.g., microbes and mites) may at times

be significantly impacted by factors external to the inter-

action such as seasonal temperatures or changes in pre-

cipitation (Klepzig and Six 2004) that can drastically af-

fect the population dynamics and the composition of

species within a community.

Variation in abiotic conditions may affect a commu-

nity by altering the relative abundance of species and/or

the strength of species interactions (Callaway and Walker

1997). Hofstetter et al. (2006) observed strong seasonal

changes in the relative abundances of mites and fungi as-

sociated with D. frontalis, and Lombardero et al. (2000a,

2003) showed marked differences between D. frontalis

and mites in their developmental sensitivity to tempera-

ture. Here, we quantified the effects of temperature on

abundances and interactions between D. frontalis and its

major fungal and mite associates. Specifically, we fo-

cused on the response of beetle-mutualistic fungi: Cera-

tocystiopsis ranaculosus Perry and Bridges, Entomocor-

ticium sp. A; a beetle-antagonistic fungus: Ophiostoma

minus (Hedgc.); and three genera of mites: Tarsonemus,

Dendrolaelaps, and Trichouropoda to various tempera-

tures, and assessed how potential differences in tempera-

ture-responses might affect community interactions. We

experimentally manipulated the temperatures experi-

enced by intact communities of D. frontalis and their sym-

bionts within naturally infested trees. We hypothesized

that fungal growth rates and abundances, as well as mite

abundance within D. frontalis-infested trees are differen-

tially affected by various temperatures. Autecological re-

sponses to temperature predict that increasing tempera-

tures will lead to (1) higher mite loads on beetles (due to

increased mite reproduction and population abundance;

Lombardero et al. 2000b); (2) differing ratios of the mu-

tualistic fungi: C. ranaculosus and E. sp. A (due to ex-

pected differences in individualistic temperature re-

sponses; Klepzig et al. 2001a); and (3) increased

abundance of the antagonistic fungus O. minus (due to ex-

pected increased O. minus and mite growth rates with in-

creasing temperature). We determined whether aute-

cological responses to temperature match the observed

abundances of species exposed to various temperatures.

Study system

Dendroctonus frontalis undergoes extreme fluctua-

tions in abundance (Turchin et al. 1991) that result in ex-

tensive mortality of host trees and produce broad, eco-

nomically significant, patterns of forest disturbance (Pye

et al. 2006). Interspecific interactions have been well

documented between the southern pine beetle, three

fungi, and several phoretic mites (Moser et al. 1995,

Klepzig et al. 2001b, Lombardero et al. 2000b, 2003, Hof-

stetter et al. 2005a, 2006; also see Fig. 4). Two of these

fungi, Ceratocystiopsis ranaculosus (J.R. Bridges and T.J.

Perry) Hausner (= Ophiostoma ranaculosum, Jacobs and

Kirisits 2003) and Entomocorticium sp. A (Hsiau and Har-

rington 1997), are actively transported in specialized

structures within the beetle (mycangia) and introduced

into new host trees during beetle entry (Francke-Gros-

mann 1967, Barras and Perry 1972, Happ et al. 1975,

1976). In addition to depending upon beetles for disper-

sal, these fungi provide vital nutrition for beetle larvae

(Barras and Perry 1972, Barras 1973, Goldhammer et al.

1990). A third fungal species, Ophiostoma minus (Hedg-

cock) H. & P. Sydow is passively transported on the bee-

tle’s exoskeleton and significantly reduces beetle repro-

ductive success (Barras 1970, Franklin 1970, Hofstetter et

al. 2005a). The relationship between D. frontalis and

these fungi is further complicated by phoretic Tarsone-

mus mites which, though not directly affecting the bee-

tles, actively transport, disperse and feed upon O. minus

and C. ranaculosus (Plate 1) (Moser et al. 1974, Kinn and

Witcosky 1978, Bridges and Moser 1983, Moser 1985,

Bridges and Moser 1986, Moser and Bridges 1986,

Stephen et al. 1993, Lombardero et al. 2000b). Other mite

genera, such as Dendrolaelaps and Trichouropoda, are

prominent but their interactions with fungi and beetles are

not well known.

Materials and methods

Temperature-fungal growth rates on artificial media

Community-level temperature effects on fungi were

first determined by growth experiments on media. Ten

strains each of E. sp. A and C. ranaculosus were isolated

from the mycangia of twenty female D. frontalis, and ten

strains of O. minus were isolated from the surface of ten

male and female D. frontalis collected during the summer

of 1999 in Bankhead National Forest, AL. Representative

isolates of these fungi were deposited in the culture col-

lection of the Forestry and Agriculture Biotechnology In-

stitute (FABI) at the University of Pretoria, Pretoria,

South Africa (culture numbers CMW15445, CMW15412

and CMW15903 for O. minus, C. ranaculosus, and E. sp.

A, respectively). Fungi were maintained and periodically

transferred on 2.5% malt extract agar (MEA) (Fisher Sci-

entific Inc.) plates and stored at 25
�
C in the dark. Fungal

growth was measured in 15 cm long glass vials (2 cm di-

ameter) containing 2 ml of MEA. Vials were placed hori-

zontally so that the agar filled the entire length of the vial

to a thickness of approximately 0.5 cm. We aseptically

added a disk of colonized MEA (0.5 cm plug) from one
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of the fungi to the mouth of a vial and resealed the vial.

We placed five replicates of each fungus into dark growth

chambers at a constant temperature of either 8, 15, 22, 28,

or 32
�
C, as in a previous study with mites (Lombardero et

al. 2003). Linear growth rate was measured each day until

the fungus reached the end of the vial. The relationship

between temperature and acceleration of fungal growth

(Q��) was estimated using the vant’Hoff equation (Fry

1947, as cited Andrewartha and Birch 1954):

Q�� = (Y� / Y
)
�� � �%� � %
�

Y� = growth of fungi at temperature T�; T� = absolute

temperature in
�
C.

Test of temperature effects on species abundances and

interactions in trees

To test the effects of temperature on within-bark com-

munities, we placed D. frontalis-infested Pinus taeda L.

(loblolly pine) billets under three different temperature re-

gimes. Infested trees were located within an active infes-

tation (USDA Forest Service Infestation #1184) in the

Bankhead National Forest, Alabama, USA. At the time of

sampling, this infestation consisted of approximately 20

dead trees, 45 trees currently infested with brood and 10

trees under early stages of beetle colonization.

On 17 June 2001, five trees under beetle colonization

were chosen (approximately 30 years old, 30 to 40 cm di-

ameter, located within 10 meters of one another). Using

Lindgren traps, we captured 50 attacking beetles (“Parent

beetles”) near these five trees. We placed each captured

beetle into a sterile 1-ml centrifuge vial (Fisher Scientific

Inc.) and stored the vials at 5
�
C. On 25 June 2001 (8-10

days after D. frontalis initially colonized the trees) we

felled the trees and cut 3 billets (55 cm long) from the bole

of each tree between 3 and 5 m high. On 27 June 2001, we

randomly assigned a billet from each tree to be placed into

one of three temperature regimes (cool 16-23
�
C, warm

23-25
�
C, hot 25-31

�
C). Each billet was stored vertically

within a sealed metal rearing container over a glass-col-

lecting jar. Moist towels were kept in the collecting jar to

prevent desiccation of exiting beetles. The rearing cham-

bers were kept on a 10L:14D cycle, with temperature ram-

ped from the coolest temperature at 01:00 and the warm-

est temperature at 13:00. The average temperature in the

cool, warm and hot temperature regimes was 20, 24 and

28
�
C, respectively. Humidity was held between 50-80%.

All emerging offspring were collected. However, high

damage from wood borer larvae (Buprestidae and Ceram-

bycidae) prevented total emergence estimates for each

treatment. Offspring beetles collected between 29
��

and

31
��

of July 2001 were used to assess the effects of tem-

perature treatments on the abundance of fungi and mites

associated with D. frontalis. We harvested live beetles

from the collecting jars using sterile forceps, and imme-

diately placed each beetle into a sterile 1 ml centrifuge
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vial (stored at 5
�
C). Later, phoretic mites were removed

from all beetles and the prothorax was removed from fe-

male beetles (Hofstetter et al. 2005a). All male beetles,

and the remaining parts of female beetles, were placed on

MEA amended with cycloheximide (100ug/500ml MEA;

ICN biomedicals, Inc., Aurora, Ohio) to determine the in-

cidence of O. minus on the beetle exoskeleton. All

phoretic mites were identified and counted, and placed on

glass slides to evaluate the presence of spores of O. minus

and C. ranaculosus (Moser 1985, Moser and Bridges

1986, Moser et al. 1995). The mycangium from the thorax

of female beetles were broke open and the yeast-like

growth forms were identified under a compound micro-

scope as either E. sp. A or C. ranaculosus (Bridges 1983).

Two 6 dm
�

bark samples (20 cm × 30 cm) were re-

moved on 3 August 2001 from each billet and the percent

O. minus, beetle attacks / dm
�
, woodborer damage, and

mite densities were measured. The abundance of O. minus

within the trees was recorded by tracing the areas of xy-

lem containing blue stain and O. minus perithecia onto 8

× 11 inch mylar acetate sheets (methods similar to

Bridges and Moser 1983). Beetle entry density was meas-

ured by scraping the outer bark and recording the number

of resinous entry holes. Woodborer damage was meas-

ured by tracing borer galleries within the phloem onto

mylar acetate sheets. Mite density in each bark sample

was estimated by counting mites in three 1-cm
�

plots

within blue stain areas and three randomly selected 1-cm
�

plots within non-blue stain areas. We had intended to

compare per capita reproduction of beetles across treat-

ments, but this was not possible because the extensive

wood-borer damage prevented measurement of success-

ful pupal chambers within bark.

Analyses. The effect of temperature on fungal growth

rates on growth media was analyzed using a two-way

ANOVA with temperature and fungal species as fixed ef-

fects (JMP 3.2.1, SAS Institute Inc. 1997). To improve

normality and homogenize variances among treatments,

growth values were square-root transformed. Differences

between fungal species across temperature were evalu-

ated using Student t-tests. The effect of temperature on

bluestain quantity in the phloem and xylem, woodborer

damage, and phoretic mite abundance was evaluated with

an ANOVA with TREE as a random factor. The fraction

of beetles with O. minus, each mycangial fungus, and

phoretic mites was analyzed using a nominal logistic

model (Wald X
�
) that included temperature as a fixed ef-

fect. The effect of tree and height of removed bolt on at-

tack density were each analyzed with ANOVA that in-

cluded tree and height as fixed effects. Correlations

among mite and fungal abundances (means for each bil-

let) were computed using the Pearson product-moment

correlation coefficient.

Results

Temperature-fungal growth rates on media

For all three fungi, growth rates on media increased

with temperature from 8 to 28 °C, and then decreased

from 28 to 32°C (Fig. 1). However, there appeared to be

differences among species in the details of their tempera-

ture responses (Table 1, Fig. 1). Growth rate of E. sp. A.

increased sharply from 8 to 22 °C, and then remained

nearly constant from 22 to 28 °C. In comparison, growth

rates of both C. ranaculosus and O. minus increased less

sharply from 8 to 15 °C and increased more between 22

and 28
�
C. Maximum growth rates were high for O. minus,

intermediate for C. ranaculosus, and low for E. sp A:

mean ± SE = 5.0 ± 0.3, 1.6 ± 0.2, and 0.31 ± 0.07 mm / d,

respectively. Growth rates of the fungi were significantly

different between species across all temperatures (growth

rates were square-root transformed: F���� = 5.31, P <

0.01). Given that E. sp A obtained maximum growth rates

at both 22
�
C and 28

�
C while O. minus and C. ranaculo-

sus had maximum growth rates at 28
�
C, we expected E.

sp. A to perform relatively better with trees at 22
�
C (‘cool

temperatures’) than the other two fungi.

Test of temperature effects on species abundances and

interactions in trees

Fungi and mites associated with parent beetles. Attacking

beetles carried on average 4.74 ± 0.84 (SE) Tarsonemus

and 1.94 ± 0.54 (SE) non-Tarsonemus mites. Ninety-one

percent of the Tarsonemus were T. krantzii Smiley and

Moser and 9% were T. ips Lindquist. Ophiostoma minus

was present on the exoskeleton of 38% of the beetles, and

the ratio of E. sp. A relative to C. ranaculosus in female

mycangia was 54.5% to 45.5% (Fig. 2 – Parent beetles).

Density of attacking beetles differed significantly by tree

(F	��
= 6.16, P = 0.002) but not by height (F���
= 2.81, P

= 0.09).

Effects of temperature on mites. Temperature had strong

effects on the abundance of mites but patterns differed

among taxa (Fig. 3; Mite × Temperature interaction: F =
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5.24, P < 0.01). Mite abundances were not significantly

different across trees (X
�

< 2.0, P > 0.20). Tarsonemus

krantzii were more abundant on beetle offspring than T.

ips, comprising 70%, 78% and 77% of the phoretic Tar-

sonemus in the “cool”, “warm” and “hot” treatments, re-

spectively. Tarsonemus (mites / dm
�
) within bark did not

significantly differ between the cool and warm treatments

(F����= 1.35; P = 0.20), but in the hot treatment there were

no living Tarsonemus during bark sampling. Tricho-

uropoda and Dendrolaelaps comprised 90% of the non-

Tarsonemus mites found in the bark and on D. frontalis.

Histiostoma, Histiogaster and Proctolaelaps spp. com-

prised most of the remaining phoretic mites, and there

were no apparent temperature effects on the abundance of

this group (1.1 ± 0.6, 2.1 ± 0.3, 1.2 ± 0.4 mites per beetle

(mean ± standard error) in the cool, warm and hot treat-

ments, respectively).

Effects of temperature on beetle-mutualistic fungi. Tem-

perature affected the relative abundance of the two mutu-

alistic fungi in female beetles that developed successfully

Figure 1. 0��
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and exited the logs (Fig. 2). Ratios of the mycangial fungi

from emerging females in the “cool” treatment did not

significantly differ from the ratios on parent beetles (X
�

=

3.42, P = 0.06). However, in the warm and hot treatments,

offspring beetles differed significantly from parental bee-

tles in carrying less E. sp. A relative to C. ranaculosus (X
�

= 9.54 and 28.45, df = 1, P < 0.002). Ceratocystiopsis

ranaculosus spores are also sometimes carried in the

sporothecae of phoretic Tarsonemus (Moser 1985), but in

this study that occurred only rarely and only in Tarsone-

mus from the cool treatment.

Effects of temperature on the beetle-antagonistic fungus.

The percent of xylem containing O. minus (measured by

area stained blue) increased slightly with temperature (X
�

= 6.57, P < 0.01) as predicted based on growth rates on

media. Abundance of O. minus was also significantly dif-

ferent across trees (X
�

= 18.05, P < 0.01). Seventy-eight

percent of the phoretic Tarsonemus carried at least one O.

minus ascospore. The percentages of offspring beetles

and phoretic Tarsonemus carrying O. minus spores were

unrelated to temperature (X
�

< 0.10, P > 0.98), but the

number of Tarsonemus per beetle declined with tempera-

ture (Fig. 3). Besides Tarsonemus, no other mite species

were observed carrying ascospores of O. minus.

Effects of temperature on woodborer activity. The percent

of phloem consumed by woodborers increased signifi-

cantly with temperature from 56 ± 5 to 70 ± 4 to 77 ± 3

(means ± SE for cool, warm, and hot treatments, respec-

tively; X
�

= 5.59, P = 0.02). Woodborer activity did not

differ between trees (X
�

= 1.84, P = 0.80).

Discussion

Temperature affected species abundances in ways that

were not predicted based on autecological studies alone.
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Differential responses in behavior, reproduction, and

movement of species to temperature appeared to change

the nature of interactions and composition of species

within this community (Fig. 4). These results have conse-

quences for understanding interactions between biotic

and abiotic factors and the complex relationships between

fungi, mites, and an economically important bark beetle

species.

Growth rates of all three fungi within this community

were strongly affected by temperature but differed

slightly in the details of their temperature responses. The

beetle-mutualistic fungus E. sp. A exhibited nearly maxi-

mum growth at cooler temperatures on growth media than

the other mutualistic fungus, C. ranaculosus, and the an-

tagonistic fungus, O. minus in both the infested logs and

on growth media. The pattern exhibited by the beetle-mu-

tualistic fungi in response to temperature matches ob-

served seasonal variation in fungal abundances in natural

beetle populations. Hofstetter et al. (2006) surveyed mul-

tiple isolated beetle populations in northern Alabama and

observed that E. sp. A became more abundant in winter

and spring but tended to be supplanted by C. ranaculosus

during the summer. The beetle-antagonistic fungus, O.

minus, in experimental logs increased with temperature,

matching previous field surveys of beetle infestations that

show increases in O. minus as temperatures climb from

early spring to late summer (Hofstetter et al. 2006).

Contrary to predictions based on seasonal patterns of

O. minus abundance, temperature had no effect on the

proportion of emerging D. frontalis adults carrying O. mi-

nus on their sporothecae. Furthermore, abundance of

phoretic Tarsonemus per emerging beetle actually de-

clined with increasing temperature. Thus, even though the

‘warm’ and ‘hot’ treatments maximized O. minus growth

within infested trees, the percentage of O. minus coloni-

zation within trees subsequently attacked by beetle prog-

eny would decrease due to reduced transport and propa-

gation by phoretic Tarsonemus (Lombardero et al. 2003).

These results suggest that O. minus and Tarsonemus

abundance should be relatively low in hot climates and
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thus, these organisms should have little effect on bark

beetle dynamics within tropical climates or in regions

with projected increases in temperature. With expected

increases an annual temperature due to climate change,

fewer negative effects from O. minus and mites are ex-

pected to occur. However, this may be offset or at least

mediated by increased abundance of C. ranaculosus. En-

vironmental impacts on the growth and proliferation of O.

minus deserves further study because this fungus has a

strong negative effect on D. frontalis reproduction (Bar-

ras 1970, Lombardero et al. 2003, Hofstetter et al. 2005a).

Temperature appears to influence O. minus both directly

through growth rate and indirectly via interactions with

other organisms. Factors, other than temperature, such as

phloem phytochemistry (Hofstetter et al. 2005b) and

phloem water potential (Klepzig et al. 2004) can also im-

pact fungal growth rate and fungal-fungal competition.

Because C. ranaculosus represents an inferior nutri-

tional resource for D. frontalis (Bridges 1983, Goldham-

mer et al. 1990, Coppedge et al. 1995, Klepzig et al.

2001a, b) but a superior nutritional resource for Tarsone-

mus (Lombardero et al. 2000b), seasonal changes in the

ratio of the beetle-mutualistic fungi could influence beetle

and mite population dynamics in opposite directions.

Field studies by Miller and Parresol (1992) and Bridges

(1983) demonstrated increased reproduction in beetle

populations when E. sp. A was the dominant mycangial

fungus. Likewise, Hofstetter et al. (2006) recorded in-

creased mite reproduction and decreased beetle reproduc-

tion during periods when O. minus and C. ranaculosus

were particularly abundant within bark. Our results and

interpretations predict that the abundance of C. ranaculo-

sus relative to E. sp. A would tend to be highest in the

warmest climates where D. frontalis occurs (e.g., Florida

and Mexico). Supporting this prediction, preliminary sur-

veys of D. frontalis mycangia in Mexico reveal that E. sp.

A is very uncommon (Hofstetter et al., unpublished).

Though Tarsonemus population growth is maximized

when the mites feed on C. ranaculosus and O. minus

(Lombardero et al. 2000b, Klepzig et al. 2001b), we found

that Tarsonemus abundance on beetles peaked at cooler

temperatures when E. sp. A was plentiful. This result, con-

trary to the predicted pattern, could indicate that seasonal

patterns in Tarsonemus are more strongly influenced by

beetle survival or synchrony with beetle development rate

(impacted by temperature) than by fungal composition

within the bark. For instance, better survival of beetle lar-

vae results in more hosts for mites to attach to for trans-

port to another tree. Alternatively, the rate at which

perithecia are produced by fungi at particular tempera-

tures, and its effect on mite development, could be the

critical factors in determining mite abundance (Klepzig

and Wilkens 1997).

Other than Tarsonemus, the biology of mites and their

impact on species within bark beetle communities are

poorly understood. Dendrolaelaps spp. are believed to be

nematode predators while the Trichouropoda spp. are be-

lieved to be generalist feeders (Kinn 1971). The abun-

dances of Tarsonemus and Dendrolaelaps were inversely

correlated with temperature, woodborer activity, and C.

ranaculosus but positively correlated with E. sp A. Alter-

natively, Trichouropoda were inversely correlated with

Tarsonemus and Dendrolaelaps abundances. We believe

that these mites do not interact with one another, but that

their relative abundances were differentially impacted by

temperature effects on mortality and natality, and indi-

rectly via effects on food resources.

The effects of temperature on large wood borers (Bu-

prestids and Cerambycids) are also not well known. We

found that as temperature increased, wood borer larvae

consumed relatively more phloem, along with fungi,

mites, and beetle larvae that were within it. Because

woodborer larvae can consume much phloem, their activ-

ity impacts the rest of the community. There would be

value in studies that explicitly address the role of wood-

borers in this community, especially because their activity

depends upon temperature.

The community of fungi and mites associated with the

keystone species, D. frontalis transforms as average tem-

peratures change. For instance, both the ratio of the two

beetle-mutualistic fungi transferred to beetle progeny as

well as the relative abundances of mite species are tem-

perature-dependent. The observed variability in species

responses suggests that, though flexibility exists within

this community, ultimately species loss is possible. Such

variability in species responses suggest that there is flexi-

bility within this community but species loss will likely

occur. Increases in average temperature will likely lead to

a reduction in community richness and a predominance of

a few species. However, increased variability in mean

temperatures might counter this trend and promote sym-

biont diversity and community complexity.
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