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Abstract: Increased tree mortality has become a widespread phenomenon and is largely attributed to
climate change. Little field research has addressed the complex interactions between trees, herbivores,
and their natural enemies as affected by temperature. We recorded the densities of bark insects
and their natural enemies emerging from felled trees in Scots pine forests at 17 study sites along 6
elevation gradients encompassing different temperature ranges in 3 regions in Switzerland and Italy.
We additionally measured tree resin defense at different elevations. The density of aggressive bark
beetles decreased with increasing temperatures while that of non-aggressive species did not respond
to temperature. Contrasting patterns were also found for natural enemies, with the densities of most
predatory taxa decreasing with increasing temperature whereas densities of parasitoids increased.
Consequently, bark beetle mortality by predators decreased and that by parasitoids increased with
temperature. Exudation of resin increased with temperature. As the number of resin ducts did
not change with temperature, this is assumed a physical effect of reduced viscosity. Despite lower
densities of aggressive bark beetles and improved tree resin flow under higher temperatures, the
currently experienced drought-induced reduction in tree vigor is likely to increase tree mortality
under the ongoing climate warming.

Keywords: elevation gradient; natural enemies; parasitoids; predators; Scolytinae; tree defense

1. Introduction

In the past few decades, increased mortality of trees has been observed worldwide,
becoming manifest on all continents and in various climates [1–3]. This is mainly attributed
to an increased frequency, duration, and severity of drought and heat stress brought about
by climate change. Increased tree mortality may be caused by temperature-mediated
changes in tree physiology [4], increased frequencies of windstorms or wildfires, lethal
infestation by insects and pathogens, or a combination thereof [5,6]. In particular, mortality
in conifers is often related to bark beetles or other phloeophagous (phloem feeding) species
(e.g., [7–10]), which, in combination with associated fungi, interrupt the transport of water
and photosynthates [11,12]. Bark beetle-mediated tree mortality is the result of complex
interactions between trophic levels: (i) number of available trees and their susceptibility,
(ii) population size, colonization density, and reproduction of bark beetles, and (iii) the
regulation of these pests by natural enemies (e.g., [4,13]). These multifaceted, trophic
interactions between host tree, phloem feeders, and their natural enemies are intricate per
se and difficult to analyze. Climate change is likely to alter these interactions and thus adds
additional complexity to the system. Such multitrophic interactions have been identified
as important gaps in process-based ecosystem models [6,14,15].
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Global warming can affect all of the three trophic levels involved. Host plants are
clearly affected by increasing temperatures and more pronounced drought periods. Ac-
cording to the growth–defense tradeoff hypothesis, plants generally prioritize resource
allocation to defense rather than growth in cases of resource restrictions [15–17]. For in-
stance, plants suffering from moderate stress caused e.g., by a shortage of light or nutrients
or by herbivory generally direct more plant carbon to defense mechanisms than unstressed
ones [18,19]. However, severely drought-stressed pines have been shown to produce less
defensive resin than moderately or non-stressed ones [20,21]. Resin can act both mechan-
ically, by flushing out penetrating bark beetles or miring them in the sticky fluid, and
toxically, by killing the colonizing beetles and their broods [12,19].

Successful bark beetle colonization largely depends on the interactions between beetle
population density and the defensive capacity of the host trees [22,23]. Temperature is
one of the most important factors directly driving herbivorous insects by affecting their
development, allowing for additional generations per year, increasing their egg production,
and altering their phenology and winter mortality [24–29].

With global warming, predators and parasitoids of herbivorous insects will most
likely develop faster and produce more offspring as well. However, it remains unclear
how this will affect mortality of their prey and hosts [14]. A critical issue is the possible
disruption of phenological synchrony. For example, if the larval instar of a bark beetle
required by a specialized parasitoid becomes available before or after the main flight period
of this parasitoid, the effect of the parasitoid on bark beetle populations will decline. Thus,
climate change might increase herbivore mortality by predators, due to increased predator
offspring production, but simultaneously decrease herbivore mortality by parasitoids
because of a phenological mismatch [30].

These manifold interactions and dependencies of multitrophic systems require a
holistic approach, but at the same time, such studies are extremely complex, even more
so when climate change effects are considered [14,31]. For these reasons, effects of climate
change have been routinely studied at a single factor level, such as effects of temperature or
drought on trees or insects (e.g., [29,32–34]). The few existing studies on trophic interactions
have mostly been carried out in model ecosystems with young, easily-manipulated host
plants (e.g., [35,36]), because manipulating abiotic factors in mature forests to mimic
global warming is extremely laborious and costly [37,38]. As an alternative approach,
elevation gradients can be used, which provide a natural range of temperatures in an
otherwise similar environment. While this approach has occasionally been applied in plant
or insect population studies [39–41], it has rarely been deployed to investigate multitrophic
interactions under continuing climate change [42]. A single study on bark beetle attack risk
was carried out with Dendroctonus ponderosae Hopkins, its competitors, and a predatory
beetle (Thanasimus undatulus Say) in a very small range of elevations and across stands
of varying tree composition [43]. Thus, elevation effects could not be separated from
stand-level effects in that study.

We studied multitrophic interactions in Scots pine (Pinus sylvestris L.) forests in three
subalpine valleys in Europe along six elevation (temperature) gradients. Each spanned
700 m and showed temperature differences of 3–5 ◦C, but was characterized by forests of
comparable tree species composition and forest structural attributes. We evaluated the
responses of population densities of bark beetles and their mortality by natural insect
enemies as well as host tree resin defense to increasing temperatures. We hypothesized that
with increasing temperatures from high to low elevations: (i) bark beetle densities increase,
(ii) predator and parasitoid-induced bark beetle mortality increases because of higher
natural enemy densities (assuming that parasitoids have not yet experienced phenological
mismatch at the warmest sites), and (iii) tree resin flow increases because viscosity is lower.
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2. Materials and Methods
2.1. Sites

Elevation gradients were established in three central European inner Alpine valleys
(regions) with a rather continental climate: the Rhine Valley near Chur (Grisons, Switzer-
land), the central Valais (Switzerland), and the Aosta Valley (Italy) (Table 1). In each of the
three regions, two locations were selected with slopes of Scots pine forest, with comparable
composition in terms of structure and admixed tree species, from the bottom of the valley
up to the subalpine zone. In the Valais and Aosta regions, the two locations had north or
south aspects. In the Grison region, only two south aspects were available. Along each
gradient, three forest sites (stands) at different elevations were selected, with the exception
of one gradient in the Aosta region where no low-elevation site with a comparable pine
forest was available (see Table 1). This amounts to a total of 17 sites. All stands were
dominated by Scots pine with various admixtures of Norway spruce (Picea abies [L.] H.
Karst.), European larch (Larix decidua Mill.) and, at one site, European beech (Fagus sylvatica
L.). In all regions, the populations of potential phloeophagous pests were at endemic levels,
i.e., there were no outbreaks before or during the time of the study.

At each site, two temperature loggers (iButton®, Maxim Integrated, San Jose, CA,
USA) were attached on the shaded north faces of two trees. They recorded hourly tempera-
tures from which mean summer (April to September) and winter (December to February)
temperatures were calculated (Table 1).

2.2. Insect Sampling

At each site and in each of the two sampling years, four Scots pine trees of 15–39 cm
dbh and a minimum distance of approx. 30 m apart were randomly selected (Table 1).
The 132 trees (one site was sampled in one year only) were felled between October and
December preceding the sampling years so the stems could moderately desiccate during
winter to become attractive for wood insects. No additional lures were used. After the trees
were colonized by insects in the following spring, two 80-cm-bolts of 12–35 cm diameter
were cut from the stem base and the crown base of each tree in June, along with two
80-cm-long pieces of thick branches from each crown. This timing ensured that species
swarming later in spring were captured and prevented the progeny of early fliers from
emerging before the sampling. To account for the longer insect development times at
higher elevations, bolt collection was staggered over time: those from the lower and middle
sites were collected in early June and those from the top sites at the end of June. The 264
colonized bolts and 264 branches were then transported to the lab and exposed for two
years in emergence traps placed in a greenhouse with roughly ambient temperatures. The
emergence traps were constructed from metal cabinets, with tubes at both the bottom and
the top (Figure S1). The tubes ended in semi-transparent collector boxes containing water,
detergent, and fungicide. The collectors with the emerged insects were emptied at regular
intervals and the captured insects were stored in 70% ethanol. The collected 140,000 insects
were first sorted to a higher taxonomic level, and then all Coleoptera and those dipteran
and hymenopteran families that include bark beetle predators or parasitoids (according
to [44]) were identified to the species level. Insect counts were converted to densities (m−2)
calculated from diameter and length of the bolts.
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Table 1. Site characteristics and number of trees used to study insect colonization, resin flow, and resin ducts from three regions in Switzerland (CH) and Italy (IT). The WGS 84 coordinates
refer to the site at the middle elevation level. (Pin = Scots pine, Spr = Norway spruce, Lar = European larch, Bee = European beech).

Region Sampling
Years Location Slope

Aspect

Elevation
[m a.s.l.]
(=Site)

Stand
# Trees for
Coloniza-

tion

TREE
Height [m]

# Trees for
Resin Flow

# Trees for
Resin Ducts

Mean
Summer

Temp. [◦C]

Mean
Winter

Temp. [◦C]

Valais (CH) 2010, 2011 Salgesch South 900 Pin,Spr 8 11.1 ± 2.57 16 - 15.6 −0.4
46.3299,
7.5866 1200 Pin,Spr 8 14.6 ± 2.73 - - 13.7 −0.6

1600 Pin,Spr 8 16.6 ± 1.66 14 - 11.3 −2.8
Visp North 900 Pin,Lar,Spr 8 14.3 ± 2.74 16 10 15.5 −0.2

46.2930,
7.8101 1200 Pin,Lar,Spr 8 16.9 ± 2.83 - - 14.0 −1.2

1500 Pin,Spr 8 15.5 ± 1.61 15 10 11.5 −3.1

Grisons (CH) 2011, 2012 Scharans South 900 Pin,Spr 4a 9.1 ± 2.43 12 - 14.3 −0.3
46.7204,
9.4715 1200 Pin,Spr 8 17.3 ± 2.93 - - 13.2 −1.1

1700 Pin,Spr 8 16.9 ± 2.74 11 - 9.2 −3.3
Felsberg South 800 Pin,Bee,Spr 8 14.1 ± 1.27 12 10 14.9 1.5
46.8584,
9.4722 1300 Pin,Spr,Lar 8 16.7 ± 2.16 - - 12.1 −0.8

1600 Pin,Spr,Lar 8 20.7 ± 4.03 11 10 10.2 −2.9

Aosta (IT) 2010, 2011 Sarre South 900 NA
45.7319,
7.2472 1200 Pin 8 16.7 ± 2.19 15 - 13.8 −1.9

1600 Pin,Lar,Spr 8 16.4 ± 2.06 15 - 11.5 −3.2
Aymavilles North 900 Spr,Pin 8 8.6 ± 1.25 17 - 15.8 −0.2

45.6861,
7.2416 1200 Spr,Pin 8 11.8 ± 2.73 - - 13.9 −1.7

1500 Spr,Pin,Lar 8 12.8 ± 2.13 16 - 12.5 −2.4
a in 2011 only.
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2.3. Insect Classification and Mortality Assessment

In addition to taxonomy, insects were classified according to their significance: (i) ‘ag-
gressive’ bark beetles (Coleoptera: Scolytinae): Ips spp., Pityogenes spp., Tomicus spp.—with
aggressiveness (‘primary’ vs. ‘secondary’ pests) categorized according their preferred tree
resistance [45]; (ii) ‘non-aggressive’ bark beetles: Crypturgus spp., Dryocoetes autographus
(Ratz.), Hylurgops palliatus (Gyll.)., Orthotomicus spp., Pityophthorus pityographus (Ratz.);
(iii) predators: Coleoptera: Cleridae, Diptera: Dolichopodidae, Lonchaeidae; and (iv) par-
asitoids: Hymenoptera: Braconidae, Pteromalidae, Eupelmidae. The buprestid Phaenops
cyanea (F.) is considered an aggressive species, the weevil Pissodes pini (L.) a non-aggressive.
Predators and parasitoids combined make up total natural enemies. To estimate the mor-
tality rate of phloem feeders imposed by predators, the consumption rates of individual
predatory taxa were used [44]. The number of prey consumed by each individual during
its development was multiplied by the abundance of the respective taxon. In this way, the
total number of prey eaten by predators was obtained and, together with the number of
parasitoids (1 parasitoid larva kills 1 host larva, all being solitary parasitoids), the total
number of phloem feeders killed by natural enemies and thus the phloem feeders’ mortality
rate were assessed for each tree.

2.4. Resin Collection

Exuding resin was collected as a measure of the constitutive resistance of host trees [12].
In 2011, resin flow was recorded for 12–17 trees at both the bottom and top sites of each
elevation gradient, resulting in a total of 170 trees (Sarre: middle instead of bottom; cf.
Table 1). For this purpose, two 13 mm holes were punched into the bark at breast height on
the north and south expositions of each tree stem. A plastic adapter (sampler) (Missoula
Technology Development Center; [46]) was firmly attached to the hole to make sure that all
exuding resin was directed into the sampler. Preweighed plastic tubes screwed into the
thread of the samplers collected the resin. The tubes were removed after 24 h, sealed and
stored in a cooling box, and then transported to the lab. They were reweighed in order to
gravimetrically obtain the resin exuded during 24 h.

2.5. Resin Duct Density

At the bottom and top sites of the south slope in Felsberg (Grisons) and north slope
in Visp (Valais), stem cores (5–8 cm long, 1 cm in diameter) were taken by means of an
increment borer. At each site, 10 trees were cored on both the north and south expositions
of each stem, resulting in a total of 40 trees and 80 tree cores. From each core, tangential
thin sections of 30–40 µm were made from the inner and outer phloem, as well as from the
outer sapwood. They were stained with Astra blue and Safranin, dehydrated with alcohol
and embedded in Canada balsam [47]. The blue-stained resin ducts located in the center
of the rays were counted in four randomly selected areas of the thin sections (in total 960
samples) in a defined field of vision (3.556 mm2) under a microscope at 4× magnification
(Figure S2).

2.6. Analyses

For analysis, the emergence data from the two years were pooled. All analyses were
conducted using R version 3.6.0 [48]. To test for effects of temperature on the densities of
functional groups or single species and on species richness, linear mixed effects models
were implemented, with region (Grisons, Valais, Aosta) and temperature as fixed factors
and site as random factor, using the lme function in the package ‘nlme’ [49]. Densities were
log-transformed to reach model assumptions. Assumptions of normal distribution and
homoscedasticity of the residuals were tested using diagnostic plots. To test the effects of
species richness of natural enemies, region and temperature on the natural enemy/bark
beetle ratio, a generalized mixed effects model was implemented, with cbind (natural
enemies, Scolytinae) as the response variable, using the function glmer in the package
‘lme4’ [50]. To assess the effects on bark beetle mortality, beta-regression analysis (family
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= beta_family with logit link function) based on a generalized linear mixed model was
applied with a template model builder, using the glmmTMB function in the package
‘glmmTMB’ [51]. In both analyses, site was included as a random factor. For testing resin
flows and resin duct densities, linear mixed effects models were implemented, with region
and temperature as well as the exposition of the resin samplers on the stem (N, S) as
fixed factors and tree within plot as random factor, using the lme function in the package
‘nlme’ [49]. Results are presented as values from an analysis of deviance table (Type II Wald
chi-square tests) conducted with the package ‘car’ [52].

The effects of temperature on major groups (aggressive and non-aggressive bark
beetles, natural enemies) and resin flow are presented as effect plots with back-transformed
response values using the predictorEffect function in the package ‘effects’ [52,53]. The
analyses were done with both mean summer temperatures and mean winter temperatures
of the respective elevation levels (Table 1). Since the results of the two temperature
groupings were equivalent (Table S1), only the results using the summer temperatures are
presented in the Results section. A complete list of the statistical results is given in Table S1.

3. Results
3.1. Densities of Emerged Insects

The vast majority (83%) of the more than 140,000 individuals emerging from the Scots
pine bolts and branches were bark beetles (Scolytinae), in particular Tomicus minor (Hartig)
(for a species list see Table S2). Among bark beetles, the densities of the aggressive species
decreased with increasing temperature (Figure 1a; p < 0.05; all statistical details are listed
in Table S1). Aggressive species were dominated at the higher sites by Ips acuminatus
(Gyll.) and Tomicus piniperda (L.). Ips acuminatus had on average six times higher
densities at the highest sites than at the lowest ones but there was no significant response
to temperature (Figure 1aa). The density of the most abundant bark beetle species, i.e., T.
minor, was unaffected by temperature, but the congener T. piniperda decreased in density
with increasing temperature (negative t-value in Figure 1aa). Pityogenes species were not
affected by temperature but Pityogenes chalcographus (L.) showed regional differences
(p < 0.05). Among the non-bark beetles, the buprestid P. cyanea, considered an aggressive
species, did not respond to temperature.

The non-aggressive bark beetles did not significantly correlate with temperature but
tended to be more abundant at high temperatures (Figure 1b; p = 0.20). Among the non-
bark beetles the abundant weevil P. pini, considered a non-aggressive species, showed a
significant negative relationship with temperature (Figure 1bb; p < 0.01) and revealed the
same pattern as most aggressive bark beetles.

The natural enemies of bark beetles showed a pattern that often differed from that of
the phloem feeders. The total density of natural enemies, i.e., all predatory and parasitoid
groups combined, increased with higher temperatures at lower elevations (Figure 1c;
p < 0.05). On average, their density at the highest sites was 57% of that at the lowest
elevations. Among the predators, the two most abundant families, i.e., the dolichopodid
and lonchaeid flies (Diptera) showed opposite trends in their response to temperature
(Figure 1cc). The clerid beetles (Coleoptera), represented by the species Thanasimus
formicarius (L.), were significantly more abundant at the cooler higher elevation sites
(Figure 1cc; p < 0.01).

Among the parasitoids, the hymenopterous Braconidae and Pteromalidae were most
abundant (Table S2). These two taxa consistently increased in density with higher temper-
atures at the lower elevations (Figure 1c; p < 0.01). The pteromalid density also differed
between regions (p < 0.05). As a consequence, total parasitoid density also increased with
temperature, while total predator density was independent of temperature, due to the
contrasting patterns of the dipteran and coleopteran taxa.
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Figure 1. Relationships between mean summer temperatures and densities of (a) aggressive bark beetles and the buprestid
P. cyanea, (b) non-aggressive bark beetles and the weevil P. pini, and (c) and natural enemies of bark beetles at different
elevations as well as t-values (aa–cc). Negative t-values indicate negative association with temperature, and vice versa; the
shaded areas indicate the 95% confidence bands (a–c) and the non-significant range (aa–cc) (p ≥ 0.05). The rug plots at the
bottom of the graphs show the values measured in this study. Statistical details are given in Table S1.

Although the numerical ratio of natural enemies to bark beetles increased with higher
temperatures (p < 0.001), bark beetle mortality imposed by natural enemies showed no
significant change with temperature (Figure 2a; p = 0.10). This was the consequence of
contrasting effects of predators and parasitoids. Mortality by predators averaged 44%
and decreased with increasing temperature (Figure 2b; p < 0.05), while that by parasitoids
(average = 9%) significantly increased (Figure 2c; p < 0.01), with different slopes depending
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on the region (Table S1). In addition, total mortality significantly increased with increasing
species richness of the natural enemies (Figure 3; p < 0.05).
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Figure 3. Relationship between total natural enemy species richness and bark beetle mortality. The
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values measured in this study. Statistical details are given in Table S1.

3.2. Resin Flow

The exudation of resin from living Scots pine trees varied with temperatures (Figure 4;
p < 0.05). The amount of resin collected in 24 h was on average 66% larger at the low
elevations than at the higher sites. It also depended on the region and the samplers’
exposition on the stem (p < 0.05). The resin duct densities in the outer phloem (p = 0.91),
inner phloem (p = 0.81), and xylem (p = 0.66) did not differ between the two elevations and
was independent of region and stem exposition (Figure S3).
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4. Discussion

This is one of the first studies on the effects of temperature on a multitrophic interaction
between host trees, phloem feeders, and their natural enemies using elevation gradients.
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Elevation gradients are widely acknowledged to serve as a surrogate for temperature
effects due to climate change (e.g., [39,40,54,55]). Compared to controlled environmental
experiments, this approach is particularly appropriate to assess global warming effects on
multitrophic systems under natural conditions.

In our study, we found differentiated responses of bark beetles to the changing tem-
peratures along the gradients. The same is true for the relationship between temperature
and bark beetle mortality by natural enemies. Furthermore, we found higher resin defense
at higher temperatures. In the following, we relate these findings to our hypotheses and
discuss them in the light of potential direct and indirect climate change effects on these
trophic interactions.

4.1. Effects of Temperature on Bark Beetle Populations

We hypothesized that bark beetle density increases with increasing temperatures at
lower elevations. In contrast to this hypothesis (i), the density of aggressive bark beetles,
in particular T. piniperda and I. acuminatus, decreased with increasing temperature while
that of the non-aggressive species remained largely unaffected (Figure 1). This may be
linked to the fact that along elevation not only temperature changes but also precipitation.
Due to increased precipitation levels at higher elevations [56], thickness and quality of
the host tree phloem increases [57] which is favorable to bark beetles [58,59]. However,
only aggressive species that had co-evolved with their host trees can presumably cope
with higher contents of toxic monoterpenes. The more susceptible non-aggressive species
are limited by defensive compounds in the phloem. These trends were also reported
from other gradient studies with bark beetles in pine forests [60,61], while in spruce
plantations, non-aggressive species were found to increase with higher temperatures [62].
Interestingly, in a survey of bark beetles in spruce forests, aggressive and non-aggressive
species showed contrasting patterns, as in our study, but with direction of the trends
reversed [63]. Likewise, in pine forests with Ips confusus (LeConte) infestations, more bark
beetle damage occurred at high elevations [64], while that by I. typographus (L.) in spruce
forests was more widespread at lower elevations [65]. The higher infestations in low-
elevation spruce forests can be largely attributed to the drought susceptibility of the often
artificially established plantations in Europe. In addition, methodological differences exist
between the studies; Chinellato et al. [63], for instance, recorded maternal galleries/m2,
thus disregarding larval mortality. However, there are also studies from pine forests that
demonstrated higher tree mortality at lower elevations [60,66]. The contradicting results
among studies analyzing bark beetle densities and infestation damage strongly suggest that
infestation of forests by bark beetles depends not only on bark beetle infestation pressure
(i.e., density), but also, in a critical way, on the current susceptibility of the host trees
(bottom-up forces). This may markedly vary between years and with elevation.

The effect of elevation on insect herbivory on leaves and needles has been reported to
be likewise heterogeneous (for reviews, see [54,67]). Generally, the density of these insects
and their herbivory, particularly on tree host species, are thought to decrease at higher
elevations because of temperature constraints on herbivore development and reproduc-
tion [67–69]. However, in several studies, the opposite pattern or an intermediate optimum
elevation for density and herbivory have been reported [70–72]. These discrepancies in
phloeophagous as well as phyllophagous species emphasize the decisive role of host plant
susceptibility as affected by e.g., water supply [54] and potentially of natural enemies [14]
for herbivores in general.

4.2. Effects of Temperature on Bark Beetle Mortality

Total species number and density of total natural enemies were higher at warmer
temperatures, but the abundance of some predators decreased with higher temperatures
at the lower elevations. Among the Diptera, there seems to be a niche separation in that
the Lonchaeidae were more numerous at cooler temperatures, while the Dolichopodidae,
like the coleopteran predators, preferred the warmer temperatures at the lower sites.
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Unlike the predators, parasitoids were found to increase with higher temperatures. In
hypothesis (ii), we postulated bark beetle mortality by natural enemies to increase with
higher temperatures. The density patterns of natural enemies found in our study is also
reflected in the bark beetle mortality. Mortality clearly depended on the type of natural
enemies, with mortality by predators decreasing and that by parasitoids increasing with
higher temperatures (Figure 2).

The decreasing mortality by predators is probably an effect of the functional response
of predators consuming more prey per capita at higher prey densities [73,74]. However,
the different predatory groups responded heterogeneously. Such divergence has also been
reported from coleopteran predators of bark beetles in North American pine forests [75]. In
a similar study in the Greater Yellowstone Ecosystem, the response of the predatory beetle
T. undatulus (Say) remained unclear and differed between years [43].

Elevation gradient studies in general showed, that non-bark-beetle predators can
exhibit quite heterogeneous distributions [76–78]. We suggest this is due to the fact that
predators, in contrast to parasitoids, have very diverse lifestyles and can switch between
numerous prey species. In addition, the contrasting responses of predators to elevation
reported in the literature are significantly influenced by scale. The investigated gradients
have covered extremely different ranges, from 200 m [43] to 4000 m [77], thereby including
different habitats with different types of prey (e.g., subcortical, free-feeding, ground-
dwelling species). In our study, we strived towards selecting sites with comparable tree
species composition and forest structure in each gradient, even if this was not possible in
all cases (cf. Table 1). Thus, we cannot completely exclude that our results on predators are
partly influenced by differences in forest structure.

Parasitoid abundance in general seems to be largely driven by temperature, since
a negative relationship between parasitoid density and elevation seems to be consistent
across studies. In a meta-analysis, parasitoid species richness and parasitism were generally
found to be higher at low elevations with warmer conditions [39]. This was particularly
true for ectoparasitoids, such as most of the bark beetle parasitoids found in our study [44].
Thus, the ongoing climate warming has not or not yet caused a noticeable phenological
disruption of hosts and parasitoids in our case. Instead, the higher temperature at low
elevations promoted parasitism. Moreover, parasitoid activity may be limited at higher
elevations due to stronger winds, more frequent precipitation and mist [79].

Our approach of calculating mortality rates does not reflect accurate bark beetle
mortality but provides valid estimates. In our study, natural enemies caused an estimated
50% mortality to bark beetles (cf. Figure 3). This stresses their importance in down-
regulating bark beetle populations in endemic situations. Predators were found to be much
more important natural enemies of bark beetles than parasitoids. Although they occurred
in lower densities, they consumed several prey per capita and thus caused, on average,
44% bark beetle mortality. The more abundant parasitoids, killing just one host per capita,
eliminated only 9% of the bark beetle broods. As bark beetle mortality by predators was
negatively related to increasing temperature (i.e., less mortality at lower elevations), the
predators’ impact on bark beetles is likely to decrease under a warming climate.

4.3. Effects of Temperature on Host Tree Defense

In agreement with hypothesis (iii), defensive resin flow of the host trees increased
with warmer temperatures at lower elevations. This is in line with previous studies that
reported not only the amount of resin, but also the concentration of resin monoterpenes
in certain Pinus species to be positively linked to lower elevations [41]. The infestation
success of bark beetles in living conifers very much depends on how well the trees can
defend against insect attack attempts. Conifers can do so by exuding resin, which contains
various terpenoids that are, in high concentrations, toxic to bark beetles [12,80]. In pine,
preformed (constitutive) pressurized resin is stored in mostly radial ducts in the phloem and
xylem. This serves as a first defense level before, upon insect or fungal attack, additional
resin is formed [81–83]. We measured the resin flow over 24 h. This resin was probably
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constituted from both constitutive and induced resin, as the neosynthesis of resin can
occur immediately after attack or wounding [12]. Our results thus suggest a better defense
against intruders at higher temperatures, providing sufficient water supply.

In principle, the increased resin exudation of trees at the lower sites could be due either
to reduced resin viscosity at higher temperatures or to a local adaption of the density or
size of resin ducts. Resin duct density is known to respond to environmental factors [84,85].
We found that duct density in the phloem and xylem did not differ between elevations.
Therefore, the higher resin exudation upon mechanical wounding or bark beetle penetration
at lower elevations is probably simply a physical effect of reduced resin viscosity under
higher temperatures [86]. The growth–defense tradeoff theory states that plants growing at
higher elevations with lower temperatures are limited in productivity and therefore direct
more resources into defense [17]. In the case of resin defense of conifers, this phenomenon
may be masked by physical effects of viscosity.

5. Conclusions

Our study provides important empirical data for our understanding of the complex
interactions between trophic levels, which serves as a basis for simulation models of
tree mortality and forest dynamics, a gap that has recently been identified [31,42,87].
We have shown that, under endemic conditions, the density of aggressive bark beetles
decreased with warmer conditions, while parasitism and defensive resin flow of the
host trees increased. From this, it might be concluded that global warming will reduce
future infestation risks. However, recent large-scale outbreaks of bark beetles worldwide—
largely due to drought stress—have demonstrated that the opposite trend is occurring
(e.g., [88–91]). This strongly suggests that the negative effects of increasing temperature
on bark beetles mentioned above are overruled by increased drought stress, resulting in
higher susceptibility of the host trees [92]. Moreover, higher temperatures in the future
are likely to increase yearly number of bark beetle generations (e.g., [25]), reduce their
predator-mediated mortality (this study), and potentially disrupt phenological synchrony
of hosts and parasitoids [14,27,93]. Further, hotter droughts and other disturbances will
compromise host tree resistance [21]. These complex interactions depend on numerous
site- and environment-specific conditions and more field studies on multitrophic systems
are needed to reveal general, overarching patterns.
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