Ann. For. Sci. 63 (2006) 301- 308 301
© INRA, EDP Sciences, 2006
DOI: 10.1051/forest:2006009

Original article

Predator/prey ratios: a measure of bark-beetle population status
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Abstract — This study presents the results of a four-year trapping experiment in stands heavily infested by Ips typographus following the 1999
storms in north-eastern France. Ten bottle-traps were stapled on dead spruces or on broad-leaves in five spruce stands, among which two
comprised pines, a species particularly favourable for the pupation of the predator, Thanasimus formicarius. The phenology of T. formicarius
closely reflected that of its prey in all stands. We show that the proportion of pines within a 500 m radius is the main variable influencing
predator/prey ratios, and that this variable alone outperforms other forest composition indices such as the Shannon diversity index estimated
using all tree categories, or reduced to integrate only three categories (spruce, pine, others). These results are discussed with regard to the
possible role of host trees and host-tree diversity in both insects’ life-cycles and how the T. formicarius/Ips typographus ratios could be used
to describe the status of Ips typographus infestations.
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Résumé — Les ratios prédateur/proies : une mesure des populations de scolytes influencée par la composition du peuplement dans
différents sites francais apres les tempétes de 1999. Cette étude présente les résultats de quatre années de piégeage dans des peuplements
fortement infestés par Ips typographus suite aux tempétes de 1999 dans le nord-est de la France. Dix pieges-bouteilles ont été agrafés sur des
épicéas morts ou des feuillus dans cinq pessieres, dont deux comprenaient des pins, arbres particulierement favorables a la nymphose du
prédateur. La phénologie de T. formicarius a étroitement reflété celle de sa proie dans tous les sites. Nous montrons que la proportion de pins
dans un rayon de 500 m est la principale variable influengant les ratios prédateur/proies, et que cette variable seule surpasse les autres indices
du paysage, tels que I’indice de diversité de Shannon estimé avec toutes les catégories d’arbres, ou réduit seulement a trois catégories (pins,
épicéas, autres). Ces résultats sont discutés en fonction du rdle éventuel des arbres hotes et de leur diversité en ce qui concerne les cycles vitaux
des deux insectes, ainsi que le moyen d’utiliser les ratios T. formicarius/Ips typographus pour décrire les infestations d’Ips typographus.
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1. INTRODUCTION (0.86 to 2-3 adult I. typographus per day [7, 30]) as well as at
the larval stage (44—57 prey larvae during the whole larval life:
[5, 13, 17]). It responds to the pheromone components of dif-
ferent bark-beetle species, including Ips typographus [2, 14,
27]. Tt is known to attack 27 species [9, 16, 27], among which
15 species on spruce, 13 on pine, 10 on fir, 4 on larch and 5 on
various broadleaves [3, 21]. Adults feed on bark-beetle adults
and lay eggs on infested trees. Larvae move to the subcortical
region of the trees, feed on bark-beetle immature stages and

The aim of this study was to determine if, and under which
conditions, it would be possible to use predator/prey ratios to
determine the local population status of a bark-beetle forest
pest.

Ips typographus (L.) (Coleoptera: Scolytidae) is one of the
most harmful bark beetles in Eurasia [12]. Epidemic population
developments are only observed following storms and large-

scale wind-felled spruce damage providing abundant breeding
material. Thanasimus formicarius (L.) (Coleoptera: Cleridae)
exerts a significant impact on the population dynamics of 1.
typographus[17, 18,29, 30] because of its high fecundity (106—
162 eggs/female [5, 30]) and its high voracity at the adult stage
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finally pupate in niches excavated in the outer bark.

In the USA, a similar predator/prey complex exists with the
southern pine beetle (SPB) Dendroctonus frontalis Zimm. (Cole-
optera: Scolytidae) and its predator Thanasimus dubius (F.)
(Coleoptera: Cleridae): adult 7. dubius are in high abundance
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Table I. Location and characteristics of the study sites.

N. Warzée et al.

Site Location Elevation Area Age Species Species Trapping Trapping
(department) (m) (ha) (year) composition % 2001 2002, 2003, 2004
Spruce 5
HA Hanau (Moselle) 260 25 110-130 }C))lar:l(: 4218 yes yes
Beech 16
Pine 80
ST Steinbach (Bas-Rhin) 260 <33 150 Spruce 10 yes yes
Oak 10
Donon Spruce 50
DO “La Chatte Pendue” 900 54 120 Fir 40 no yes
(Bas-Rhin) Beech 10
Spruce 34
Guebwiller Beech 51
GU (Haut-Rhin) 1100 14 140-170 Maple 7 yes yes
Fir 7
2L Deux Lacs (Haut-Rhin) 1100 20 110-130 Spruce 100 yes yes

on the bark surface of attacked trees, can inflict more than 60%
mortality to SPB adults and their densities exhibit yearly oscil-
lations phase-shifted with respect to those of SPB [24, 28]. In
the USA, a predator/prey model based upon the 7. dubius/D.
frontalis ratio was even developed and tested in selected states
in 1986—-1987 to forecast SPB population trends [4], and was
proven effective enough to be used as a decision-support utility
by the US Forest Service [1].

However, this predator/prey relationship seems more com-
plex in Europe than in North America. The stands where Ips
typographus outbreaks occur differ from the often pure Pinus
taeda or P. echinata stands in southern US by different degrees
of tree mixtures, providing alternative prey but also variably
suitable pupation sites to the predators, with pines offering
more favourable pupation sites in their thick outer bark than
spruces which have a thinner bark (Grégoire et al., submitted).

This study follows the heavy storms of December 1999 in
France, which struck about 140 millions m3 of timber at the
national scale (Inventaire Forestier National: http://www.ifn.fr/
pages/fr/tempetes/index.html) and triggered bark-beetle
outbursts in all affected areas [10]. We tested the possibility of
using comparative T. formicarius/Ips typographus catches as
indicators of Ips typographus infestation trends but, whilst in
USA only two variables are sufficient to predict Dendroctonus
infestation dynamics (the mean numbers of SPB/trap/day and
the relative abundance of SPB in relation to predators [1]), it
was expected that, in the more complex French stands, a similar
model would also need to account for tree species diversity.
Populations of Ips typographus and T. formicarius were fol-
lowed using pheromone/kairomone trapping during four years
in five sites, in relation to landscape biodiversity and within dif-
ferent spatial scales (within the stand proper, within a 500 m
radius, within a 1000 m radius). Tree species diversity was cha-
racterized in each site using one of the most popular diversity
indices, the Shannon diversity index (SHDI) [25, 26] which
emphasizes the richness component of diversity [19]. As this
index is a global measure of landscape composition and does
not make any distinction between tree species, we also tested
if the proportion of pines alone may be sufficient to characterize

each site and explain the difference among the predator/prey
ratios.

2. MATERIALS AND METHODS

2.1. Field experiment

The trapping experiment was set-up in four sites in 2001 and five
sites in 2002, 2003 and 2004 (Tab. I), during the following periods:
7 June to 17 September 2001, 16 May to 13 September 2002, 16 April
to 8 October 2003 and 29 April to 15 September 2004.

During the four years, ten 30 x 15 cm “bottle-traps” [11] were sta-
pled on broad-leaves or dead coniferous trees in each site. Living
spruces or pines were not used to support traps in order to prevent
inducing new attacks. The traps were baited with a commercial lure
for Ips typographus, Pheroprax® (Cyanamid Agro, Gembloux, Bel-
gium), racemic ipsdienol and exo-brevicomin (respectively, 40 mg in
bubblecaps and 250 uL in Eppendorf vials: Pherotech Inc., Vancouver,
Canada). The collecting bottle of each trap was half-filled with car
antifreeze (ethylene-glycol) as a preservant. The traps were distant
from each other by 15-20 m along a winding course in the stand. They
were inspected seven or eight times each year. These inspections were
synchronised between sites but also between years to compare bark-
beetle and predator abundances from year to year (GLM analysis in
SPSS 11.5).

2.2. Data analysis

In each site, maps of the stands where the traps were set-up and of
the neighbouring stands within a 1 km radius were provided by the
French Forest Health Department and compared with DEFORPA data
(stand information dating from 1989-1990; L.-M. Nageleisen, pers.
comm.). The map of each stand was then imported in ArcView GIS
3.2 and tree composition was assigned for each stand. To update the
stand composition and density data after the December 1999 storms,
aerial photographs taken some days after the storms (infrared colours;
1:17 000) were analysed with a binocular lens (Leica MZ6, enlarge-
ment 6 to 40). Within each site, the proportion of each tree species was
calculated around the group of 10 bottle-traps within a 500 m and a
1000 m radius, using ArcView GIS 3.2 (Spatial Analyst). Then, to
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Table II. Categories of tree proportions used for the calculation of the Shannon diversity index.

Categories (species or groups of species)

Pinus L. spp.

Picea A. Dietr. spp.
Abies Mill. spp.
Larix Mill. spp.
Pseudotsuga menziesii Carr.
Fagus L. spp.
Quercus L. spp.
Fraxinus L. spp.
Betula L. spp.

Acer L. spp.

Alnus Gaertn. spp.
Sorbus L. spp.

Tilia L. spp.

Lol T B B T o T B - B B

Empty space
Coniferous trees
Broad-leaved trees
Other species X
Number of categories 15

Fo T B B

N M
9]

B >
(oS

characterize tree species diversity in each site, the Shannon diversity
index (SHDI) [25, 26] was calculated as follows:

N
SHDI = — z p;In(p,)

i=1

in which N is the number of land cover types (tree species) and p; the
proportional abundance of the ith type (relative areas covered by each
species). As the number of tree species increases, this index produces
values ranging from 0 (when the landscape is composed by only one
tree species) to infinity [15]. The calculation of this index was made
at different scales (stand level and radii of 500 m and 1000 m around
the traps) and for different numbers of tree categories (Tab. II), starting
with all the tree species listed in the sites, down to the 3 main categories
relevant for 7. formicarius (pines, spruces and other species). The
grouping of tree species into a same tree category was made according
to the potential prey available for 7. formicarius on those trees: for
example, Pseudotsuga menziesii Carr., Sorbus L. spp. and Tilia L.
spp., in which no prey of T. formicarius is known, were grouped into
the category “other species”.

Bivariate correlations and regression analyses were performed
(SPSS 11.5) between both catches of T. formicarius, of I. typographus
and predator/prey ratios, and both the Shannon diversity (SHDI) index
and the proportion of pines (PROP_PIN) around the 10 bottle-traps
of each site.

The comparison of predator/prey ratios between sites and years was
carried out using a two-way analysis of variance of the angular trans-
form of the predator/prey ratio, with the site, year, and their interaction
entered as fixed factors.

3. RESULTS

3.1. Trapping data

The total catches of Ips typographus decreased from 2001
to 2004 (GLM analysis; F'.1g0 = 48.081, P < 0.0005) and all
sites were not similar in this respect (GLM analysis; site x year
effect; Fy.130 = 6.042, P < 0.0005) (Fig. 1): the difference
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Figure 1. Changes in total catches of Ips typographus and Thanasi-

mus formicarius from 2001 to 2004 in four of the study sites (from
10 June to 15 September).
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Table III. Trap catches during time intervals (16/04-16/05, 16/05-10/06, ...) common for the four-year trapping experiment.

1. typographus

T. formicarius

16/04 16/05 10/06  13/09 08/10  Total 16/04  16/05  10/06  13/09 08/10  Total
2001 - - 54572 - 54572 - - 135 - 135
2002 - 8795 32583 - 41378 - 100 171 - 271
HA
2003 13505 10239 5087 108 28939 34 42 26 0 102
2004 1753 11954 11281 - 24988 17 59 141 - 217
2001 - - 70177 - 70177 - - 159 - 159
2002 - 13137 23086 - 36223 - 125 201 - 326
ST
2003 18215 11851 4848 8 34922 42 53 27 0 122
2004 3983 4847 10718 - 19548 23 86 233 - 342
2001 - - - - - - - - - -
2002 - 7384 96118 - 103502 - 12 119 - 131
DO
2003 43994 8771 41248 1500 95513 5 5 47 3 60
2004 9665 4141 112086 - 125892 0 2 105 - 107
2001 - - 113776 - 113776 - - 17 - 17
2002 - 89370 98618 - 187988 - 11 79 - 90
GU
2003 27129 20477 49018 468 97092 17 21 99 1 138
2004 9 10019 38723 - 48751 0 49 113 - 162
2001 - - 83481 - 83481 - - 41 - 41
2002 - 11905 44262 - 56167 - 15 88 - 103
2L
2003 6373 12777 41026 367 60543 12 15 46 1 74
2004 441 22279 32749 - 55469 1 12 70 - 83

among years was the strongest in Hanau (P = 0.001) and Stein-
bach (P < 0.0005). The T. formicarius catches increased from
2001 to 2002, then decreased in 2003 and increased again in
2004 (Fig. 1). Among the total T. formicarius catches, a year
effect was observed (GLM analysis; F1.130=9.605, P =0.002),
as well as a site effect (GLM analysis; Fy.180 = 11.515,
P < 0.0005). The catches in the two sites comprising pines were
significantly higher than in the three other sites (without pines)
(P < 0.05). The interaction between years and sites was also
significant (GLM analysis; Fy,189 = 5.436, P < 0.0005), cor-
responding to a year effect different among each site. The detailed
catches are described in Table III.

The predator/prey ratios (Tab. IV) were clearly higherin HA
and ST (the two sites with pines) than in GU and 2L, and all
ratios tend to increase with years (two-way ANOVA using arc-
sine-transformed ratios of individual traps; there was no signi-
ficant interaction of site and years).

Table IV. Thanasimus formicarius/Ips typographus ratios (10 June—
15 September) during the four years in the five study sites (signifi-
cant differences in predator/prey ratio have different letters (o=
0.05)).

Site Thanasimus formicarius/Ips typographus ratios
2001 2002 2003 2004
Average  1/2393A  1/573B 1/528B 1/400€
HA 172184 1/404 1/191 1/196 1/80
ST 1/196B 1/441 1/115 1/180 1/46
DO 1/918€ - 1/808 1/878 1/1067
GU 1/2195€ 1/6693 1/1248 1/495 1/343
2L 1/975€ 1/2036 1/503 1/892 1/468
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Table V. Correlation between (a) Shannon diversity index (SHDI) and predator/prey ratio; (b) arcsine-transformed proportion of pines
(PROP_PIN) and predator/prey ratio.

Landscape Radius Year Number of categories N r (Pearson) P
characterization
SHDI STAND 2001 15 4 0.327 0.673
8 4 0.348 0.652
6 4 0.348 0.652
5 4 0.423 0.577
4 4 0.367 0.633
3 4 0.549 0.451
2002 3 5 0.314 0.607
2003 3 5 0.375 0.533
2004 3 5 0.359 0.553
500 m 2001 15 4 0.788 0.212
8 4 0.845 0.155
6 4 0.843 0.157
5 4 0.863 0.137
4 4 0.713 0.287
3 4 0.919 0.081
2002 3 5 0.969 0.006
2003 3 5 0.962 0.009
2004 3 5 0.972 0.006
1000 m 2001 15 4 0.691 0.309
8 4 0.767 0.233
6 4 0.766 0.234
5 4 0.866 0.134
4 4 0.477 0.523
3 4 0.712 0.288
2002 3 5 0.868 0.057
2003 3 5 0.836 0.078
2004 3 5 0.936 0.019
PROP_PIN STAND 2001 1 4 0.859 0.141
2002 1 5 0.974 0.005
2003 1 5 0.885 0.046
2004 1 5 0.990 0.001
500 m 2001 1 4 0.973 0.027
2002 1 5 0.985 0.002
2003 1 5 0.966 0.007
2004 1 5 0.932 0.021
1000 m 2001 1 4 0.964 0.036
2002 1 5 0.975 0.005
2003 1 5 0.974 0.005
2004 1 5 0.936 0.019
3.2. Diversity indices (Tab. V). Each year taken separately gave best correlation indices

with SHDI as well as with PROP_PIN, within a 500 m radius.

The bivariate correlations between the predator/prey ratios ~ The bivariate correlations are significant for 2002, 2003 and

in 2001 and the Shannon diversity index (SHDI) were the best 2004 (P < 0.01) with SHDI and significant with PROP_PIN
within a 500 m radius and calculated with only 3 tree categories (P < 0.05), despite the weak number of points on the graph
(pines, spruces and others) (N = 4; r = 0.919; P = 0.081) (5 points). Taken separately, the two insect species were
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Table VI. Correlation between (a) Shannon diversity index (SHDI) and catches of T. formicarius and of I. typographus; (b) arcsine-transfor-
med proportion of pines (PROP_PIN) and catches of 7. formicarius and of I. typographus; in a 500 m radius.

Landscape Species Year Number of categories N r (Pearson) P
characterization
SHDI T. formicarius 2001 3 4 0.972 0.028
2002 3 5 0.944 0.016
2003 3 5 0.536 0.352
2004 3 5 0.941 0.017
L. typographus 2001 3 4 -0.704 0.296
2002 3 5 —-0.604 0.280
2003 3 5 -0.857 0.064
2004 3 5 -0.810 0.096
PROP_PIN T. formicarius 2001 1 4 0.940 0.060
2002 1 5 0.974 0.005
2003 1 5 0.462 0.434
2004 1 5 0.887 0.045
1. typographus 2001 1 4 -0.798 0.202
2002 1 5 —-0.783 0.118
2003 1 5 -0.911 0.032
2004 1 5 —0.866 0.057

Table VII. Results of the linear regressions between (a) predator/prey ratio and Shannon diversity indices (SHDI), (b) predator/prey ratio and

arcsine-transformed proportion of pines (PROP_PIN).

Landscape characterization Year N R2 P Equation

PROP_PIN 2001 4 0.945 0.028 y =0.0013x + 0.0003
2002 5 0.971 0.002 y =0.0045x + 0.0011
2003 5 0.934 0.007 y =0.0016x + 0.0011
2004 5 0.868 0.021 y =0.0079x + 0.0017

SHDI 2001 4 0.842 0.082 y =0.0108x — 0.0069
2002 5 0.940 0.006 y =0.0343x - 0.0215
2003 5 0.928 0.009 y =0.0125x - 0.0072
2004 5 0.945 0.006 y =0.0638x — 0.0408

correlated with the two landscape characterization indices
(SHDI and PROP_PIN) (Tab. VI): the catches of T. formica-
rius were positively correlated with SHDI (P < 0.05) with the
exception of 2003 (P = 0.352), and with PROP_PIN (P < 0.05)
with the exception of 2001 and 2003 (P = 0.060 and 0.434),
while the catches of I. typographus were negatively correlated
only with PROP_PIN (P = 0.032) in 2003.

Linear regressions calculated between the predator/prey ratios

and both SHDI and PROP_PIN were different each year (Tab. VII).

4. DISCUSSION

4.1. Trapping data

One year after the heavy storms of December 1999, we
expected to trap high numbers of Ips typographus, because

north-eastern France was (with south-western France) one of
the most heavily struck regions (Inventaire Forestier National:
http://www.ifn.fr/pages/fr/tempetes /index.html). From June to
September 2001, each group of ten traps set-up in each site cau-
ght more than 50 000 Ips typographus (average per trap:
5457 £2 122). After this successful trapping period, we expected
increasingly lower catches during the following years because
of restored tree resistance and naturally-occuring biocontrol by
Thanasimus formicarius. Accordingly, the Ips typographus
catches decreased every years but 7. formicarius catches were
higher in 2002, decreased in 2003 and increased again in 2004
(Fig. 1). The sudden decrease in T. formicarius catches in 2003
might perhaps be explained by the heat wave that struck France
in July that year (Météo France : http://www.meteofrance.com/
FR/actus/dossier/archives/bilan2003/dos.htm), and which might
have provided sub-optimal conditions for flight during that
period.
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4.2. Predator/prey ratios and diversity indices

The T. formicarius/I. typographus ratios were significantly
correlated with the Shannon diversity indices (SHDI) calcula-
ted within a 500 m radius and with only 3 tree categories
(Tab. V), namely pines (favourable for the predator’s repro-
duction), spruces (host-tree of the prey) and all other tree spe-
cies (Tab. VI). However, the bivariate correlations between the
predator/prey ratios and the proportions of pines within a 500 m
radius around the traps were similar to those with SHDIs. As
spruce was always present in all the stands sampled (a condition
for including these stands in the experiments), spruce is a cons-
tant which does not enter into the correlations, which explains
why it was principally the presence of pines that influenced the
predator/prey ratios. This observation is supported by the higher
T. formicarius catches and predator/prey ratios in the sites com-
prising pines (Hanau and Steinbach) as compared to those
without pines (Guebwiller, Deux Lacs and Donon) (Tab. IV).
These results corroborate those obtained in grid trapping expe-
riments in Belgium (Warzée et al., submitted) which showed
that 7. formicarius catches are correlated with the proportions
of pines around the traps, suggesting that pines would provide
acomplementary habitat [6] to the predators and act as “source”
in a “source-sink” metapopulation dynamics [22, 23].

The possibility exists that the lower numbers of Ips typogra-
phus caught in the stands with high proportions of pine are due to
lower host resources (spruce) concentration. In this case, the scar-
city of bark beetles would have been driven by host availability
and not by predation. However, unattacked spruces still remain
in both stands and, in one site at least (Steinbach), large pure
spruce stands of susceptible age (> 50 years) are immediately
available within 100 m and could have served as supplementary
resources. It is remarkable that these latter stands remained
almost untouched throughout the whole study period, sugges-
ting that the bark-beetle population in the infestation spot never
grew large enough to threaten them.

The possible use of the T. formicarius/I. typographus ratios
to predict Ips typographus population status, as done in the
USA with the T. dubius/D. frontalis ratios [4] seems thus to
depend, in France, on another variable, the proportion of pines
within a 500 m radius.

We must remark that, because this study incorporates 7. for-
micarius catches, it takes more into account the population
dynamics of Ips typographus than did earlier approaches com-
paring only bark-beetle catches and tree mortality due to beetle
attacks ([7]; Weslien et al. 1989, Lindeléw and Schroeder 2000
in [20]) or using sales of infested timber to assess the Ips typo-
graphus populations [8]. These earlier studies give instanta-
neous measures of risk-damages but no indications about the
trends of the infestation.
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