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Abstract Four full-sib families of Norway spruceKey words Adelges abietisPicea abies Feeding

(Picea abie} of which two were resistant to a gallingnode - Environmental change - Phenolics

aphid Adelges abietjsand two were susceptible, were

exposed to drought stress for 2 years. The primary aim

was to test the hypothesis that the various life stagednttoduction

the aphid differ in their response to environmentally in-

duced changes in the host plant. The drought treatm&hére is a concern that greenhouse warming and global
had a significant negative effect on tree growth. This wagllution will increase the stress (e.g. drought) experi-
reflected in gall size which responded in a similar way émced by plants (Ayres 1993; Vitousek 1994; Lawton
the drought stress, thus supporting the plant vigour Hy895). Supported by observations, populations of herbiv-
pothesis. Drought affected the survival of aphid stemrous insects have been suggested to reach higher densi-
mothers negatively in susceptible trees but positively ties on stressed plants (White 1974; Mattson and Haack
resistant trees. This result was matched by the respah®®&7; Koricheva et al. 1998). The mechanisms responsi-
of an individual phenolic compound which, contrary tble for increased insect densities on stressed plants are
the total phenolic concentration, tended to increaseniot fully understood and may differ depending on the
susceptible trees exposed to drought and decrease in gipe of insect (Mattson and Haack 1987; Larsson 1989;
ilarly exposed resistant trees. Thus it is possible that tiaring and Cobb 1992; Larsson and Bjorkman 1993).
single, as yet unidentified, phenolic compound could Bme of the more frequently observed trends is the better
used as a marker of resistance. The performance of p@rformance of insects on stressed host plants, probably
viving stem-mothers, evaluated by measuring the dianbecause these are of higher nutritional quality and/or have
ter of the wax cover they produced (a correlate of fecuawer resistance (Rhoades 1979; Braun and Fliickiger
dity), was not significantly affected by drought, but984; Kidd 1990). Sucking insects, such as aphids, typi-
aphids on susceptible trees produced more wax tltafly respond positively to stress-induced changes in the
those on resistant trees. The change in gall density dvest plant, whereas gallers typically respond negatively
time (analysed separately for each treatment and phefh@rsson 1989; Larsson and Bjorkman 1993; Koricheva
type) correlated best with patterns of stem-mother set-al. 1998). How then might insects that are both suck-
vival. This indicates that stem-mother survival, which &rs and gallers, such as adelgid aphids, respond? This
closely linked to host plant quality and resistance, mayll most likely depend on which life stage is most sen-
play a significant role in the population dynamics of thistive to the environmental change(s) in question. Two
aphid. However, drought-stress-induced changes in hals¢rnative, but complementary, mechanisms for explain-
plant quality affected survival, and hence gall densiing increased insect densities on stressed plants are less
less than the genetically determined level of resistane#ficient control by natural enemies (Hanski 1990) and
The results also support the hypothesis that an insdicect positive effects of the abiotic environment (Martinat
may respond differently to environmentally induceti987).

changes in the host plant at different stages in its devel-To test hypotheses for explaining how environmental

opment. change affects the risk for increased and more variable
insect densities, | chose to work with a system in which
C. Bjorkman (]) there are no known parasitoids and in which predation, at
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e-mail: christer.bjorkman@entom.slu.se making aphidAdelges abietis(Homoptera: Adelgidae)
Tel.: +46-18-671532, Fax: +46-18-672890 on Norway spruce Ricea abiey (Schwenke 1972;



224

Bjorkman 1998). Since the impact of natural enemi

should be relatively low in this system, aphid respons N
should mainly reflect the interaction between plant al 13 14 0
insect. Another reason for choosing this insect specie: (Drought)

that, like other adelgids, it is both a sucker and a gall
One can thereby determine which stage is most sensi
to stress-induced changes in the host plant at both the 11 12
dividual an'd pt_)pulation (density) level. ' (Control)
The main aim of this study was to determine wheth
or not the response of this adelgid to drought stress or
host plant is different in the sucking and galling phas 9 10
(Bjorkman 1998). The predictions to be tested were | (Drought)
that drought should enhance gall initiation (i.e. ster
mother survival) because the associated stress shoulc
crease host resistance, (2) that the performance of : 7 8
viving stem-mothers should be higher on drougt
stressed trees because such trees are of higher nutriti (Control) |(Control)
value and (3) that gall size should be negatively affeci

by drought stress since it largely reflects tree grow 5 6

Here, the main objective was to estimate the overall |

effect of these separate responses on gall density. (Drought)

Material and methods 3 4
(Control)

Study organisms

The aphidAdelges abietigL.) (Homoptera: Adelgidae) induces 1 2

characteristic, pineapple-shaped galls (deformed buds) on Non

spruce,Picea abiegL.) Karst. The entire life cycle is completed (Drought)

on Norway spruce, and most individuals stay on the tree on wh
they are born (Ewert 1967; Carter 1971). For a detailed desc
tion of the insect’s biology see Schwenke (1972) and Bjorkm i i

(1998). The life cycle can be summarized as follows. Galls open < Direction of SlOpe
in the autumn, whereupon gallicolae (i.e. the winged stage) cr.
out of the chambers. Each gall comprises 2-30 chambers,
each chamber contains around ten gallicolae. Most gallicolae

on the tree, where they lay eggs on the needles. The eggs hat
autumn, and the nymphal stem-mothers crawl out to a bud i
which they insert their stylet and start to feed. The stem-mothers
overwinter with their stylets inserted in the bud. If the attack is )
successful, the bud develops into a gall. The stem-mothers Gay, 10, 12 and 14), because of a weak natural slope in the land-
eggs beneath the wax cover that they produce, while the bugdape. The soil was sandy and fertile. The 14 plots were adjacent
swelling. Nymphal gallicolae hatching from these eggs crawl in@ each other, and the whole plantation was surrounded by a 3-m-
the gall chambers where their feeding enhances gall developm@de zone without any (or only sparse) vegetation. Trees were

(Rohfritsch and Anthony 1992). planted 1 m apart. _ o
A clear difference in gall density (see method for estimating
density below) among the five full-sib families was observed in
Study site 1993 and in previous years. Two of the families had low gall den-
sities, two had high densities, and the fifth had intermediate densi-
The study was performed in a spruce plantation establishedieg. To simplify the study, | decided to include only the two fami-
Pustnas (59°50’ N, 17°40" E) southeast of Uppsala in 1987. Thes with the lowest gall densities (most resistant) and the two with
plantation consisted of five full-sib families of Norway spruce athe highest densities (most susceptible). Gall densities on these
ranged in a randomized complete block design with 14 blodkar families in 1993 are presented in Fig. 2.
(Fig. 1). Each full-sib family was represented by five plants in sin-
gle-tree plots. The full-sib families originated from a phytotron
study in which responses to various temperature treatments Rygference of gallicolae
plied during the first growth period were studied in the second and
third growth periods (Kang et al. 1994). Families of different orfo determine whether differences in gall density among spruce
gin had been selected to ensure wide variation in phenology &milies could be due to differences in gallicolae preferences, |
growth traits (Kang et al. 1994). Parents originated from northgrarformed a preference experiment in August 1993. One shoot
Sweden for the F1 crossing, central Sweden for the F2 crossinghout galls from each of the four families was cut and placed
northern Sweden and Belgium for the F3 crossing, and Belgiamound the edge of a water-filled bucket (diameter 12 cm) with
and Germany for the F4 crossing. The 14 blocks were arrangeeéduoal distances between shoots. In the middle, | placed a shoot
two rows. The two rows were oriented from south to north. Platsth a gall from which gallicolae had started to emerge. The buck-
in the left row, with odd numbers (1, 3, 5, 7, 9, 11 and 13), wezts (=20) were placed on 1.5-m-high poles, 5 m from the edge of
situated lower than plots in the right row, with even numbers (2,the plantation. Gallicolae were counted on the experimental shoots

1 Arrangement of plots with Norway sprucPi¢ea abiep

d in the drought stress experiment. Each plot contained five
of each of five different full-sib families, planted randomly 1
art
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1995 in thin radial-stem sections. Two measurements per section
per tree per year were taken at right angles to each other, and their
means were used in the data analyses.

Gall diameter

The diameter of galls was measured with the aid of a digital slide
calliper. Fifteen galls per tree were measured at various positions
in the tree canopy. If there were fewer than 15 available on a tree,
as many as possible were measured. If galls were irregular in
shape, the mean of two measurements (the widest and narrowest)
was used. The galls were measured once the gallicolae had
emerged from them, i.e. after the gall had stopped growing.
To determine whether gall diameter is correlated to fitness, 32
F4 galls, representing a wide range of gall diameters, were selected
s famil for study before they had started to open. Each gall was enclosed
pruce family in a small sleeve cage made of mist-net. After the gallicolae had
emerged, the cages were brought to the laboratory where gall di-

Fig. 2 Density of galls induced by the aphdielges abieti®n ameters were measured and gallicolae counted.
four full-sib families of Norway spruceP( abie3. Gall densities

are expressed as the proportion of available shoots with galls on

the five uppermost whorls of each tree sampleell6 trees per Stem-mother performance: wax cover diameter

family). The F1 and F2 did not differ significantl{?X0.05, Tu-

key's test), nor did F3 and F4. F1 and F2 were therefore desigmafe diameter of the wax cover produced by stem-mothers was

ed “resistant” and F3 and F4 as “susceptible” based on the obvigisured with the aid of a digital slide calliper. Fifteen stem-

difference in gall density. The data are from 1993, the year bef@gigther wax covers were measured per tree, unless fewer were

half of the trees were exposed to drought stress for 2 years  available in which case as many as possible were measured. If
waxes were irregular in shape, the mean of two measurements (the
widest and narrowest) was used.

daily for a week. For each replicate (bucket), the results from the To avoid killing the few living stem-mothers on resistant trees,

day on which the total number of gallicolae on the four expe#-separate study was performed to determine the extent to which

mental shoots was highest were used in the statistical analysiswalk cover diameter was correlated to stem-mother size and hence

replicates were pooled and analysed wij#-test. to fecundity. After measuring the diameter of the wax cover of 20
randomly selected stem-mothers from trees in the control plots in
the experimental plantation, the buds with the stem-mothers were

Drought treatment cut off and transferred to vials with 70% alcohol. The collection
was made when the diameter of the wax cover appeared to have

The drought treatment, performed in 1994 and 1995, was applieddyched its maximum size. In the laboratory, the length of the hind

putting transparent corrugated plastic sheetd (&) between rows tibia was measured under a stereo-microscope (magnification

of trees just above ground level. The sheets were slightly wider tha@0), having first removed the stem-mothers from the buds with a

the distance between trees in a rdw be able to remove and re-camel’s hair brush.

place the plastic sheets without damaging the tree trunks, they were

shaped to form shallow Us by tying strings (90 cm) and connecting

the edges after first drilling holes through which the strings could $&m-mother survival

inserted. These shallow Us (gondolas) could easily be moved back

and forth between the upper and lower row of blocks by pulli®em-mother survival was estimated by counting numbers of liv-

long ropes attached to the ends of the sheets. ing and dead stem-mothers around the time when the first galls

The sheets were made movable in order to minimise the ngkre starting to form in early summer. The living proportion of

that effects caused by factors other than drought, such as increat®a-mothers was used as the measure of survival. This procedure

soil temperature or decreased soil evaporation, would confoundy have overestimated survival somewhat because some of the

the results. Such effects might have been responsible for unexpgesd stem-mothers may have had disappeared by that time. How-

ed results obtained in earlier drought experiments (cf. Larsson awnér, predation was low (Bjorkman 1998), and dead stem-mothers

Bjorkman 1993). The plastic sheets were placed over the drougine difficult to remove from the buds (shoots) once they have in-

stressed plots when it rained and were removed as soon as pesesied their stylets into the plant, suggesting that this estimate

ble after the rain had stopped. The plastic sheets intercepted abbatild be fairly accurate. Furthermore, the relative difference be-

80% of the throughfall. This resulted in severe drought stress fimeen treatments and phenotypes in this case was considered to

the trees in the centre of the plots. Because of the treatment segére as good a picture of the effects as the absolute values.

ty, | decided not to include measurements of water potential in the

analysis of treatment effects. )

Four of the plots in the plantation (2, 6, 10 and 14) were all@all density

cated to the drought treatment. These four blocks were chosen be- . o . .

cause they were not adjacent to each other and were situated ifl ftgedensity ofA. abietisgalls was estimated by counting the num-

upper row of plots. Thus, water removed from these plots couldss of galls on two trees of each full-sib family that were closest to

automatically drained to the four corresponding plots in the lowi€e centre of each plot. These trees were used in all of the studies.

row (i.e. plots 1, 5, 9 and 13). Four plots were chosen as contrdiéis, the maximum number of trees studied was 64. Only these two

(4,7, 8 and 12). See Fig. 1. trees per plot and hybrid were used so that the trees most representa-
tive of the treatment could be included (drought and control); trees
close to the edge of a plot were probably not as representative. Be-

Tree growth causeA. abietisseemed to occur on the upper whorls of the spruce
trees, the counts were limited to the five uppermost whorls each

Trees were cut down in January 1996. Their growth was estimagedr. This made it possible to minimize the effects of shading. The

by measuring annual ring widths for the years 1993, 1994 amgmber of galls was divided by the number of preferred galling

X (+SE) Gall density
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sites, i.e. the number of shoots with a diameter >1 mm. This m () 600
surement of gall density, i.e. proportion of galled shoots, was &
sine transformed before performing statistical analyses.

< 500 -
Chemical analyses O E a0l
. o £
Buds and parts of shoots were analysed in January 1996 after T =
trees had been cut down and the samples flash frozen in liquid ni S © 300F
gen. These samples did not contain Angbietisor other insects. T QO
Phenolics were analysed by high-performance liquid chror E %
tography (HPLC) after first weighing the buds. The chemical co w5 200F
stituents were extracted in 80% ethanol for 1 min and then filtel D c
through cotton. The rest was extracted in 95% ethanol which v I; 100 F

also filtered through cotton. The two extracts were combined &
the ethanol was evaporated at 30°C. The precipitate was disso
in methanol and then analysed by HPLC as described in Lindb 0
et al. (1992). Concentrations were estimated by peak integrati
i.e. the area under all peaks or a certain peak was divided by

fresh weight of the sample. (b) 16~
Resistance in Norway spruce Ao abietishas been suggested
to be coupled to a single phenolic compound (Tjia and Houst o 14}
1975). To obtain evidence supporting this notion, all major (i. S
with a concentration of >10% in resistant trees) phenolics we §, 12+
studied further to identify those that responded in opposite dir 5
tions (with respect to concentration) to drought stress in resist ot 10F
and susceptible trees. =
Total nitrogen concentrations were determined, on a dry wei © 8t
basis, with an NA 1500 Elemental Analyser (Rodano, Italy). i}
g |
Statistics ey 4+
m
In all analyses, a single measurement per tree or the mean of (;,I-)_L 21
eral measurements per tree were used as the experimental un ™
avoid pseudoreplication. This is particularly important in thi 0 L L L
system because all (or many) aphids on a tree (or part of a t 1993 1994 1995
may be the descendants of the same ancestor. Year

For traits measured fc_)r severa_l years on the same trees, ¢
peated-measures analysis of variance (in the SAS GLM progg; 3 Year-ring growth of two phenotypes of Norway spruce
dure) was adopted. For traits measured only once, i.e. chemjcdls " o susceptibleifcles or resistanttfiangles to the gall-
traits which were only measured using 1995 data, an analysig4 ing aphidAdelges abietisexposed to drought stresspén
variance (in the SAS GLM procedure) was used. The same Wg&hoi3 and untreated controlélied symbol} (a) and the diame-
true for the analysis of gall density prior to treatment (Fig. 2) Jd, of galls induced by. abietison these treesbj. The drought

which a pairwise comparison was tested with Tukey’s test. Datgatment started in April 199416 trees per point)
the form of proportions were arcsine transformed before statisticala

analysis.

| used phenotype (susceptible vs resistant) instead of the four .
families in the analyses because for some of the traits too mgﬁ%ﬂl number of gallicolae was 21 on F1, 35 on F2, 36 on

values were missing to reach sample sizes large enough for prép@and 26 on F4.
statistical analysis. The use of phenotypes is justified (1) because
of the similarity in gall density (a strong indicator of resistance)

prior to treatment between families within each phenotype and %é\; i
because in the cases where families could be used, there were sistance of spruce families

er any significant®>0.05) difference found between families with- ) - ) ) )
in phenotypes. Thus, phenotypes are used in all analyses forTthe four spruce full-sib families used in this study dif-

sake of clarity, even though families could have been used in somged significantly in gall density (Fig. F,28.45,

Missing values were also the reason for not dividing the wh o : . e
experimental plot into blocks. This probably made it more difficu <0.001). Families F1 and F2 did not differ significantly

to achieve significant differences between treatments, phenoty@30.05, Tukey’s test) and were designated “resistant”
and years. Thus, differences were, if anything, underestimated. because of their low gall densities. Likewise, families F3

and F4 did not differ significantlyP&0.05), but had
much higher gall densities than F1 and F2 and were
therefore designated “susceptible”. Because there was no
preference for any particular spruce family (see above)
and the dispersal rate of aphids among trees is normally
low (Ewert 1967; Carter 1971), this categorizing of fam-

There was no difference between numbers of gallicold&S S€ems justified (cf. Eidmann and Eriksson 1978).

recorded on shoots of the four spruce families arranged
around arA. abietisgall (x2=2.7,P>0.4,df=3); the grand

Results

Preference of gallicolae
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Table 1 Effects of phenotype (resistant vs susceptible), treatme 100
(drought vs control) and time (year), and their interactions on ¢
nual radial growth increments of Norway spruce trees as revee 7]
by a repeated-measures analysis of variance between and w Q£ 80 F
subjects. Note the significant interaction between time and tre 8
ment, indicating that the two treatments differed in their respor =
over time (see Fig. 3a) % 60 |
Y

Source df MSaor F P 8

Wilks'’ o 40r

lambda c

=1
Between subjects Zz 20F
Phenotype 1.54 317.040 52.64 <0.001
Treatment 1.54 48.986 8.13 <0.001 0 L
Phenotypatreatment  1.54 4.762 0.79 0.38 0 5 10 15 20
Within subjects Gall diameter (mm)
Time 2.53 0.039  656.9 <0.001 Fjg. 4 Relationship between gall diameter and number of gallico-
Timexphenotype 2.53 0892 320 <0.05 |3e emerging from individual galls induced by the aphidibietis
Timextreatment 2.53 08p9 585 <0.01  op Norway spruceR abie3. r=0.819,P<0.001,n=32
Timexphenotyp& 2.53 0.959 1.13 0.33
treatment

Table 3 Effects of phenotype (resistant vs susceptible), treatment
(drought vs control), time (year) and their interactions on the di-

) ] ameter of the wax cover produced by stem-mothers of the gall-
Table 2 Effects of phenotype (resistant vs susceptible), treatmenéking aphidA. abietison Norway spruce trees as revealed by a
(drought vs control) and time (year), and their interactions on tigpeated-measures analysis of variance between and within sub-
diameter of galls induced by the aplidelges abietion Norway jects

spruce trees as revealed by a repeated-measures analysis of-var

ance between and within subjects. Note the similarity of these Saurce df MSaor F P
sults to that of year ring growth (Table 1) Wilks’
lambd&
Source df MSaor F P
Wilks’ Between subjects
lambd2 Phenotype 154 4622 6737  <0.001
Between subiects Treatment 1.54 0.2064 2.98 0.09
| Phenotypstreatment  1.54 0.008 012 0.73
Phenotype 1.54 2181 54.32 <0.001
Treatment 1.54 38.84 9.68 <0.01 Within subjects
Phenotypstreatment  1.54 0.038 0.01 0.91 Time 253 0.859 456 <0.05
s . Timexphenotype 2.53 0.985 0.41 0.66
Within subjects Timextreatment 253 0.946 158 0.21
Time 2.53 0.317 60.25 <0.001 Timexphenotype 2.53 0.994 0.18 0.84
Timexphenotype 2.53 0.850 4.95 <0.05 treatment
Timextreatment 2.53 0.8%9 459 <0.05
Timexphenotyp& 2.53 0.996 0.41 0.67
treatment had a significant negative effect on gall diameter (Fig.

3b, Table 2). The galls on susceptible trees were signifi-
cantly larger than those on resistant trees. There was a
Tree growth steady decrease in gall diameter (and tree growth) with
L . time. Trees of the two phenotypes responded differently
Drought had a significant negative effect on annual radier time, as did trees exposed to the two treatments (re-
al growth (Fig. 3a, Table 1). The growth of susceptiblgaled by the significant interactions with time). Gall di-
trees was significantly higher than that of resistant treggneter was positively correlated to the number of emerg-

There was a steady decrease in tree growth with timgy gallicolae (Fig. 4r=0.819,P<0.001,n=32).
Trees of the two phenotypes responded differently over

time, as did trees exposed to the two treatments (re-
vealed by the significant timphenotype and timéreat- Stem-mother performance: wax cover diameter
ment interactions).
The diameter of the wax cover produced by stem-moth-
ers was 50% larger on susceptible compared with resis-
Gall diameter tant trees (mean+SE=2.95+0.27 mm vs 1.96+0.24 mm),
indicating that performance was better on susceptible
The diameter of galls followed a pattern similar to thakees (Table 3). Although drought had no significant ef-
for tree growth (compare Fig. 3b and Table 2 with Fiect on wax cover diameter (Table 3), stem-mothers on
3a and Table 1, respectively). This means that droughbught-stressed trees tended to produce wider (12%,
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Table 4 Effects of phenotype (resistant vs susceptible), treatme
(drought vs control), time (year) and their interactions on the s
vival of stem-mothers of the gall-making aplidabietison Nor-

—
QD
~
o
[e)]

1

04

P=0.09) covers than stem-mothers on control trees. W
cover diameter was positively correlated to the size (i

way spruce trees as revealed by a repeated-measures analys 5 = 05
variance between and within subjects. Note the significant inter < S
tion between phenotype and treatment between subjects, and o B 04k
tween time, phenotype and treatment within subjects, indicati E o )
that the drought treatment affected the two phenotypes in oppo £ 8—
directions (see Fig. 5a) Q5 0.3F
(D N—
Source df MSaor F P —~ ©
Wilks’ o< 02
lambda& a5
IX o 01}k
Between subjects
Phenotype 1.48 6.581 314.8 <0.001 0 | |
Treatment 1.48 0.065 0.24 0.63
Phenotypstreatment  1.48 0.135 6.45 <0.05
Within subjects (b) o7
Time 2.47 0.812 5.44 <0.01 0.6k
Timexphenotype 2.47 0.760 741 <0.01 > ’
Timextreatment 2.47 0.937 1.59 0.22 5
Timexphenotype 247  0.830 4.80 <0.05 c 05
treatment 3
T
9 03
m
7]
iL -
1<
0 ; |

. M 0.2
length of the hind tibia) of the stem-mother@.566,
P<0.01,n=20). o1k
Stem-mother survival 1993 1994 1995
Year

The survival of stem-mothers was higher on suscepti'b_le o )
5 Survival (i.e. a measurement of resistance) of stem-mothers

than on resistant trees (Fig. 5a, Table 4). There Was ofthe gall-forming aphidA. abietison drought-stressed suscepti-

simple (unidirectional) effect of drought on SUVViVa_' (Tasle (open circles and resistantopen triangley Norway spruce
ble 4). Instead, the effect of drought on the survival fimilies compared with untreated contraidled circles suscepti-

stem-mothers on susceptible trees was the opposite to Biafilled trianglesresistant) 4) and density of galls induced by
on resistant trees, i.e. drought resulted in decreased suryj f'eﬂi%”“t_hese trreeﬁ%tThe drought treatment started in April
al on susceptible trees compared with controls in 1995, at- (=16 trees per point)

ter 2 years of drought treatment. However, drought had a

slightly positive effect on the survival of stem-mothers on

resistant trees in both 1994 and 1995 (Fig. 5a, Table 4; Takle 5 Effects of phenotype (resistant vs susceptible), treatment

i ; ; (drought vs control), time (year) and their interactions on the den-
significant phenotypereatment interaction). sity of galls induced by the aphil. abietison Norway spruce

trees as revealed by a repeated-measures analysis of variance be-
tween and within subjects. Note the similarity of these results to

Gall density those for stem-mother survival (Table 3)
The change in gall density over time and its response>f3"®® f \l)/lvﬁisor F P
the treatment were similar to the response of stem-moth- lambda

er survival (compare Fig. 5b and Table 5 with Fig. 5& -

and Table 4, respectively). In other words, drought digtween subjects

not have a unidirectional effect on gall density (Table H)henotype 115577 13.3;9 255).88 <g.ggl
Instead, the effect of drought on gall density on suscegficatment : : : -
ble trees was opposite to its effects on resistant trees; ingnotypetreatment . 1.57 0.185 427 <0.05
drought resulted in decreased gall densities on suscegtihin subjects

ble trees compared with controls, whereas it had a slightne 256 0.445 3492 <0.001
ly positive effect on the gall density of resistant tre@smexphenotype 2.56 0.542 23.64 <0.001
[Fig. 5b, Table 5; a trendP€0.09) for the timgpheno- Timextreatment 2.56 0.969 0.897 0.41

typextreatment interaction, and a significarR<(.05) Timexphenotype 256 0.92% 240  0.09

phenotypstreatment interaction]. treatment
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Chemical changes tant and susceptible trees [Table 6; weak trétwD (15)
for a phenotypetreatment interaction].
The chemical composition was only analysed for tissue The concentration of total nitrogen did not differ sig-
formed in 1995. Thus, the results reveal the summed mificantly between phenotypes and was unaffected by
fect of 2 years of drought stress. Total phenolic concéreatment (Table 6). The average concentration for all
trations were not significantly affected by the treatmentees was 0.85% dry weight (SE=0.04).
nor did spruce phenotypes differ (Fig. 6a, Table 6). Only
a single phenolic compound met the criteria of (1) being
significantly higher in concentration in resistant than BDiscussion
susceptible trees (Table ©<0.01 for phenotype), (2)
constituting a substantial part (>10%) of the total ph&he hypothesis that a given insect species may respond
nolics in resistant trees (Fig. 6; it accounted for an avdifferently to environmentally induced changes in the
age of 20-25% of the total concentration) and (3) reest plant depending on the phase of the insect’s life cy-
sponding in opposite directions to drought stress in resite (Bjorkman 1998) was supported by the results pre-
sented here. The negative effect of drought on gall size
and the tendency for drought to enhance stem-mother
performance, i.e. wax cover diameter, exemplifies this
dual and opposite effect. A further complication in this
study was that the effect of drought stress on stem-moth-
er survival, which may be directly correlated to popula-
tion dynamics, on resistant trees (slightly positive) was
opposite to its effect on susceptible spruce trees (nega-
tive after 2 years of drought).
The good correspondence between stem-mother surviv-
al and gall density may seem surprising because the popu-
lation dynamics of many, if not most, herbivorous insects
is more affected by natural enemies than by the quality (or
availability) of the host plant (Cappuccino and Price 1995).
However, some features @&f. abietis in particular, and
adelgids, in general, make this connection seem realistic.
B Control First, A. abietisdoes not alternate between host plant spe-
1 Drought cies as do many other adelgids (Schwenke 1972). It is
therefore possible for this species to complete its entire life
cycle on a single tree, and this appears to be a common oc-
currence (Ewert 1967; Carter 1971) although there are also
observations of gallicolae leaving the tree on which they
emerged (Carter and Barson 1973). Second, adelgids com-
X - pletely lack parasitoids (Schwenke 1972). This means that
Resistant  Susceptible predators are their only enemies. Predation seems, howev-

Spruce phenotype er, to be negligible on stem-mothers (Schwenke 1972;

Bjorkman 1998). Although the level of predation on galls

Fig. 6 Effect of 2 years of drought stress on the concentratifid gallicolae may be higher, it is unlikely that this could
(mg/g fresh weight) of total phenolica)(and the concentration of have affected the results presented here. Had this been the
e e et o Ny o o2 LoD e s, predators ust ave become more cormon (0r et
resistant to the gall-forming apl%/ia.pabietis. Data from 5)995 ient) on dro_ught—stressed, susceptible tre_es and less com-
(n=16 trees per mean value) mon (or efficient) on drought-stressed, resistant trees — the
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X (+SE) Concentration of phenolics (mg/g f.w.):

Table 6 Analyses of variance for effect of Norway spruce phentotal, low-molecular-weight phenolics, an unidentified phenolic
type (susceptible vs resistant to the gall-making aphidbietiy substance with a retention time of approximately 40 rRim4Q
and treatment (drought stress vs control) on the concentratioraind total nitrogen. All data from 1995

Source of Total phenolics Phenolic RT40 Total nitrogen
variation

df MS F P df MS F P df MS F P
Phenotype 1 1081010 1.68 0.21 1 1,349104 32.07 <0.01 1 0.04167 3.40 0.08
Treatment 1 5.0410t° 0.82 0.38 1 6.92104 0.16 0.69 1 0.01927 157 0.22
Phenotyp# 1 4631010  0.75 0.40 1 92.910¢ 2.19 0.15 1 0.01707 1.39 0.25

treatment

Error 20 6.1%1010  — 20 42.x104 - - 20 0.01227 - -
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second scenario is possible to envision because galls werdd have been a change in sugar content, which, how-
smaller on drought-stressed trees, but | have no obseexger, was not measured here. Furthermore, the response
tions from the plantation that smaller galls were attackefinitrogen to drought was small, and only in the case of
more by predators than large ones. Another, more parsissceptible trees was it in the same direction as the
nious scenario is that resistant trees became less resistaanhge in density. Additionally, the performance re-
when drought stressed and susceptible trees became mpoase of stem-mothers to drought was weak. However,
resistant. This hypothesis is supported by the tendencystam-mothers on susceptible trees seemed to perform
the response of the phenolic RT40 to differ betwebetter than those on resistant trees. This could have con-
drought-stressed susceptible trees and drought-stressettiberted to the observed difference in gall density be-
sistant ones. tween resistant and susceptible trees because larger
According to the growth differentiation balance hypottstem-mothers probably produce more offspring.
esis (Loomis 1932; Herms and Mattson 1992), moderateGall diameter was correlated to tree growth, in accor-
drought stress would give rise to increased concentratidasice with the modified plant stress hypothesis (Larsson
of secondary metabolites, as e.g. phenolics. Severe drod§i®9) and the plant vigour hypothesis (Kimberling et al.
stress would, according to the same hypothesis, resull@90; Price 1991). Although the effect of drought on gall
reduced concentrations of phenolics. Because all treeslimmeter was significant, after 2 years of treatment there
this study were exposed to the same level of drought stresss no difference between drought-stressed, susceptible
my results (Fig. 6) suggest that resistant and suscepttbées and control, resistant trees. However, galls were, on
trees differ in their responsiveness to drought. the whole, much larger on susceptible than on resistant
The decrease in concentration of the phenolic RT40tiees. This could have contributed somewhat to the dif-
drought-stressed resistant trees corresponded to theférence in gall density between spruce phenotypes, be-
creased survival of stem-mothers, and the increasecafise larger galls may be less vulnerable to attack by
this phenol in drought-stressed susceptible trees copeedators (Price and Clancy 1986; Abrahamson and
sponded to the decrease in stem-mother survival. If tileiss 1997). However, the reverse relationship, i.e. that
connection between resistance and the concentration te#rger galls are more frequently attacked than smaller
single phenolic compound, yet to be identified, is genones by enemies, is not uncommon (Clancy and Price
ine, it would support the data from a previous study (Tji®87; Abrahamson and Weiss 1997).
and Houston 1975). These authors provide the onlyThe drought stress in this experiment was rather severe.
known example suggesting that a single phenolic cofitie effect of any change in the environment, purely natural
pound accounts for resistance against a herbivorousdnenhanced by human activities, is likely to be less dramat-
sect. However, even though the concentration of the pleeHowever, if the change is in the same direction for many
nolic RT40 was three- to fivefold higher in resistant thamars, the end result could be similar to that observed here.
in susceptible trees, it seems unlikely that a single phe-To conclude, our ability to predict the consequences
nolic could account for the resistance; rather than beimigchanges in the environment, e.g. global warming, will
toxic, most phenolics act more as digestibility reducetepend on how well we understand ecological interac-
(Rosenthal and Berenbaum 1992). Nevertheless, if tloms (Ayres 1993; Lawton 1995). There is a risk that we
patterns found here are robust and reproducible, dwld make incorrect predictions simply by not studying
compound could be used as a marker for resistance. the interactions of an organism during all of its life stag-
Resistance against gall-forming insects often seem®8 As shown here, the response of an early life stage to
involve some kind of hypersensitivity reaction (Fernaenvironmental change may be opposite to that of a later
des 1990). There are indications that the hypersensitiVifg stage, and neglecting to study one or several life
reaction observed in the spruce/adelgid system studséaiges could lead to predictions that are wrong and (or)
here (Thalenhorst 1972; Rohfritsch and Anthony 199®)o drastic. Another factor that could render the outcome
becomes weaker in stressed trees (Thalenhorst 1974).of an environmental change less dramatic is the complex
For gall-forming and other insects that attack actiweteraction between genotype (plant and insect) and en-
meristematic tissue, bud break phenology is a factor thmbnment, as indicated by the observation that aphids on
could play a role in resistance (Tuomi et al. 198fesistant spruce trees seemed to gain from drought stress,
Akimoto 1998). Of the four families studied here, one @fhereas those on susceptible trees were affected nega-
the resistant ones had very early bud break, whereas toredy by the same environmental change.
of the susceptible ones had very late bud break. The oth-

er two families had a similar, intermediate bud break.

Thus, it seems unlikely that phenological diﬁerencél§knowledgementsl thank Lennart Lundgren for doing the phenol-
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