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Abstract Using 6 years of observational and experincreased resistance to insect attack and is consistent
mental data, we examined the hypothesis that water anth our observational data. While other studies have
nutrient stress increase the susceptibility of pinyon pipeedicted that short-term stress will result in herbivore
(Pinus eduli} to the stem- and cone-boring motbi-( outbreaks, our studies extend this prediction to chroni-
oryctria albovittellg. At two geographic levels, a localcally stressed host populations. Finally, while flush-feed-
scale of 550 kihand a regional scale of 10,000 ¥m ers are not predicted to respond positively to stressed
moth herbivory was strongly correlated with an edaphiost plants, we found a positive association between her-
stress gradient. At a local scale, from the cinder soilskifore attack and stressed pinyon populations.

Sunset Crater to nearby sandy-loam soils, nine of ten soill

macro- and micronutrients, and soil water content wekey words Dioryctria albovittella- Herbivory -Pinus

lowest in cinder-dominated soils. Herbivore damage wedulis- Stress - Vigor

six times greater on trees growing in the most water and

nutrient deficient site at Sunset Crater compared to sites

with well-developed soils. Percentage silt-clay content leitroduction

soil, which was highly positively correlated with soil nu-

trient and soil moisture at a local scale, accounted fiiie effect of water and nutrient stress on plant resistance
56% of the variation in herbivory at a regional scate insect herbivory has been examined extensively (see
among 22 sites. Within and across sites, increased stewiew by Waring and Cobb 1992). There are two major
resin flow was positively associated with reduced moéind somewhat contradictory hypotheses that predict how
attack. On the basis of moth distribution across a stressnt stress should affect herbivores. White (1969, 1974,
gradient, we predicted that pinyons growing in highty976, 1984, 1993) developed a hypothesis which predict-
stressful environments would show increased resistaecethat herbivores, especially those that feed on senesc-
to herbivores if supplemented with water and/or nutiirg tissue, will increase on stressed plants. White rea-
ents. We conducted a 6-year experiment at a high-stressed that senescing tissues will be higher in soluble ni-
site where individual trees received water only, fertilizétogen, which will have a positive effect on the survival
only, and water + fertilizer. Relative to control treesf young herbivores. Others have proposed additional
stem growth and resin flow increased in all three treatechanisms to account for increased susceptibility of
ments, but only significantly in the water + fertilizestressed plants to herbivores, including reductions in de-
treatment. Although there was no significant differenéensive secondary compounds (Rhoades 1979, 1983,
in herbivore damage among these three treatments, tH@85), increased plant temperature, and reduced water
was an overall reduction in herbivore damage on afintent (Mattson and Haack 1987a,b). To avoid confu-
treatment trees combined, compared to control tresign among these different mechanisms we follow Price
This experiment suggests that release from stress lead3991) in referring to the “plant stress hypothesis” as the
prediction that herbivore performance increases on

N.S. Cobb []) - S. Moppe¥- C.A. Gehring stressed host plants, regardless of the mechanism.
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tionship between increased herbivore performance atemp and Moody 1984; Thomson et al. 1984; Hix et al.
plant vigor, but recognizes a number of possible factd@87), but experimental data showed no differences
(e.g., increased resources, higher food quality, lack of (Mattson et al. 1983).
duced defensive compounds) (Price 1991). Price (1991)Due to these discrepancies, we conducted both obser-
noted that these two hypotheses are not mutually exalational and experimental studies to determine the effect
sive; herbivores may perform better on stressed plantobplant stress on herbivory by the stem- and cone-boring
populations, but within an individual plant, they may stithoth, Dioryctria albovittella We asked the following
prefer to feed on the most vigorously growing plant tiguestions: (1) In northern Arizona, does an edaphic
sues. These two hypotheses are also similar in that Whitess gradient exist for pinyon pines growing in recently
(1993) predicts that herbivores feeding on senescent pldertived volcanic soils and older soils derived from lime-
parts (i.e., senescence-feeders) are the most likely tostene and sandstone? (2) Do herbivores track host plants
spond positively to plant stress because during seradsng this edaphic stress gradient at both a local and re-
cence, nitrogen is broken down into forms more nutgional level? (3) Can we experimentally alleviate host
tious for young herbivores. Herbivores that feed on groplant stress and reduce herbivory?
ing plant parts (i.e., flush-feeders) are more likely to at-
tack vigorous plants (Price 1991; White, 1993).
Waring and Cobb (1992) reviewed the results of owdaterials and methods
450 studies that examined how herbivores r(_:‘SpondOtlg)servational tests of the “plant stress hypothesis”
plant stress and found that observational and experimen- P vp
tal studies generally showed opposite patterns. Many 8bH characteristics

Seryatlonal StUd'(_:"S on water stre_ss .s'upport White S p\'/’\?'e'initially selected six sites that appeared to represent three lev-
diction that herbivores perform significantly better (i.€els of herbivory and three distinct soil types. We measured soil nu-
increased growth rate, fecundity, survival, and populatigi@nt and moisture levels to determine if these sites also represent-
density) on water-stressed plants. In contrast, experimgihree levels of edaphic stress (i.e., reduced soil moisture and

f ; rients). All sites were located within 60 km of Flagstaff, Ariz.
tal studies on water stress, and observational and ex e collected five soil samples per site in late September 1987

mental studies on nutrient stress, support the vigor Ryzxamine soil chemistry and soil particle size composition. Sam-
pothesis (Service 1984; Price et al. 1990; referenceslilocations were selected along a transect at approximately 10-m
Waring and Cobb 1992). There are also cases where Wftivals. The sampling was stratified in that we only sampled in

; A the open to avoid litter effects from individual plants (see Mopper
?ypothesestﬁlre Shuppofrted. For the gallm%] Almurlnta et al., 1991b for analysis of soils sampled under canopies). Each
rxa, even though perrormance was greater on StreSggfipnle contained approximately 200 %cmof soil collected

rabbitbrushChrysothamnus nauseosfismales preferen- 10-15 cm below the soil surface, where fine roots were most
tially oviposited on more vigorously growing stems wittebundant. Using standard soil sieves, soil particles were catego-
in a plant (Fernandes 1992). Similarly, while outbreaks Iied into four size groups, less than 0.0625 mm, between 0.0625

. S L o and 1 mm, between 1 and 2 mm, and greater than 2 mm in diame-
the pinyon sawfly eodiprion edulicolisoccur in highly i, For this data set and all other statistical tests, percentage data

stressed pinyon populations (Cobb 1993), within a poftere arcsine transformed to reduce variance (Zar 1984), although
lation, sawflies have greater fecundity when grown on tte means and standard errors (Ses) are presented in graphs and

least stressed pinyons (Mopper and Whitham 1992). tables. Levels of ten soil micro- and macronutrients in soil sam-
It is difficult to determine why contradictory p(,jl,[,[e”,]iles were determined at |I.A.S. Laboratories, Phoenix, Ariz. Sites

. . . ) ithin a soil type were grouped for these statistical analyses be-
exist between experimental and observational studies e we were interested solely in differences in soil type and con-

cause few studies have collected both types of data disined by the expense of the nutrient analyses. To test for differ-
the same system (Waring and Cobb 1992). Based upgd¢es among the soil types with regard to both particle sizes and

; ; ; ients, we performed separate MANOVAs followed by individ-
both experimental and observational data, three dlﬁergglirANOVAs for each variable using the SAS GLM procedure

studies support the vigor hypothestsmphigus betaen (sas institute 1990). Overall significance of individual variables
Chenopodium alburtMoran and Whitham 1988Euura was determined on the basis of the sequential Bonferroni adjust-
lasiolepis on Salix lasiolepis(Price and Clancy 1986;ment (Rice 1989). We classified soil types on their composition of
Preszler and Price 1988; Waring and Price 1988ktu- four classes of particle size (Donahue et al. 1983).

. o . - - : - To quantify soil water content, we collected ten soil samples per
lopsphaira vitifoliaon Vitis arizonica(Kimberling et al. gjie 4t three sites that were a subset of the sites initially selected.

1990). All showed increased performance on more Vigsiiowing the same method used in obtaining soil nutrient samples,
orously growing plants in the field and in water suppleamples for soil moisture analysis were collected on 7 June 1988,

mentation experiments. On the basis of both observatigfar the end of the dry season. Percentage soil water was gravimet-

: : lly determined and differences among sites were analyzed by
al and experimental data, only two studies support Qﬁ?ANOVA followed by a Tukey LSD test to compare individual

“plant stress hypothesisN. sertiferon Pinus sylvestris means using BMDP 7D (BMDP Statistical Software 1992).
(Larsson and Tenow 1984; but see Bjorkman et al.

1991), andA. trixa on C. nauseosugFernandes 1992).
Two other studies have not found agreement between
servational and experimental data: a leaf mi@anfer- Although other studies have provided evidence that pinyons re-
aria sp.) onQuercus emory{Bultman and Faeth 1987),spond to edaphic stress (Christensen and Whitham 1991; Mopper
and spruce budwornChoristoneura fumiferarjaon sev- et al. 1991b; Gehring and Whitham 1994, 1995), here we exam-

. h ined the production of plant resin as another response variable.
eral host plants. With spruce budworm, observational (;E?dﬁitionally, resin flow in pinyon pine has previously been impli-

ta supported the “plant stress hypothesis” (Shepard 19&8¢d as a resistance mechanism against moth herbivory, resistant

%Bs_in production
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trees producing more resin than susceptible trees (Mopper etrants: control, watered, fertilized, and watered + fertilized. To
1991b). If resin flow is an important determinant of pinyon resisentrol for potential size and age effects, we stratified our sample
tance to herbivory, levels of resin flow should exhibit two patternsy selecting trees that were approximately 60 years old. For all
First, in a comparison of trees growing side by side in the satmees, including controls, we dug a shallow trench around the drip-
substrate, trees resistant to moth attack should produce more régsinof the tree canopy and filled it with pinyon pine duff from ad-
than trees susceptible to moths. Second, resin production shgatent trees to act as a mulch to retain water. We applied water to
decline along a gradient from sandy-loam (low stress) to loantiie trench and the base of the tree. Trees were watered approxi-
sand (intermediate stress) and cinder soil (high stress). To teately every 5th day during the dry season, from mid-April to ear-
these predictions, we measured the flow of stem resin (i.e., olgoduly. Trees received water in proportion to trunk diameter. Wa-
resin) from trees growing in three soil types. Fifteen trees wdeged + fertilized trees received an average of 40 (+ 3.65 SE) l/tree
randomly selected from a loamy-sand site, 15 from a sandy-loand watered-only trees received an average of 39 (+ 4.1 SE) l/tree.
site, and 30 growing in cinder soils. Of this latter group, 15 tre€his amount of water allowed the soil to be fully saturated down
suffered high levels of damage by moths and 15 trees sufferedttitthe root level, comparable to what we observed after rains. In
tle or no damage. Because the mortality of moth larvae on urine first year, we applied a water-soluble fertilizer (19% nitrogen,
fested trees is 70%, while only 39% on infested trees (T.8% phosphorus, and 10% potassium) once in May at the rate of
Whitham, unpublished data), we designated these trees as sus4pg/2.54 cm of trunk diameter. To avoid potential problems with
tible and resistant, respectively. supplemental water used in water-soluble fertilizer, from 1986 to
To measure stem resin flow, we cut three healthy terminal stel®89, we applied a dry fertilizer (10:10:10 NPK) at a rate of
per tree, at 120° intervals around the mid-height of the tree cand®0 g/n# under the canopy of each tree once each year in April.
Stems were cut just below the growth of the current year and thePlant responses to watering and/or fertilization that we mea-
resin that had accumulated after 5 min was collected. We weiglseded included stem resin flow, stem growth rates (i.e., centimeters
the resin within 6 h of collection and tabulated a mean for eamhstem elongation per year), and percentage stems killed by moth
tree. All resin flow samples were collected in the morning, withinlarvae. Resin (oleoresin) flow was determined in 1989 by the
3-day span in June 1989, when moth larvae were feeding. To assetbod described above for among-site sampling. We quantified
differences in stem resin flow among soil types we performed stem growth by measuring total stem elongation between 1986 and
ANOVA followed by a Tukey LSD test to compare individuall990 (i.e., bud scale scars that form each year allowed us to mea-
means using BMDP 7D (BMDP Statistical Software 1992). sure 5 years of growth). Stem growth was measured on eight ran-
domly selected terminal stems per tree so that all parts of the can-
opy were sampled. Herbivore damage on treatment and control
Herbivore distribution trees were estimated annually by counting the percentage of cur-
) rent-year stems killed by moth larvae on eight small branches per
Two levels of comparisons were made, at a local scale where gliée.” Branches were selected in the same manner as for stem
ferent soil types existed in relatively close proximity, and at a rgrowth. We initially performed individual ANOVAs using BMDP
gional scale. At the local level, which encompassed a total arepf (BMDP Statistical Software 1992) to determine if treatment
550 kn?, we compared moth herbivory on trees growing in thregoups differed in response variables. Because we did not find sig-
soil types (two sites per type) based on 30 trees at each of six siggant differences among treatment groups with regard to herbi-
We selected the first 30 mature trees encountered that were ta#gy, data for all treatments were pooled. Due to our small sample
than 3 m. In 1986, we cut one 50-cm-long branch per tree afiges in this analysis, the possibility for a type Il error was high, so
counted the percentage of all stems killed by moth larvae (i@ also conducted an analysis using Sigma-Stat to determine the
damage as well as current-year damage). The actual collectio’arhple size needed to detect a significant difference among the
branches was conducted by someone naive to the purpose oftfge treatment groups. We performed a repeated-measures AN-
project. To test whether there was differential herbivory amoay/A using BMDP 7D (BMDP Statistical Software 1992) to test
soil types we performed a nested ANOVA using the SAS nesfed differences in herbivore damage between control and treatment
procedure (SAS Institute 1990), followed by contrast comparisog®ups, and to determine the effects of time and treatment on her-
among soil types. In this analysis, sites within a soil type weiory. In the first year of the experiment before treatment groups
nested within soil types because sample sizes were large enougBdeived water and/or fertilizer, there were no significant differ-

test for site effects. _ __ences in moth damage between treatment and control plants
At a broader geographical scale, we selected 22 additiopet 1.20,P = 0.25).

sites in northern Arizona that covered approximately 10,000 km

and crossed a wide range of soil conditions. We collected two

soil samples per site using the same methods for examining—ef

soils at the local level, except that the two samples were miﬁ%ﬂSUHS

together and we only measured percentage silt-clay content. Our

analysis of soils from a local scale showed that percentage stihservational Test of the “plant stress hypothesis”
clay (<0.0626 mm diameter) was positively correlated with nu-

trient levels R2 = 0.94). We therefore chose percentage silt-clgy . .

content as an easily measured variable which would reflect erar%p” characteristics

ronmental stress and serve as a predictor of herbivore abundance

over a broader geographical level. Herbivore damage (percent@yge of the most obvious differences among sites was in

stems killed) was determined as described above. Linear reg iti i i i i
sion using the SAS REG procedure (SAS Institute 1990) wm% composition of soil particle sizes (Fig. 1). Based on

performed with percentage stems killed as the dependent VQPS@ composition of _part'CIe sizes, we resolved three soil
able and percentage silt-clay content as the predictor. Becat@¢ural classes: cinder, loamy-sand, and sandy-loam
the dependent variable was percentage data, we performed@onahue et al. 1983). Results from a MANOVA
B o e el o, i ragowed significant diferences among <ol types
: . o 650 = 29.62,P<0.0001, Wilks’ lambda = 0.0482). In-
\k;gﬁjl;g) raw values to develop a curve plotted with original ragb:/idual ANOVAs (Fig. 1) demonstrated that the differ-
ences among sites were due to the relative proportion of
the cinder fraction (particles >2 mm diameter) and the
silt-clay fraction (particles <0.0625 mm diameter).
In 1985, we selected 44 trees with high herbivore loads at a cing@Ndy-loam sites had the highest percentage of silt-clay
site, and randomly assigned individual trees to one of four tregmean = 42.9 + 3.16% (SE)] and the lowest percentage

Experimental manipulation of environmental stress
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PARTICLE SIZE COMPOSITION

>2mm

F=101.6
p< 0.0001

50

1-2 mm

F=3.42
p=0.04

.0625-1 mm

F=5.78
p=0.008

<.0625 mm

F=81.82
p< 0.0001

cinders (mean = 5.1 £ 0.09%). In contrast, the silt-clay
fraction of cinder soils was 6.5 times less than that of
sandy-loam soils, and the cinder fraction was 30 times

higher than in sandy-loam soils (Fig. 1). In loamy-sand
soils, levels of silt-clay and cinder were intermediate be-
tween cinder and sandy-loam soils.

Nutrient levels were significantly different among the
three soil types and generally lowest in cinder soils. When
we examined all nutrients simultaneously in a MANOVA,
we found significant differenceb £, ;5= 33.15,P<0.0001,
Wilks’ lambda = 0.0026). For all soil nutrients except sul-
fur, sandy-loam soils exhibited the highest values, cinder
soils were lowest, and loamy-sand soils were intermediate
(Fig. 2). Percentage soil water content mirrored the pattern
of soil nutrients; the highest levels were found in sandy-
loam soils, they were intermediate in loamy-sand, and

_ _ _ lowest in cinder soils (Fig. 3).
Fig. 1 Percentages of four particle size classes (means + 1 SE) of
soils from six sitesr( = 5/site), show that cinder soils are much
coarser than other soil types. Three soil types are represented: . .
sandy-loam (low stress), loamy-sand (intermediate stress), &f@Sin production
cinder (high stress). AIP values are significant at table-wide
P<0.05, based on sequential Bonferonni adjust nent

h

%

% COMPOSITION

[] SANDY-LOAM

LOAMY-SAND [l CINDER

Resin flow in pinyon pine has previously been implicat-
ed as a resistance mechanism against moth herbivory, re-
sistant trees producing more resin than susceptible trees
(Mopper et al. 1991b). Consistent with these earlier find-
Fig. 2 Percentages of soil nutrients (means = 1 SE) in soils framgs, we found that for trees growing in cinder soils resin
six sites (1 = 5/site) show that cinder soils are nutrient poor relgiow was almost threefold higher in moth-resistant than
tive to loamy soils. Three soil types are represented: sandy-I hmoth-susceptible trees. Thus, within the cinder soil

(low stress), loamy-sand (intermediate stress), and cinder (h ; o
stress). AlIP values are significant at table-wig&0.05, based on tyPe, resin flow corresponds to the degree of susceptibili-

sequential Bonferonni adjustment

ty to moth attack (Fig. 4).
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% SOIL WATER

Fig. 3 Percentage soil water (means + 1 SE) in soil from six sit
(n = 10/site) shows that soil water was lowest in cinder soi
Three soil types are represented: sandy-loam (low stress), loag)
sand (intermediate stress), and cinder (high stress). Diffezent
ters above the barepresent significant differences between so

10

types atP<0.0&
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MOTH HERBIVORY (LOCALIZED)

Source DF F P
Type 2 176.4 0.0008
20| site 3 0.493 0.68 C
Error 174
Q 15}
15}
-l
=
4
2
w 10
[
» B
ES
5
A
f
SANDY-LOAM  LOAMY-SAND CINDER

Fig. 5 Percentage of stems killed by moth larvae (means + 1 SE)
shows that damage caused by moths is highest on trees growing in
Mder soils. Data from six sites representing the three soil types

at cover a 550-kfarea are presenteddjacent bardenote in-
Vidual sites within a soil type. Differemétters above the bars
represent significant differences between soil type®<at0.05.

tatistics from nested ANOVA are presented in the upper-left-
hand corner

cause approximately 70% of the trees at Sunset Crater
are susceptible to moths and suffer chronic, high levels
of insect attack (T.G. Whitham and N.S. Cobb, unpub-

lished data), moth-susceptible trees are likely to be rep-
resentative of the population.

Herbivore distribution

At a local level where different soil types are relatively
close (i.e., covering approximately 550 ®mherbivore
damage on trees from cinder sites was six times higher
than in sandy-loam sites, and three times higher than on
trees from loamy-sand sites (Fig. 5). In contrast, herbivo-
ry was comparable between sites within each soil type,
suggesting that variation in herbivore susceptibility be-
tween sites within a soil type is low. Consistent with the
prediction from the “plant stress hypothesis”, these re-

Fig. 4 Stem resin flow (means + 1 SE) from trees at a Iow-stre§§r,'|ts_ suggest that moths track hOSt_plantS along a stress
intermediate-stress, and a high-stress site {5/site). Trees at the gradient and select stressed populations. )
high-stress site represent moth-resistant and moth-susceptibl€Over a broader geographical area covering approxi-

trees. Differentetters above the banepresent significant differ- mately 10,000 k) we found a similar distribution of
ences between groupskx0.0% :

moth damage associated with pinyons growing in water-
and nutrient-poor soils. We used the silt-clay fraction to

A similar pattern emerged in resin production amomgedict herbivore damage because it was the most highly
sites. Trees growing in all soil types produced similaorrelated with all the nutrient variables; i.e., 94% of the
levels of resin, except moth-susceptible trees growingviariation in the silt-clay content was explained by nutri-
cinder soils, which produced only 30% of the resin typgént concentrations in a multiple regression analysis
cally produced by all other tree categories (Fig. 4). THiR? = 0.941,P<0.0001). We found that herbivore damage
indicates that trees growing in cinder soils are less abtgoss 22 sites was significantly correlated with the silt-
to produce resin. However, conclusions from the amorajay fraction (Fig. 6). This relationship was not linear;
site comparison should be regarded with some cautithe degree to which trees were attacked decreased expo-
because we did not obtain a random sample of resin prentially as the silt-clay content of the soil increased.
duction by trees growing on cinder soils. However, b&his suggests a threshold effect in which herbivory rises
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MOTH HERBIVORY (REGIONAL) Table 1 Moth damage [mean % stems killed (+1 SE) for four
treatments from 1986 to 19::0

Y= 0.40934-0.00679x
. R2=0.56 Year  Control Water Fertilizer Water and
20 . oo Fi1.20)= 25:4 Fertilizer
o p = 0.0001
D 45 . 1986  20.37 (2.47) 15.34(3.92) 22.20(2.20) 17.74 (1.99)
= 1987  33.02 (4.20) 21.60 (3.42) 23.00(3.93) 20.45 (2.78)
- . 1988  29.63 (5.48) 25.10 (5.38) 21.58 (4.66) 24.90 (3.51)
= 10 .. 1989  20.16 (3.59) 12.07 (1.97) 17.56 (4.06) 14.5(2.03)
k= 1990 12.52(2.86) 5.07 (1.11) 11.57 (3.68) 6.98 (1.35)
R 5L *
0 * e " L . lambda = 0.692F s, = 2.15,P = 0.05). However, only
0 10 20 30 40 5 60 70 watered + fertilized plants showed a significant increase
p g
% SILT-CLAY CONTENT OF SOIL in both growth and resin production relative to controls

Fig. 6 The negative relationship between mean percentage ste(rﬁlsg' 7)-
killed by moth larvae and mean percentage silt-clay fraction found

at 22 sites. Sites were located in an area covering 10,0005k :

clay fraction was the best overall predictor of soil nutrient Ievel|§|.erblvore response among treatments

Regression statistics based on arcsine-square root transformatjon . . C g .
(Za% 1984; a a&onsstent with the general lack of significant differ-

ences in plant growth and resin responses among the
three treatments (water only, fertilizer only, or water +
fertilizer), we also found no significant differences in
herbivore damage among the three treatments
8| (F,,7 = 0.37,P = 0.69; Table 1). For the subsequent
comparison of moth damage, we pooled data from the
three treatments to compare them with control trees. A
power analysis indicated that the minimal sample re-
quired to detect a significant difference among the three
groups would be 47 trees/group (power = @.4; 0.05).
This is a relatively large sample size to detect a signifi-
cant difference with low power, and therefore we believe
we are justified in pooling the treatment groups.

~ RESIN PRODUCTION GROWTH RATES

60

55

50

45

RESIN FLOW (mg / 5 MIN)
STEM GROWTH / YR (mm)

40

Herbivore response

35 in pooled treatments versus the control

CONTROL WATER NPK BOTH CONTROL WATER NPK BOTH

Fig. 7 Stem resin flow and growth rate (means + 1 SE) on cold agreement with observational data that herbivory is
trol, water-only, fertilizer-only, and water + fertilizer groups. Difgreatest on stressed plants, when we experimentally re-
ferentletters above the banepresent significant differences be'duced water and nutrient stress, herbivory significantly
tween groups &<0.0% . . o
declined relative to control plants (i.e., an average of 9%
less herbivory per year). While a repeated-measures
sharply once the silt-clay fraction of the soil falls beloanalysis of variance showed a significant treatment effect
30%. (P =0.050), a much stronger year-to-year effect was also
detected P<0.001). There was no significant interaction
Experimental manipulation of water and nutrient stresst€M beétween time and treatment tyjpe=<(0.62), indi-
cating that among-year variation in moth attack between
If water and nutrient stress result in increased herbivdrgatment and control trees was comparable.
via a decrease in plant defenses as our observations sug-
gest, the experimental addition of water and nutrients to
susceptible trees should make them more resistant. Digzussion
results of a 6-year experiment largely agree with field
observations and support predictions from the “plagbservational confirmation

stress hypothesis.” of the “plant stress hypothesis”

Plant performance Several lines of observational data support the “plant

stress hypothesis,” which predicts increased herbivore
There was an overall increase in growth rate and regarformance on stressed plants (White 1969, 1974, 1976,
flow in response to watering and/or fertilization (Wilks1984, 1993; Mattson and Haack 1987a,b).
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Soil characteristics Herbivore distribution

At adjacent sites, we demonstrated that a stress gradigatalso show that moths respond positively to pinyons
exists where volcanic-derived cinder soils have the logrowing in water- and nutrient-poor soils both at a local
est macro- and micronutrients, and soil moisture (Figs.(Rig. 5) and regional (Fig. 6) level, indicating a positive
3). These findings complement the nitrogen mineralizgsiationship between edaphic stress and pinyon suscepti-
tion studies of Gehring and Whitham (1994), who fourility to moth herbivory. These results agree with most
that nearly all of the nitrogen made available through dgyservational studies that have tested the importance of
composition was immobilized by decomposers in thgought and chronic stress in affecting insect outbreaks
cinder soils, while noncinder soils showed a net gafvaring and Cobb 1992), and are consistent with the
These results also agree with ammonium and nitrate cgiher studies of this specific system (Christensen and
centrations under tree canopies, where sandy-loam sgj#§itham 1991; Mopper and Whitham 1992; Cobb
exhibited over threefold higher levels than cinder soj993). Infestation of pinyon bf. albovittella has im-
(Mopper et al. 1991b). portant implications for plant performance, because
feeding by moth larvae dramatically reduces tree growth,
and cone production, and alters canopy architecture
(Whitham and Mopper 1985; Mopper et al. 1991a).

We found that trees responded to increased stress with

reduced plant resin production (Fig. 4), which was also .

consistent with moth damage (Fig. 5) for cinder arKperimental release of water

sandy-loam sites. However, while there was no diffé¥nd nutrient stress in susceptible trees

ence in resin production by trees growing in sandy-loam ) -
and loamy-sand sites, they still differed in moth herbivi! general, the results of the 6-year watering and fertiliz-
ry. This suggests that resin flow alone does not fully R-experiment support the “plant stress hypothesis.” First,
count for differences in resistance to moth larvae. It mii§es responded positively to the addition of water and
also reflect a susceptibility threshold, with herbivord8rtilizer. Plant foliar nitrogen levels (Mopper and
only responding dramatically to greatly reduced resyhitham 1992), plant growth, and plant resin flow all in-
levels (Fig. 5). creased in response to these supplements (Fig. 7).

In contrast to our among-site findings in resin flow, Second, moth herbivory significantly decreased in re-
Mopper et al. (1991b) found lower resin levels in trees¥onse to watering and fertilization, although there was
a sandy-loam site compared to resistant and susceptifigdifference among treatment groups in moth herbivory
trees at a cinder site. However, the resin measurem@&Y@n though water + fertilizer produced the greatest
taken by Mopper et al. (1991b) were obtained after m&¥erall increase in plant performance. We also found a
larvae had already completed feeding. Because re@nch stronger year-to-year than treatment effect on moth
flow can vary fivefold within a season (Blanche et aflamage. This suggests that factors other than water and
1992), we feel that our measurements taken during fhérient availability had a significant impact on moth
time of feeding better represent what moth larvae expéfimage, and may include direct effects of annual weath-
ence. Because our studies also indicate that there is @nvariation on moth survivorship (Mattson and Haack
siderable annual variation in resin production, the dis987a,b) or annual variation in moth predation and/or
crepancy between our data and those of Mopper etParasitism. However, parasitism of lan@l albovittella
(1991b) may further reflect that variation. is very low and not likely to be important in this system

Our resin production results are consistent with otHé&?- Sholes, personal communication). _
studies that have measured plant performance in thig/Vhile our water and fertilization supplementations of
system. Trees in the cinder soils exhibited reducgdsceptible trees growing in cinder soils succeeded in re-
growth rates (Gehring and Whitham 1994), reduced cd#¢cing moth damage, they did not reduce damage to lev-
production (Christensen and Whitham 1991), and ds observed on resistant trees or trees growing in sandy-
creased xylem water potentials (Mopper et al. 199188Mm soils, where the percentage of stems killed is typi-
relative to pinyons growing in sandy-loam soils. Furthefally less than 5%. This may have been an artifact of our
more, Gehring and Whitham (1994) found higher levegxperimental protocol. First, we did not allow these trees
of ectomycorrhiza orPinus edulisgrowing in cinder tO recover from chronic herbivory before the experiment
soils compared to sandy-loam soils, which is consistd&@gan, which may have affected their ability to respond
with the hypothesis that plants living in nutrient-poor e#Q the treatments. Second, we only watered a small por-
vironments invest more in mycorrhizal mutualists thdiPn of the root system, covering the drip zone under the
those living in nutrient-rich environments (Meyer 1973§anopy. Third, determining the rate and form of fertilizer
Taken together, these diverse data argue that pinyonshat will replicate natural situations is inherently prob-

spond to differences in edaphic stress between sarlgjpatic (Hargrove et al. 1984). Carrow and Betts (1973)
loam and cinder soils. found opposite effects of fertilizer on herbivory depend-

ing on the form of the nitrogenous fertilizer applied.
Washburn et al. (1987) using six different fertilizer re-

Resin production
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gimes found significant differences in the performantgenally, although the “plant stress hypothesis” was de-
of two scale species feeding on ice-plar@arpobrotus veloped to explain herbivore responses to short-term
spp.). Given the constraints of the experimental desigtant stress that encompasses one to a few seasons, we
we feel it is impressive that we found a significant, albditive also shown that chronic plant stress can produce a
small, reduction in herbivory. similar response from herbivores (Stoszek et al. 1981;
Kemp and Moody 1984; Hix et al. 1987). Because these
patterns have been observed since 1982, chronic stress
Why does a flush-feeder respond positively and moth herbivory have now been associated for 14
to plant stress? years (Whitham and Mopper 1985). We have observed
similar patterns for other parasites and herbivores that at-
Both White (1993) and Price (1991) predict that fluskack the dominant trees growing in the cinder soils of
feeders, herbivores that feed on growing plant tissues, @umset Crater [i.e., the mistletoe on juniper (Gehring and
unlikely to respond positively to plant stress. This is b#/hitham 1992); sap-feeding scales on pinyon (Cobb and
cause growing plant tissues are typically smaller wh@/hitham 1996); needle-feeding sawflies on pinyon (N.S.
stressed, thus providing less resources for flush-feed€isbb and Whitham, unpublished data); hymenopteran
Increased soluble nitrogen resulting from plant stresssied parasites on ponderosa pine (T.G. Whitham, unpub-
probably not as important to flush-feeders as it is to dished data)]. Thus our observations with moths appear
nescence-feeders because new growth already cont@inepresent a general pattern. Because these interactions
levels of soluble nitrogen above the minimum requireross diverse taxa with different modes of feeding and
ments for herbivores (T.C.R. White, personal commumihenologies, multiple mechanisms could be involved. In
cation). D. albovittella however, is a flush-feeder thaexploring these differences, future studies need to con-
bores out newly emerging terminal stems and exhibits ttentrate on the unifying mechanisms which may be com-
opposite pattern predicted by both White (1993) amabn to these interactions.
Price (1991). We suggest an alternative to increased solu-
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