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Abstract Conspeci®c trees growing at high and low-el-
evations encounter di�erent growing conditions and
may vary in their suitability as hosts for herbivorous
insects. Mountain tree populations may be more resis-
tant to herbivory if low temperatures constrain growth
more than they constrain photosynthesis, resulting in
increased secondary metabolism (temperature hypothe-
sis). Alternatively, mountain trees may be fertilized by
atmospheric nitrogen deposition and become more pal-
atable to insects (atmospheric deposition hypothesis).
We evaluated these two hypotheses by comparing high-
and low-elevation trees with insect bioassays and ana-
lyses of foliar nitrogen and condensed tannin. Contrary
to the temperature hypothesis, high-elevation foliage
had higher leaf nitrogen (six of six tree species) and al-
lowed higher growth rates of Lymantria dispar larvae
(®ve of six tree species). The nitrogen deposition hy-
pothesis was broadly supported by measurements from
two mountains showing that high-elevation trees tended
to have higher leaf nitrogen, lower leaf tannins, and
support higher insect growth performance than con-
speci®c trees from lower elevations. The deposition hy-
pothesis was further supported by fertilization studies
showing that simulated atmospheric nitrogen deposition
changed the foliar chemistry of valley trees to resemble
that of high-elevation trees. Predictions that the altitu-
dinal gradient in foliar chemistry and host suitability
should be steepest on mountains receiving more depo-
sition were largely not supported, but interpretations are
complicated by lack of replication among mountains. In
the northeastern United States, increased host suitability
of high-elevation trees seems su�cient to in¯uence the

population dynamics and community composition of
herbivores. Atmospheric nitrogen deposition o�ers a
promising hypothesis to explain and predict some im-
portant spatial patterns in herbivory.
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Introduction

In many plant species, there is extensive phenotypic
variation in nutritional suitability for herbivores (Herms
and Mattson 1992). Di�erent environmental conditions
(e.g., nutrient availability, light regime, water, tempera-
ture, and CO2) can a�ect plant nutritional quality for
herbivores by altering concentrations of primary and
secondary metabolites in plant tissue (Bryant et al. 1983;
Smith-Gill 1983; Bryant et al. 1987a, b; Johnson and
Lincoln 1991; Ayres 1993; Bowman and Conant 1994).
The e�ects of temperature on plant allocation patterns
and resistance to herbivory are not well known (Ayres
1993). At lower temperatures, growth tends to be con-
strained more than photosynthesis (Pollack 1990; Pol-
lack et al. 1984), suggesting that carbohydrates may
accumulate in excess of growth and maintenance re-
quirements, leading to increases in carbon-based sec-
ondary metabolites (Herms and Mattson 1992; Ayres
1993). If so, the foliage from plants growing at low
temperatures would be less palatable to herbivores than
the foliage from plants growing at moderate tempera-
tures (temperature hypothesis). In 1994, we evaluated
this hypothesis with chemical analyses and insect bio-
assays of foliage from six host species sampled from cool
mountain sites (near the altitudinal limits of their dis-
tribution) and warmer valley sites. Results from these
experiments ran exactly counter to the prediction of
reduced host quality in the mountains, leading us to
develop and test an alternative hypothesis.

High-elevation forests in the northeastern United
States receive high annual inputs of nitrogen via atmo-
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spheric deposition (Schlesinger and Reiners 1974; Lovett
1984; Lovett and Kinsman 1990; Miller et al. 1993).
Because nitrogen is deposited in forms readily available
to plants �NOÿ3 andNH�4 �, atmospheric deposition
could produce phenotypic changes in tree allocation
patterns like those typically associated with fertilization
(i.e., increased plant growth, increased leaf nitrogen,
decreased concentrations of secondary metabolites, and
increased suitability for herbivores; Bryant et al. 1983;
Herms and Mattson 1992; Ayres 1993). To evaluate this
atmospheric deposition hypothesis, we did phytochemi-
cal analyses and insect bioassays of foliage from high
and low-elevations on two mountains in the northeast-
ern USA (Camel's Hump and Mt. Moosilauke) in 1995.
Atmospheric nitrogen deposition occurs chie¯y at high
elevations and decreases from southwest to northeast
with increasing distance from pollution sources
(McNulty et al. 1990; Ollinger et al. 1993). Our predic-
tions exploited these geographic and altitudinal gradi-
ents in nitrogen deposition. Because Camel's Hump is
further west than Mt. Moosilauke, and because valleys
receive relatively little deposition anywhere in the region,
the hypothesis predicts steeper altitudinal gradients on
Camel's Hump compared to Mt. Moosilauke in (1) leaf
nitrogen content, (2) leaf tannin concentrations, and (3)
suitability of foliage for larval growth rates. In addition,
we conducted a fertilization study with low elevation
trees to test whether simulated atmospheric deposition
would increase leaf nitrogen concentrations and de-
crease condensed tannins to levels comparable to that of
high elevation trees.

Materials and methods

Insect species

We employed two species of folivorous Lepidoptera for bioassays
of leaf quality. Larvae of the gypsy moth, Lymantria dispar (L.), an
irruptive, early season herbivore introduced into North America,
are highly polyphagous (Covell 1984). Paper birch (Betula pap-
yrifera) and red oak (Quercus rubra) are preferred hosts, while
American beech (Fagus grandifolia), sugar maple (Acer saccharum),
yellow birch (B. alleghaniensis), white pine (Pinus strobus) are of
intermediate food quality for larval L. dispar (Houston and Val-
entine 1985). Whitemarked tussock moth larvae, Orgyia leucostig-
ma (L.) are also polyphagous, feeding on at least 140 plant species,
including birch (Covell 1984). Our experimental L. dispar and
O. leucostigma larvae came from laboratory colonies established
with wild moths collected from Otis Air National Guard Base,
Massachusetts (United States) and Sault Ste. Marie (Canada) re-
spectively. Larvae were reared in our laboratory from eggs pro-
vided by Forestry Canada Laboratory (Sault Ste. Marie, Canada).

Tests of the temperature hypothesis

We collected foliage for nitrogen analyses and insect bioassays
from a mountain site (forests on Mt. Moosilauke near Warren,
NH: 44°01¢N, 71°51¢W, 800±1400 m above sea level, ASL) and
from a valley site (in the Connecticut River valley near Hanover,
NH: 42°42¢N, 72°15¢W, 150 m ASL). There is a 2±4 °C di�erence
in mean daily summer temperatures between the mountain and
valley sites (M.P. Ayres, unpublished work). Foliage for insect

bioassays and nitrogen analyses was collected from 10±12 indi-
viduals of six tree species from both mountain and valley sites on 25
July 1994 (B. papyrifera, B. alleghaniensis, Q. rubra, F. grandifolia,
A. saccharum, and P. strobus). On Mt. Moosilauke, all tree species
were sampled near their upper distribution limits (Friedland et al.
1992). Bioassays were performed with ®fth instar L. dispar (2
sites ´ 6 species ´ 10±12 trees/species ´ 1 larva/tree � 132 larvae
total).

Tests of the atmospheric deposition hypothesis

In 1995, we collected foliage for phytochemical analyses and insect
bioassays from southwest-facing slopes on two mountains, Mt.
Moosilauke (Glencli� trail) and Camel's Hump (Burrows trail).
Camel's Hump (1237 m ASL) is located in Huntington, Vermont
(44°18¢N, 72°53¢W; Siccama 1974). High-elevations on Camel's
Hump receive greater atmospheric nitrogen inputs than compara-
ble elevations on Mt. Moosilauke due to regional trends in total
nitrogen deposition (Ollinger et al. 1993). Sampling focused on the
three most abundant tree species: paper birch (B. papyrifera var.
cordifolia), the most common deciduous species, and red spruce
(Picea rubens) and balsam ®r (Abies balsamea), the most common
coniferous species.

We sampled paper birch foliage from high (1200±1225 m) and
low (540±640 m) elevations on Camel's Hump and Mt. Moosilauke
on three dates in 1995 (13 trees/collection date ´ 3 dates ´ 2 ele-
vations ´ 2 mountains � 156 trees). At both mountains, high-el-
evation foliage was collected from a 5-ha area within »100 m of the
trail. Low-elevation foliage was collected from »0.2 ha along an
entrance road (Camel's Hump) and from »1.2 ha along the mar-
gins of a pasture (Mt. Moosilauke). We only collected short-shoot
leaves from sunny positions in the canopy. Early summer samples
were collected approximately 10 days after leaf expansion at each
altitude (»10 days later at higher altitudes on both mountains). We
also sampled mature (2nd year) needles from red spruce and bal-
sam ®r from high and low elevations from Camel's Hump and Mt.
Moosilauke twice in 1995 (mid and late summer). Fir was collected
from somewhat higher elevations than spruce on both mountains
(1200 ±1230 vs. 1000±1130 m), as spruce were rare above 1130 m.
Low-elevation ®r and spruce were collected from 830±860 m and
600±650 m respectively.

Insect bioassays were performed with B. papyrifera foliage.
Each of 12 ®rst instar trials for each insect species included 39
larvae per trial (3 larvae were fed leaves from a separate short shoot
on each of 13 trees). Each of 8±12 late-instar trials for each species
included 26 larvae per trial (2 larvae were fed leaves from a separate
short shoot on each of 13 trees).

Fertilization experiments were conducted with 59 B. papyrifera
trees scattered through 4 ha of a mixed hardwood-conifer forest in
the Connecticut River valley (43°39¢N, 72°17¢W; 170 m ASL).
Experimental trees averaged 7.4 � 1.7 m (mean � SD) in height
(range � 4±12 m) and averaged 6.3 � 2.8 cm in diameter at
breast height (range � 2±13 cm). All study trees were separated by
at least 3 m, usually more. Individual trees were assigned to one of
four fertilization regimes (0, 10, 25, and 50 g N m)2) such that
between-group di�erences in mean height and DBH were mini-
mized (sample sizes were 17, 15, 14, and 12 trees, respectively). The
10 and 25 g N m)2 fertilization regimes were chosen to re¯ect
amounts of nitrogen that could have accumulated in high elevation
forests within 4 and 10 years respectively, given annual deposition
rates of »25 kg N ha)1 year)1 (Miller et al. 1993). Granular fer-
tilizer was applied to a 2-m radius surrounding each tree just before
budbreak on 29 April 1995. Fertilizer was 2:1 NaNO3:NH3SO4,
which mimics the chemical composition of precipitation at high-
elevations (Miller et al. 1993). On 1 August 1995, we collected six
short shoots from the upper canopy of each tree. We measured the
area of two leaves from each of four short shoots per tree (8 lea-
ves ´ 59 trees � 472 leaves) (Laser Area Meter CI-203, CID Inc,
Vancouver, Wa, USA). One leaf per tree was analyzed for nitrogen
content and another for condensed tannin. We were unable to
conduct insect bioassays with these trees.
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Phytochemical analyses

Fresh intact leaves were frozen at )80°C, lyophilized, and ground.
Tissue samples were analyzed for total nitrogen (% dry mass) with
a Carlo-Erba Model Na 1500 N. To ensure quality control, every
tenth sample was apple leaf tissue of known nitrogen content
(National Institute of Standards and Technology, US Dept. of
Commerce).

We analyzed concentrations of condensed tannins in birch
leaves with a low temperature extraction modi®ed from that of
Hagerman (1993), followed by a colorimetric assay (acid butanol +
Fe, Porter et al. 1986). Standard curves were developed using pu-
ri®ed condensed tannin from paper birch (Betula papyrifera) foliage
(Ayres et al. 1997). Initially, we estimated potential sources of ex-
perimental error with a hierarchical sampling protocol that included
13 trees, 2 short shoots per tree, and 2 leaves per short shoot. A
nested ANOVA indicated that variance among leaves within shoots
was negligible (r̂ � 1.88 lg mg)1) compared to that among shoots
and trees (r̂ � 7.18 and 7.38 lg mg)1, respectively). Therefore,
subsequent analyses used 1 leaf from each of 2 shoots per tree.

Insect bioassays

Similar protocols were used for all insect bioassays. Individual
larvae (recently molted or hatched) were weighed (�0.01 mg), of-
fered freshly detached leaves within clear plastic vials
(4.9 ´ 8.5 cm), and placed in Percival environmental chambers
(24°C; 16:8 h, light:dark). Leaf turgidity was maintained by wetting
plaster of paris in the bottom of each capped vial. Trials were ter-
minated, and the larvae reweighed, when the fastest growing larvae
approached the end of the stadium (2±3 days). Any larvae that died
prior to completing the instar (typically <10%) were excluded from
analyses. Relative growth rates were calculated as RGR � [ln(Mf) )
ln(Mi)]/t, whereMi andMf � initial and ®nal mass and t � elapsed
time. Relative consumption rates were estimated for late instar
larvae using the gravimetric techniques of Ayres and Scriber (1994)
and the formulae of Gordon (1968). Larval dry mass (DM) was
estimated from fresh mass (FM), based on subsamples of larvae that
were dried and reweighed (DM � 0.152 ´ FM for L. dispar,
0.163 ´ FM for O. leucostigma). After each ®rst instar bioassay,
larvae were fed B. papyrifera foliage (from 130 m ASL) until they
reached the third (L. dispar) or fourth (O. leucostigma) stadium and
could be used in late-instar trials. All bioassays included the progeny
of four or ®ve females of each insect species.

Statistical analyses

Leaf nitrogen content and ®fth instar growth data from 1994
(temperature hypothesis) were analyzed with a two-way ANOVA
model that included both site (mountain vs. valley) and tree species
as ®xed e�ects. Foliar nitrogen and condensed tannin data from
1995 (nitrogen deposition hypothesis) were analyzed with a three-
way ANOVA model that included mountain, elevation, and phe-
nology as ®xed e�ects; separate analyses were performed for each
tree species. The 1995 insect bioassay data were analyzed using a
similar model, with individual trees as a random factor nested within
mountain, elevation, and phenology. The e�ects of fertilization on
leaf N content, condensed tannin content, and leaf area were ana-
lyzed using one-way ANOVAs. ANOVAs were calculated using the
SAS General Linear Models procedure (SAS Institute 1990).

Results

Temperature hypothesis

Contrary to predictions of the temperature hypothesis,
L. dispar growth rates were higher on foliage from high-

elevation tree populations vs. valley tree populations
(Fig. 1; elevation e�ect, Table 1). There were signi®cant
di�erences among tree species (Table 1), but for ®ve of
six species, larval growth rate tended to be higher on the
mountain population (Fig. 1), signi®cantly so in pair-
wise comparisons for three species. Leaf nitrogen con-
tent also varied strongly with elevation (higher in the
Mt. Moosilauke populations) and tree species (Table 1,
Fig. 1). Leaf nitrogen concentrations tended to be higher
in mountain populations than valley populations for all
six tree species, signi®cantly so in pairwise comparisons
for ®ve of the species.

Atmospheric deposition hypothesis

Foliar nitrogen

High-elevation birch foliage averaged 13% higher in N
content than low-elevation foliage (least square means
� SE � 2.85 � 0.04 vs. 2.50 � 0.04% N). Although
foliar N concentrations declined steadily over the the
summer on both mountains, high-elevation foliage
contained 11±13% more nitrogen than low-elevation
foliage across all dates (Fig. 2). Nitrogen content of
foliage from both mountains declined similarly over
the summer, (no mountain ´ phenology interaction,
Table 2).

As predicted, N content of birch at low elevations did
not di�er between mountains (least square means � SE
� 2.47 � 0.05 vs. 2.53 � 0.05% N for Camel's Hump
vs. Mt. Moosilauke). Contrary to predictions, N content

Fig. 1 Larval growth rates (5th instar Lymantria dispar) and leaf
nitrogen content measured on foliage from mountain and valley
populations of six tree species (foliage collected 25 July 1994).
Corresponding ANOVAs in Table 1
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of high-elevation foliage from Mt. Moosilauke was
greater than foliage from matched elevations on Camel's
Hump (least square means � SE � 2.95 � 0.05 vs.
2.77 � 0.05% N). Phenological changes in leaf nitrogen
content at both high and low elevations di�ered between
mountains (mountain ´ elevation ´ phenology interac-
tion, P < 0.001). As the season progressed, leaf N
content remained consistently greater at high elevations
than at low elevations on Mt. Moosilauke, but tended to
converge on Camel's Hump (Fig. 2).

Fir foliage averaged 32% higher in N content than
spruce foliage (F1,185 � 782.57, P < 0.001). Overall,

conifer leaf N was similar on the two mountains
(1.20 � 0.020 vs. 1.15 � 0.02% N for spruce and
1.70 � 0.02 vs. 1.73 � 0.02% N for ®r on Camel's
Hump vs. Mt. Moosilauke). The N content of both ®r
and spruce foliage increased similarly from mid to late
summer (no species ´ date interaction). Consistent with
predictions, high-elevation spruce foliage had greater N
content than low-elevation foliage (Fig. 3, Table 2), and
there was a steeper altitudinal gradient in spruce leaf N
on Camel's Hump than on Mt. Moosilauke (Fig. 3). In
contrast to spruce, ®r foliage had higher N content at
low elevations than at high elevations (Fig. 3, Table 2).
As with spruce, there was a steeper altitudinal gradient
in ®r leaf N on Camel's Hump than Mt. Moosilauke
(Fig. 3).

Foliar tannins

As predicted by the nitrogen deposition hypothesis,
high-elevation birch foliage had markedly lower con-
densed tannin concentrations than low elevation foliage
(Table 2, Fig. 4). However, there were no signi®cant
di�erences between mountains or mountain ´ elevation
interactions. On both mountains, condensed tannins
increased about 3 times from mid to late summer. In
addition to the changes in average tannin concentra-
tions, there was a pronounced e�ect of elevation on the
variance among trees in foliar tannins. Both in July
and August, the variance in condensed tannins was

Table 1 ANOVA results from
1994 experiments testing for
e�ects of elevation (mountain
vs. valley) and tree species on
leaf nitrogen and larval growth
rates (5th instar Lymantria
dispar). Corresponds to data in
Fig. 1. Mean square errors =
0.070 and 0.00628 for leaf
nitrogen and larval growth
rate, respectively

Source df F-statistics

Leaf nitrogen
(% dry mass)

Larval growth
rate (mg mg)1 day)1)

Elevation (Elev) 1 48.18*** 10.62**
Tree species 5 69.40*** 18.90***
Elev ´ Tree species 5 4.01** 2.67*
Error 86, 116a

*P < 0.05; **P < 0.01; ***P < 0.001
a Error degrees of freedom = 86 for leaf nitrogen and 116 for larval growth rate

Fig. 2 Nitrogen content of Betula papyrifera foliage collected from
high and low elevations on two mountains on three dates in 1995.
Each mean represents 13 trees (di�erent trees on each date).
Corresponding ANOVAs in Table 2

Table 2 ANOVA results com-
paring leaf phytochemistry
between lower and upper
elevations of two mountains
(Mt. Moosilauke and Camel's
Hump) on 2±3 dates in 1995.
Corresponds to data in Figs. 2,
3. Mean square errors = 0.106,
0.010, 0.027, and 7.73 for the
four ANOVA models, respec-
tively

Source Leaf nitrogen (%) Leaf tannin (%)

Betula Picea Abies Betula

df F df F df F df F

Mountain (Mtn) 1 5.00* 1 5.04* 1 0.97 1 0.21
Elevation (Elev) 1 47.98*** 1 32.86*** 1 66.32*** 1 70.92***
Mtn ´ Elev 1 1.14 1 2.70 1 27.54*** 1 0.21
Phenology (Phen) 2 5.98** 1 9.22** 1 1.29 1 365.46***
Mtn ´ Phen 2 2.19 1 0.01 1 0.03 1 0.22
Elev ´ Phen 2 0.21 1 0.64 1 1.18 1 39.60***
Mtn ´ Elev ´ Phen 2 8.27*** 1 0.81 1 2.15 1 0.25
Tree
(Mtn ´ Elev ´ Phen)

144 89 96 96 7.34***

Error 138

*P < 0.05, **P < 0.01, ***P < 0.001
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signi®cantly greater among low-elevation trees than high
elevation trees: r̂� 0.86 vs. 0.34% condensed tannin in
July (F25,25 � 6.54, P < 0.001) and r̂ � 2.92 vs. 1.08%
in August (F25,25 � 7.24, P < 0.001). There were
di�erences between elevations in the variance of leaf
nitrogen concentrations (F25,25 � 0.92 and 1.26 for July
and August, P > 0.50).

Insect bioassays

For L. dispar larvae, Mt. Moosilauke foliage supported
»9% higher relative growth rates than that of Camel's
Hump: least square means � SE � 0.651 � 0.012 vs.
0.591 � 0.013 mg mg)1 day)1 for ®rst instars and
0.524 � 0.008 vs. 0.490 � 0.008 mg mg)1 day)1 for
third instars (Table 3). The e�ect of elevation on larval
growth rates di�ered strongly between mountains for
both ®rst and third instar L. dispar (mountain ´ eleva-
tion interactions, Table 3). On Mt. Moosilauke, for both
instars, high-elevation foliage tended to allow greater or
similar growth rates than low-elevation foliage (Fig. 5).
In contrast, high elevation foliage from Camel's Hump
tended to allow lesser or similar growth rates than low-
elevation foliage (Fig. 5).

Host phenology a�ected the growth of both instars of
L. dispar (Table 3), with early season foliage allowing
the highest growth (Fig. 5). Larval growth response to
foliage from di�erent elevations di�ered with host phe-
nology for ®rst instar L. dispar (elevation ´ phenology
interaction, Table 3). First instar growth declined
steadily on high-elevation foliage throughout the sum-
mer but remained relatively constant on low-elevation
foliage (Fig. 5).

O. leucostigma larvae were less sensitive than L. dis-
par to foliage from di�erent mountains (no mountain
e�ect, Table 3, Fig. 6). First instar O. leucostigma were
more sensitive to foliage from di�erent elevations than
were fourth instars (Table 3, Fig. 6). High-elevation
foliage from Mt. Moosilauke tended to allow greater
larval growth rates compared to low-elevation foliage
for both ®rst and fourth instars (Fig. 6). In contrast,
high-elevation foliage from Camel's Hump allowed

Fig. 3 Nitrogen content of Abies balsamea (balsam ®r) and Picea
rubens (red spruce) foliage collected from high and low elevations on
two mountains on two dates in 1995. Each mean represents 13 trees
(di�erent trees on each date). Corresponding ANOVAs in Table 2

Fig. 4 Tannin content of Betula papyrifera foliage collected from high
and low elevations on two mountains on two dates in 1995. Each
mean represents 13 trees (di�erent trees on each date). Corresponding
ANOVAs in Table 2

Table 3 ANOVA results com-
paring larval growth rates when
fed Betula papyrifera foliage
from high and lowelevations on
two mountains on three dates in
1995. Corresponds to data in
Figs. 5, 6. Mean square errors
= 0.0201, 0.0110, 0.0127, and
0.0103 for the four ANOVA
models, respectively.
F-test denominator =
MSTree(Mtn´ Elev´Phen) for all
source e�ects except tree, which
was tested over the MSerror

Source df F-statistics

Lymantria dispar Orgyia leucostigma

1st instar 3rd instar 1st instar 4th instar

Mountain 1 11.43*** 9.38* 1.51 3.36
Elevation 1 3.52 4.71* 8.73** 1.74
Mtn ´ Elev 1 13.94*** 11.30** 0.62 13.27***
Phenology 2 8.12*** 8.31*** 43.84*** 0.32
Mtn ´ Phen 2 1.70 0.90 3.79* 0.49
Elev ´ Phen 2 6.26** 1.16 3.46* 0.94
Mtn ´ Elev ´ Phen 2 0.15 2.59 2.88 1.56
Tree (Mtn ´ Elev ´ Phen) 143 1.58*** 0.96 1.24 1.04
Error 95

*P < 0.05, **P < 0.01, ***P < 0.001
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similar growth rates compared to low-elevation foliage
(Fig. 6).

Only ®rst instar O. leucostigma were in¯uenced by
phenological changes in host quality (Table 3). First
instar growth rates decreased from early to mid summer
foliage, but actually increased from mid to late summer

on foliage from Mt. Moosilauke (Fig. 6). Overall, high-
elevation foliage tended to support higher ®rst instar
growth than low-elevation foliage, but larval growth
rates were similar on mid summer foliage (elevation ´
phenology interaction, Table 3). Growth rates of ®rst
instar O. leucostigma increased di�erently from mid to
late summer on each mountain (host phenology ´
mountain interaction, Table 3); growth rates on Mt.
Moosilauke foliage changed more (23%) over this
period than on Camel's Hump foliage (13%). Fourth
instars were not a�ected by host phenology (Table 3).
However, bioassays with this species/instar combina-
tion were conducted with mid and late summer leaves
only.

Both species tended to have higher consumption rates
when fed low-elevation foliage than when fed high-ele-
vation foliage (Fig. 7, Table 4). That is, consumption
rates tended to be highest on foliage with low nitrogen
content (Figs. 2, 7, Table 5). Host phenology a�ected
L. dispar larvae, such that relative consumption rates
were lowest on mid-summer foliage (Fig. 7). In contrast,
the relative consumption rates of O. leucostigma larvae
remained constant from mid to late summer (no phe-
nology e�ect, Table 4). While the consumption rates of
L. dispar larvae were una�ected by mountain, O. leuco-
stigma had »10% higher consumption rates on foliage
from Mt. Moosilauke compared to Camel's Hump: least
square means � SE � 3.72 � 0.08 vs. 3.35 � 0.08
mg mg)1 day)1 (mountain e�ect, Table 4).

Across the 104 trees for which we obtained mea-
surements of late instars, leaf nitrogen was negatively
related to consumption rate and positively related to
growth rate (Table 5). These relationships were stronger
for O. leucostigma than for L. dispar. For example, as
leaf nitrogen increased from 2.2% to 3.2%, the average
consumption rate declined by 14.3% for O. leucostigma
and 9.9% for L. dispar, and the average growth rate
increased by 18.7% for O. leucostigma and 6.9% for
L. dispar. Changes in consumption rate were compen-
satory in the sense of reducing the e�ects of leaf nitrogen
on growth rates. In the absence of reduced consumption
rates at high leaf nitrogen, the e�ect of the same change
in leaf nitrogen would have been to increase O. leuco-
stigma growth rates by 39% and L. dispar growth rates
by 19% (assuming that the conversion e�ciency, growth
/consumption, remained constant). Growth rates of
L. dispar ®rst instars were similarly related to leaf ni-
trogen (RGR � 0.314 + 0.107 ´ N, F1,102 � 9.50, P
� 0.003). Neither this regression model, nor any of the
models in Table 5 were signi®cantly improved by in-
cluding tannin and/or nitrogen ´ tannin as independent
variables. In contrast, the growth rates of O. leucostigma
®rst instars were most strongly related to the interaction
of nitrogen and tannin (RGR � 0.626 ) 0.016 ´ Tannin
+ 0.0115 ´ Tannin ´ N, F2,101 � 14.20, P <0.0001).
None of these models were signi®cantly improved by
incorporating mountain, date, or mountain ´ date as
dependent variables.

Fig. 5 Relative growth rates of Lymantria dispar fed Betula papyrifera
foliage collected from trees at high and low elevations on Camel's
Hump and Mt. Moosilauke on three dates in 1995. Each mean
represents 13 trees (di�erent trees on each date; 3 larvae/tree for ®rst
instars and 2 larvae/tree for third instars). Corresponding ANOVAs in
Table 3

Fig. 6 Relative growth rates of Orgyia leucostigma fed Betula
papyrifera foliage collected from trees at high and low elevations on
Camel's Hump and Mt. Moosilauke on three dates in 1995. Each
mean represents 13 trees (di�erent trees on each date; 3 larvae/tree for
®rst instars and 2 larvae/tree for fourth instars). Corresponding
ANOVAs in Table 3
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Fertilization experiments

Fertilization treatments signi®cantly increased leaf ni-
trogen of B. papyrifera trees (F3,55 � 12.14, P < 0.001;
Fig. 8). Even fertilization levels as low as 10 g N m)2

(simulating a 4-year accumulation of atmospheric de-
position) produced signi®cant increases in leaf nitrogen
(Fig. 8). Levels simulating 10 years of deposition (25 g
N m)2) increased leaf nitrogen to the level of trees at
high elevations on Mt. Moosilauke (means � SE �
2.95 � 0.10 vs. 2.95 � 0.05% N for fertilized valley
trees vs. Mt. Moosilauke trees at high-elevations). As
predicted, fertilization also decreased levels of con-
densed tannins in the foliage by nearly 40% (F3,59 �

Table 5 Linear regressions of the form: Y = a + b ´ N, where Y
= insect growth or consumption rate and N = percent leaf ni-
trogen. Each regression is based on the same 104 birch trees sam-

pled in July and August from upper and lower elevations of Mt.
Moosilauke and Camel's HumpMountain. O. leucostigma were 4th
instars and L. dispar were 3rd instars

Relative consumption rate (mg mg)1 day)1) Relative growth rate (mg mg)1 day)1)

a b � SE Fa a b � SE Fa

O. leucostigma 4.94 )0.538 � 0.176 9.29** 0.290 0.092 � 0.022 17.97***
L. dispar 4.79 )0.390 � 0.169 5.28* 0.404 0.033 � 0.022 2.30

*P < 0.05, **P < 0.01, ***P < 0.001, a degrees of freedom = 1, 102

Table 4 ANOVA results comparing larval consumption rates
when fed B. papyrifera foliage from high and low elevations on two
mountains on three dates in 1995. Corresponds to data in Fig. 7.
Mean square errors = 0.5045 and 0.6221 for the two ANOVA
models, respectively. F-test denominator = MSTree(Mtn´Elev´Phen)
for all source e�ects except tree, which was tested over the MSerror

Source df F-statistics

Lymantria
dispar

Orgyia
leucostigma

3rd instar 4th instar

Mountain 1 3.18** 9.70**
Elevation 1 10.04** 23.52***
Mtn ´ Elev 1 0.00 0.31
Phenology 2 5.64** 0.20
Mtn ´ Phen 2 2.10 1.35
Elev ´ Phen 2 1.02 0.83
Mtn ´ Elev ´ Phen 2 0.43 2.11
Tree (Mtn ´ Elev ´ Phen) 143 1.28 1.06
Error 95

*P < 0.05, **P < 0.01, ***P < 0.001

Fig. 7 Consumption rates of Lymantria dispar and Orgyia leucostig-
ma fed Betula papyrifera foliage collected from trees at high and low
elevations on Camel's Hump and Mt. Moosilauke on three dates.
Each mean represents 13 trees (di�erent trees on each date; 2 larvae/
tree). Corresponding ANOVAs in Table 4

Fig. 8 Leaf nitrogen content, leaf tannin content, and leaf area of low
elevation Betula papyrifera trees receiving di�erent levels of simulated
atmospheric nitrogen deposition (2:1 mixture of NaNO3 and
NH3SO4); n � 12±17 trees per treatment
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3.31, P < 0.05, Fig. 8). As with foliar N, even the
lowest fertilization treatment level produced a marked
decrease in foliar condensed tannins. Fertilization also
produced signi®cant increases in leaf area (F3,59 � 3.10,
P < 0.05, Fig. 8).

Discussion

Temperature hypothesis

Results from 1994 were directly counter to predictions of
the temperature hypothesis. Caterpillars had higher
growth on high-elevation foliage from ®ve of six tree
species (Fig. 1). Although the di�erence in temperature
between mountain and valley sites seems relatively small
(2±4°C), birch seedlings from mountain populations
have lower growth rates, but similar photosynthetic
rates, compared to seedlings from valley tree popula-
tions (Ruel and Ayres 1996). Thus, even small temper-
ature di�erences may potentially constrain growth,
increase carbon accumulated in excess of growth and
maintenance requirements, and increase secondary me-
tabolism of mountain tree populations. However, the
e�ects of such an allocation pattern should decrease
(rather than increase) host suitability for forest insects
on high-elevation foliage. Consequently, we reject the
temperature hypothesis as the cause of altitudinal
patterns in host suitability. Results do not falsify the
postulated e�ects of temperature on plant secondary
metabolism, but indicate that these e�ects are not driv-
ing altitudinal patterns in this system. Nitrogen con-
centrations that we measured in high-elevation foliage of
B. alleghaniensis, A. saccharum, and F. grandifolia were
comparable to or higher than those measured by Lea
et al. (1980) in trees fertilized with 27±44 g N m)2 year)1.

Atmospheric deposition hypothesis

Our results provided partial support for the hypothesis
that atmospheric nitrogen deposition produces altitudi-
nal patterns in leaf phytochemistry with consequences
for herbivores. On two mountains, birch trees at 1200 m
elevation had higher leaf nitrogen that conspeci®c trees
at 600 m elevation. Our foliar nitrogen data for paper
birch from Mt. Moosilauke were consistent across
2 years and matched the results of Lang et al. (1982),
indicating that this spatial pattern is consistent across
time. Fertilization via atmospheric nitrogen deposition is
one possible explanation for this pattern, but many
other environmental factors also di�er between forests
at upper and lower elevations (e.g., sunlight, soil mois-
ture, and UV radiation) and some of these might also
produce consistent di�erences in foliar nitrogen. How-
ever, the nitrogen deposition hypothesis yields the ad-
ditional prediction of reduced secondary metabolites in
high-elevation trees. Theoretical models and numerous
experimental studies indicate that tree responses to fer-

tilization often include a decrease in secondary metab-
olites (Lea et al. 1980; Larsson et al. 1986; Bryant et al.
1987a, b; Johnson and Lincoln 1991; Muzika and Pre-
gitzer 1992; Herms and Mattson 1992; Ayres 1993;
Orians and Fritz 1996). Consistent with this prediction,
high-elevation birch trees had concentrations of
condensed tannins as low as half of concentrations in
low-elevation trees (Fig. 4).

Atmospheric deposition results in chronic low-level
additions of nitrogen (Aber et al. 1989). Consequently,
the nitrogen deposition hypothesis requires that tree
responses can be elicited by low nitrogen inputs. Our
experiments with valley trees demonstrate that even a
very low pulse of added nitrogen (10 g m)2 mimicking
4±10 years of deposition on Mt. Moosilauke) can in-
crease leaf nitrogen and reduce leaf tannins to concen-
trations typical of high-elevation tree populations
(Fig. 8). This corresponds to only about 20% of the
additions in a typical fertilization experiment.

If the altitudinal pattern in birch phytochemistry is
due to a landscape process like atmospheric nitrogen
deposition, the impacts should apply to most tree spe-
cies in the forest. Indeed, foliar nitrogen was signi®-
cantly higher in high-elevation populations of B.
papyrifera, B. alleghaniensis, Acer saccharum, Fagus
grandifolia, Pinus strobus and Picea rubens (Figs. 1, 3).
This was not due to phenological di�erences because the
sampling was done when foliage was fully mature (25
July). Foliar nitrogen was also higher, but not signi®-
cantly so, in high-elevation populations of Quercus ru-
bra (Fig. 1). The notable exception was Abies balsamea,
which actually had lower leaf nitrogen at high-eleva-
tions (Fig. 3). This could be because A. balsamea re-
sponds to fertilization with such rapid growth that foliar
nitrogen decreases by dilution. Fertilized stands of Pinus
taeda in Louisiana had larger needles and lower leaf
nitrogen than control stands (Wilkens et al. 1998), but
seedlings of Abies can respond to fertilization with in-
creases, rather than decreases, in foliar nitrogen (van
den Driessche 1984; Radwan et al. 1989). In any case,
seven of eight tree species, accounting for virtually all of
this forest community, showed strong signi®cant dif-
ferences in leaf phytochemistry across an altitudinal
gradient of 600±1250 m. The di�erences were largest in
the species that occurred at the highest elevation
(B. papyrifera, sampled at 150 m and 1400 m) and dif-
ferences were smallest in the species with the lowest
altitudinal limit (P. strobus and Q. rubra, sampled at
150 m and 800 m; Fig. 3). This is consistent with the
steep increases in nitrogen deposition with increasing
altitude (Miller et al. 1993).

The nitrogen deposition hypothesis predicted that the
altitudinal gradient in phytochemistry would be steepest
on the mountain receiving more atmospheric deposition
(Camel's Hump). This was true for leaf nitrogen of
P. rubens and A. balsamea (Fig. 3), but the pattern for
leaf nitrogen of B. papyrifera was exactly opposite the
prediction and there was no mountain ´ elevation in-
teraction for birch condensed tannins (Figs. 2, 4). The
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failure of this prediction weakens the hypothesis, but the
interpretation is complicated because we were unable to
replicate mountains. Di�erences in soil parent material
(Siccama 1974) might contribute to inter-mountain
variation in nutrient availability and di�erences in can-
opy structure (e.g., smaller trees on Camel's Hump than
Mt. Moosilauke) can in¯uence realized nitrogen depo-
sition rates (Lovett and Kinsman 1990). Also, genotypic
di�erences in tree populations between mountains could
in¯uence responses to fertilization (Orians and Fritz
1996).

Environmentally induced changes in leaf nitrogen
and secondary metabolites can impact a broad spectrum
of herbivores (Ayres 1993, and references therein). Ef-
fects on the growth rate of herbivores are a joint func-
tion of consumption rate and dietary quality (Slansky
1993); insect larvae frequently adjust their consumption
rate to compensate for changes in nutritional quality
(Johnson and Lincoln 1991; Slansky and Wheeler 1992).
This was true for both herbivore species tested in this
study (Table 5). In the case of L. dispar, the increases in
consumption rate with decreasing leaf nitrogen largely
eliminated the e�ects on growth rate of inter-tree vari-
ation in leaf nitrogen (Table 5). In the case of O. le-
ucostigma, the consumption rate increased even more
steeply with decreasing leaf nitrogen, but was nonethe-
less inadequate to eliminate the pattern of decreasing
growth rate with decreasing leaf nitrogen (Table 5).
Apparently because of the steeper altitudinal gradient in
leaf nitrogen on Mt. Moosilauke, foliage palatability on
Mt. Moosilauke tended to increase more conspicuously
with increasing elevation than on Camel's Hump. On
Mt. Moosilauke, larvae of both species had higher
consumption rates on low elevation foliage (Fig. 7;
Table 4) and, especially for O. leucostigma, had gener-
ally reduced growth rates. As with leaf phytochemistry,
the altitudinal patterns o�ered quite strong support for
the nitrogen deposition hypothesis, but the comparison
between mountains did not.

Di�erences in the phytochemistry of high and low
elevation foliage may have implications for the popu-
lation dynamics of forest insect species. During 1994,
L. dispar larvae pupated nearly 2 weeks sooner (i.e., 175
degree days above a 10° base) when feeding on Mt.
Moosilauke birch than when feeding on valley birch
(B.M. Everett and M.P. Ayres, unpublished data).
Furthermore, female pupae at the mountain site were
43% larger than those at the valley site. Increased host
plant nitrogen can improve herbivore nutrition, in¯u-
ence feeding preferences, increase survival, and in¯u-
ence abundance (Mattson 1980; Prestidge 1982; White
1984; Strauss 1987; Paine et al. 1993). Host plants
fogged with simulated atmospheric nitrogen deposition
produced chrysomelid beetles that were 36% larger and
had grown 31% faster (Paine et al. 1996). The combi-
nation of higher leaf nitrogen and lower condensed
tannins in high elevation foliage could in¯uence insect
populations by increasing survival, shortening devel-
opment time, and increasing fecundity. Altitudinal

patterns in the variance of tannin concentrations could
have additional implications for herbivore populations
if there are threshold e�ects of tannin concentrations or
any other nonlinear e�ects on herbivores of changes in
foliar tannin concentrations. Nitrogen deposition might
explain altitudinal patterns in L. dispar defoliation that
have been previously attributed to soil moisture gradi-
ent (Kleiner et al. 1989; Kleiner and Montgomery
1994).

The two lepidopteran species responded somewhat
di�erently to seasonal changes in nitrogen content of
foliage (Table 5). Consumption and growth rates of late
instar O. leucostigma larvae were more sensitive to leaf
nitrogen content than late instar L. dispar larvae. Other
herbivores may be even more sensitive to the altitudinal
patterns in phytochemistry because of the additional
e�ects of changes in tannin content. Neither O. leuco-
stigma nor L. dispar appeared to be strongly a�ected by
variation in tannin concentrations, but, when assayed
against an assortment of six other herbivore species, the
condensed tannins of Betula had higher antiherbivore
activity than the condensed tannins isolated from ten
other plant species (Ayres et al. 1997). Because herbivore
species di�er in their responses to dietary nitrogen and
tannins, altitudinal patterns in nitrogen deposition could
alter the community composition of herbivores in ad-
dition to altering the abundance of individual species.

Conclusions

In the northeastern United States, there are strong alti-
tudinal patterns in phytochemistry that are consistent
between years. These patterns may favor increased
populations of folivorous insect species. It is not likely
that temperature di�erences between high and low ele-
vation sites can explain the patterns in phytochemistry
and insect growth performance. Low-level, chronic at-
mospheric nitrogen inputs are capable of increasing the
nutritive value of foliage from mountain tree popula-
tions. However, speci®c predictions based on regional
trends in nitrogen deposition are complicated by varia-
tion among mountains in baseline fertility, realized ni-
trogen deposition, and tree genotypes. Due to logistic
constraints, only two mountains were included in this
study. Similar studies that include replicated mountains
or sites that receive di�erence amounts of deposition
could provide additional tests of mechanisms producing
altitudinal patterns in phytochemistry and insect growth
performance.
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