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Atmospheric transport and deposition of nutrients, especially ni-
trogen, is a global environmental problem with well-documented
consequences for ecosystem dynamics. However, monitoring ni-
trogen deposition is relatively expensive, monitoring stations are
widely spaced, and estimates and predicted impacts of nitrogen
deposition are currently derived from spatial modeling and inter-
polation of limited data. Ombrotrophic (“rain-fed’) bogs are nu-
trient-poor ecosystems that are especially sensitive to increasing
nutrient input, and carnivorous plants, which are characteristic of
these widespread ecosystem types, may be especially sensitive
indicators of N deposition. Botanical carnivory is thought to have
evolved in nutrient-poor and well-lit habitats such as bogs because
the marginal benefits accruing from carnivory exceed the marginal
photosynthetic costs associated with the maintenance of carnivo-
rous organs. However, the production of carnivorous organs can
be a phenotypically plastic trait. The northern pitcher plant, Sar-
racenia purpurea, produces leaves specialized for prey capture and
nutrient uptake (pitchers) and leaves that are more efficient at
photosynthesis (phyllodia). We hypothesized that relative alloca-
tion to these two types of leaves reflects ambient nitrogen avail-
ability. We manipulated nutrient availability to plants with leaf
enrichment and whole-plot fertilization experiments. Increased
nitrogen, but not phosphorus, reduced production of pitchers
relative to phyllodia; this result provided empirical support for the
cost-benefit model of the evolution of botanical carnivory. Be-
cause this phenotypic shift in leaf production occurs in ecological
time, our results suggest that S. purpurea could be a reliable and
inexpensive biological indicator of nitrogen deposition rates. This
suggestion is supported by field observations across a geographic
gradient of nitrogen deposition.

umans currently use nearly 40% of the world’s primary pro-

duction (1, 2), and in doing so have doubled the amount of
nitrogen (N) released to terrestrial ecosystems (2, 3). The atmo-
spheric transport and deposition of nitrogenous pollutants is a
widespread environmental problem with well-documented conse-
quences for ecosystem dynamics (4). Deposition rates of SO, the
main component of “acid rain,” have been reduced dramatically
since the early 1980s (5). However, deposition rates of nitrogenous
compounds (N0, NO;, and NHy') have not declined in parallel
(5), and in fact continue to increase at ~0.3% per year (6), in large
part because the anthropogenic sources of N are not strongly
localized and easily regulated. Rather, they are principally by-
products of agriculture (3) and dispersed fossil-fuel combustion (7).
Because N>O and NO; are significant greenhouse gases, their
effects are often analyzed at a global scale (3, 6). Yet many of the
effects of N deposition occur at local and regional scales, in between
the widely spaced existing network of monitoring stations, such as
those of the United States National Atmospheric Deposition
Program (http://nadp.sws.uiuc.edu/). There is a critical need,
therefore, to identify effective fine-scale indicators of N deposition
and N saturation, which can provide data that can complement data
obtained from national monitoring networks.
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Nutrient-poor ecosystems are likely to be especially sensitive
to increasing nutrient input. Nonforested peatlands (bogs and
fens) are widespread in northern latitudes (above 40° N), and
despite their relatively small total aereal extent, comprise nearly
one-third of the global pool of soil carbon (8). Atmospheric
deposition is the primary pathway for long-term accumulation
and maintenance of nutrient stocks in ombrotrophic (“rain-fed”)
bogs (9). Carnivorous plants, which are characteristic of such
ecosystems (10), are likely to be particularly sensitive to changes
in N availability because of their reliance on nonsoil sources of
N (11). Botanical carnivory is thought to have evolved in
nutrient-poor and well-lit habitats such as bogs because the
marginal benefits accruing from carnivory exceed the marginal
photosynthetic costs associated with the maintenance of carniv-
orous organs (12). However, the production of carnivorous
organs can be a phenotypically variable trait (13-15). For
example, pitcher plants in the genus Sarracenia produce both
carnivorous pitchers and noncarnivorous but photosynthetically
functional phyllodia (16, 17). We determined experimentally
that in S. purpurea, the production of phyllodia is a direct
response to N availability. This result provides empirical support
for the cost—benefit model for the evolution of carnivory (12).
Because the production of phyllodia occurs rapidly in response
to short-term ecological changes, we hypothesized that the
morphology of this plant could be used as a reliable fine-scale
indicator of N deposition rates throughout its wide geographic
range. We tested this hypothesis by simulating N deposition in
two manipulative field experiments, and by surveying N avail-
ability and pitcher morphology across 26 New England bogs.

Materials and Methods

S. purpurea. The northern pitcher plant, S. purpurea, is a long-
lived (>50 years) rosette-forming perennial that ranges through-
out Canada and in the eastern United States from Maine to
Georgia, where it grows in nutrient-poor bogs, fens, and seepage
swamps (17). This species also has been introduced to bogs in
California, Scotland, Ireland, England, Switzerland, and Japan
(18). This carnivorous plant collects rainwater in its pitcher-
shaped leaves (10), which are derived developmentally through
adaxial folding of the leaf primordia (19). Prey attracted to the
brightly colored, water-filled pitchers fall in and drown, where-
upon the prey are processed by a suite of consumers and
decomposers, including bacteria, protists, rotifers, and fly larvae
(20). Because S. purpurea lacks digestive glands or enzymes,
these decomposers mineralize nutrients in the prey and make
them available for absorption by the plant (10, 21). However,
northern pitcher plants are somewhat inefficient predators (22),
and insects account for only 10% of their nutrient budget (11).
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Because S. purpurea (and other carnivorous plants) typically
grows in ombrotrophic bogs that receive nutrient inputs to the
plant rooting zone solely from precipitation (9, 23), the balance
of this plant’s N budget comes from nutrients dissolved in
rainwater that collects in its pitchers with some additional N
contributed through mineralization by rotifers inhabiting the
pitchers (24). Consequently the growth and morphology of S.
purpurea should be particularly responsive to changes in local N
deposition occurring through acidified precipitation.

Direct Effects of N Additions on Morphology of S. purpurea. We first
tested the hypothesis that the morphology and performance of S.
purpurea is responsive to N availability by directly adding N into
pitchers. This experiment also tested the cost—benefit model for the
evolution of carnivory (12) by focusing on the ecophysiological
pathway responsible for the shift in morphology. In May 1998, we
randomly selected 90 adult (rosette diameter = 10 cm) S. purpurea
plants at Hawley Bog, Massachusetts (42° N, 72° W, elevation 543 m
above sea level), an ~3-hectare ombrotrophic, stream headwaters
bog (25). We randomly assigned each of these plants to one of nine
different nutrient treatments: two control treatments (distilled H,O
or 10% concentration of micronutrients only from Hoaglands
solution); two N treatments (0.1 mg or 1.0 mg NH4-N/liter as
NH,Cl); two phosphorus (P) treatments (0.025 mg or 0.25 mg
PO4-P/liter as NaH,POy); and three treatments in which we altered
the N/P ratio [low N/low P = 1:2.5 (NP1 on Fig. 1), high N/high
P = 4:1 (NP2 on Fig. 1), and high N/low P = 40:1 (NP3 on Fig. 1)].
All N and P treatments also received micronutrients as 10%
Hoaglands solution. N concentrations were chosen to bracket
measured rates of annual deposition (determined from United
States National Atmospheric Deposition Program data). P concen-
trations also were varied to determine whether plants responded to
N limitation directly or to P limitation caused by increased N
availability (26). Growth of bog plants may be limited by either N
or P (26); growth of S. purpurea appears to be colimited by N and
P (median N/P = 15.5; range = 10.15-39.32; n = 31 adult plants;
N and P concentrations of dried, ground plant tissue determined
with a Perkin—Elmer Autoanalyzer). Sample size was determined as
that needed to give statistical power of 80% with a nominal type I
error rate of 0.05, given expected effect sizes published pre-
viously (27).

Every two weeks during the growing seasons (June 1 to
September 30) of 1998, 1999, and 2000, 5 ml of the assigned
nutrient solution was added directly to each open pitcher on each
plant. pH of pitcher water in the experimental plants during the
growing season remained within the range (3.5-5.5) observed in
control pitchers. After each nutrient addition, leaves were
plugged with glass wool to prevent colonization by common
pitcher inhabitants and capture of prey. All leaves were mea-
sured in mid-September every year, before senescence. Pitcher
height was measured with a flexible vinyl tape (*1 mm), and
mouth diameter, tube width, and keel width were measured with
calipers (+0.1 mm). Mortality was <10% in all treatments, and
was not concentrated in any given treatment. Further details of
the experimental design are provided elsewhere (28).

Photosynthetic rates (wmol of CO; per m? per s) of the largest
leaf on all surviving plants (n = 73) in the nutrient addition
experiment were measured between 20 June and 3 July, 2000, by
using a Li-Cor Li-6200 photosynthesis system (Li-Cor, Lincoln,
NE) and custom-built 4-liter chamber. All measurements were
made between 0900 and 1400 h, under ambient solar radiation
that exceeded the light saturation point for S. purpurea (photo-
synthetic photon flux density >800 umol per m? per s). We
regressed photosynthetic rates on relative keel size by using
robust regression (MM method) in S-PLUS FOR WINDOWS, ver-
sion 6.0 (Insightful, Seattle). This robust regression reduced the
influence of outliers by minimizing the maximum possible bias
of the estimates of the regression coefficients.
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Simulating N Deposition. Precipitation deposits nutrients not only
into pitchers but also onto the peat surface and into the pore
water. To determine whether leaf morphology predicts deposi-
tion rates at the whole-plot level, we conducted a second
experiment in which we established experimental plots that
contained S. purpurea, and sprayed each plot with solutions of
NH4NOs;. Nine 2 X 2 m plots, each with 1-3 S. purpurea
individuals, were established at Molly Bog, a 0.8-hectare om-
brotrophic pond-margin bog in northwest Vermont (44° N, 72°
W, elevation 236 m above sea level). Each plot was randomly
assigned, in a regression design (29), to a different treatment: 0,
0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1.0, or 2.5 g N/m? to be added over
the growing season. We applied N as NH4NOj3 in solution by
using a backpack sprayer every 3 weeks from May 8 to September
11, 2000. P and K also were added to each plot as KH PO, to
produce an application of 5 and 6.3 g/m?, respectively, over the
growing season, to ensure that our results were caused by
N-limitation, not to P- or K-limitation brought on by excess N
(30, 31). In mid-September 2000, we measured the morphology
of the largest S. purpurea leaf on each plant. We calculated a
morphological index for each leaf (the relative keel size, see
Results, and Fig. 1) and regressed it on the amount of N applied
to each plot. To avoid measurement bias, this was a “double-
blind” experiment. The applicators did not know the concen-
tration of the treatment they were applying, and we did not know
the treatment applied to the plants we were measuring.

S. purpurea as a Biological Indicator of N Deposition. Pitcher plant
bogs are scattered across the landscape, and occur in a region of
North America that receives significant acid rain (5, 32). How-
ever, the monitoring stations of the National Atmospheric
Deposition Program are few and far between; for example, in our
home states of Massachusetts and Vermont, there are only three
and two stations, respectively. Consequently, local estimates of
N deposition currently are derived from spatial modeling and
interpolation of limited data (33). Based on the results of the two
field experiments, we hypothesized that the observed leaf mor-
phology of pitcher plants in bogs could be used as a convenient
biological indicator of local N deposition.

To test this hypothesis, we extensively surveyed 26 bogs across
Massachusetts and Vermont during the summer of 2000. These
bogs are classified (34) as acidic peatlands (mean pH = 4.3, range
3.27-5.5; mean Ca?* = 11.2 mg/liter, range = 1.4-23; with a
well-developed Sphagnum mat and dominated by shrubs in the
family Ericaceae). Details of the geography and vegetation of these
sites are published elsewhere (35). In this region, N deposition
generally increases from west to east, and from south to north (33),
and ranges from (.75 to 2.25 mg NOs-N/liter and 0.1 to 0.4 mg
NH4-N/liter. In bogs, most of the NO, deposited is transformed
into NH; in the pore water (36, 37). Therefore, we used pore-water
NH, concentration as a proxy for NO, deposition, while recog-
nizing that concentrations of NH; in the pore water reflect a
balance between deposition rates (which we infer) and rates of
absorption by the plants. At each bog, we measured the largest leaf
of 25 randomly selected S. purpurea individuals, and collected 5
samples of pore water by pressing a 50-ml sterile centrifuge tube
into the Sphagnum mat. Tubes filled with water within 10 s.
Concentration of NH; and NOj in pore water was determined by
using salicylate and cadmium reduction spectrophotometry, respec-
tively (38). In general, NO; was not detectable, so we regressed only
NH, concentrations on plant morphology.

Results

Direct Effects of N Additions on Morphology of S. purpurea. Within
a single growing season, direct nutrient additions dramatically
altered leaf morphology (Fig. 1) and elevated plant photosyn-
thetic rates (Fig. 2). Those plants that received high concentra-
tions of N alone or solutions with high N/P ratios produced
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Fig. 1. Morphological response of S. purpurea to direct nutrient additions.
Morphology is expressed as two correlated characters: relative tube diameter
(an indication of how large an opening the leaf has in which it captures prey)
and relative keel size (an indication of the relative size of the pitcher tube
itself, in which prey are digested). Pitcher measurements are illustrated on the
drawings of the pitchers (by E. J. Farnsworth) below the main plot. The joint
changes in morphology are illustrated with line drawings (by E. J. Farnsworth)
of a normal pitcher with a relatively large mouth and small keel (top left) and
a phyllode with a relatively small mouth and large keel (bottom right). On the
main plot, each point represents the joint mean of the two morphological
variables and their 95% confidence intervals. Means are labeled with the
nutrient addition treatment. The plot at Top illustrates the N and P concen-
trations added at each treatment. The red line illustrates the N concentration
and the black line the P concentration in each treatment as ordered from left
to right along the regression line.

leaves with large noncarnivorous keels and small carnivorous
tubes (phyllodia). In extreme cases, no tubes were produced and
leaves were entirely noncarnivorous. Plants that received only
distilled water, micronutrients, P alone, or low concentrations of
N produced normal carnivorous pitchers with small keels and
large tubes (Fig. 1). This result supported a prediction of the
cost—benefit model for the evolution of carnivory (12), that
carnivory would not be favored when there is an excess supply
of N. However, the production of carnivorous organs was
phenotypically plastic, and we observed this morphological
change in ecological, rather than evolutionary, time. A second
prediction of the cost—benefit model is that there should be a
photosynthetic cost to producing carnivorous structures. This
prediction was also supported. When the experimental plants
were ordered along the morphological continuum from pitcher
to phyllode, maximum whole-leaf photosynthetic rate increased
as leaves became more flattened and less carnivorous (Fig. 2).
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Can Plant Morphology Predict N Deposition Rate? We found a direct
linear relationship between plant morphology and N applied as
aerial spray. The relative sizes of pitcher keels and tubes in the
manipulated plots at Molly Bog were, in fact, accurate predictors of
the amount of N applied (Fig. 3). Similarly, across New England,
pitcher morphology was an accurate predictor of pore-water NH;
concentrations up to 0.5 mg/liter (Fig. 4). However, plant morphol-
ogy did not accurately predict the extremely high pore-water NH;
concentrations we found at two bogs in northern Vermont (Fig. 4).
These two bogs are not geographically unique, however. One of
these two bogs was in the west-central part of the state and the other
in the northeast corner. Pore-water concentrations of NH; of bogs
to the east, west, north, and south of these two bogs were predicted
well by plant morphology.

Discussion

Nitrogen deposition is a global problem that requires accurate
monitoring at a variety of spatial scales. Although S. purpurea is
a long-lived perennial plant, our experiments showed that it is
phenotypically plastic. Within a single growing season, individ-
ual rosettes responded to local increases in N availability by
shifting rapidly from production of carnivorous pitchers to
production of more photosynthetically efficient phyllodia. Be-
cause S. purpurea commonly occurs in bogs and other wetlands
throughout Canada and eastern North America, and has been
introduced in western Europe and Japan, we propose that it can
be used as a ready biological indicator of local N deposition,
based on simple measurements taken only with field calipers.
The ecophysiological mechanism underlying this biological indi-
cator also suggests that other carnivorous plants could be used as
similar biological indicators of nutrient accumulation and satura-
tion. The cost-benefit model for the evolution of carnivory (12)
predicted that carnivory will not be favored when there is an excess
supply of nutrients in the environment. Although this model was
developed to predict the evolution of botanical carnivory, the
production of carnivorous organs is phenotypically plastic (Fig. 1),
and occurs in ecological time. The cost-benefit model also pre-
dicted that there should be a photosynthetic cost to producing
carnivorous structures, and we observed this cost as well (Fig. 2).
Plants do not respond to nutrients in isolation, however. For
example, S. purpurea produces pitchers at extremely high levels of
pore-water NH;, such as those observed at two bogs in Vermont,
possibly as another nutrient (e.g., P) becomes limiting. This hy-
pothesis is supported inferentially by observation of N/P ratios >15
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Fig.2. Maximum photosynthetic rates of plants of different shapes. Relative

keel size increased (from left to right) with increasing N addition (see Fig. 1).
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Fig. 3. N concentration added as aerial spray in large plots at Molly Bog as

afunction of relative keel size. Dotted lines indicate 95% confidence intervals.
The fitted model was log([N]) = —2.94 + 4.36 X (relative keel size), and
explained 72% of the variation in N concentration applied.

in these two Vermont bogs. Although the dominant nutrient
contributed by insect prey to pitcher plants is N (39), insect prey also
are a source of P for pitcher plants (21).

Other carnivorous plants also have been shown to vary their
production of carnivorous structures in response to nutrient
availability, including species in the globally widespread genera
Utricularia (13-15) and Pinguicula (40, 41). Carnivorous plants
occur in nutrient-poor habitats on every continent except Ant-
arctica (42); further research on the morphological responses of
these unique plants to nutrients could lead to the development
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Fig. 4. Pore water NH; concentration at 26 bogs in Massachusetts (®) and
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variation in pore-water NH; concentration. Dotted lines indicate the 95%
confidence interval on the regression.

of inexpensive biological indicators for a broad spectrum of
anthropogenic nutrients.
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