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Abstract:  Geographic trends in surface water chemistry and leaf tissue nutrients may reflect gradients of
nutrient limitation and broad-scale anthropogenic inputs. In 24 rain-fed (ombrotrophic) peatland bogs in
Massachusetts and Vermont, we measured nutrient and metal concentrations in pore-water and in leaf
tissues of three common bog plant genera — leather leaf (Chamaedaphne calyculata), northern pitcher
plant (Sarracenia purpurea), and peat moss (Sphagnum spp.). The concentrations of N, P, and K were low
in leaf tissues of all three plant genera, as were the concentrations of many trace heavy metals, including
Cr, Cu, Co, Cd, Mo, and Pb. Stoichiometric ratios of macronutrients (N:P, P:K, and N:K) in plant leaves
suggested that plant growth in the sampled bogs was limited by P, or was co-limited by all three
macronutrients. N:P and N:K nutrient ratios of Sarracenia purpurea and Sphagnum spp. increased
toward the northwest and with elevation, but stoichiometric ratios of Chamaedaphne calyculata did not
show any clear geographic trends. A principal components analysis revealed additional distinct
differences among the three plant genera in their nutrient and metal concentrations. Furthermore,
dissolved organic carbon (DOC), dissolved organic nitrogen (DON), Cu, Mg, NO;, Al, and K in pore-
water increased from the northwest (northwestern Vermont) to the southeast (Cape Cod and eastern
Massachusetts near Boston), a gradient of increasing human population density and urbanization. In
contrast, pore-water concentrations of SO, and Al were highest in the western sites, and SO,
concentrations increased with elevations. These patterns may reflect atmospheric inputs from the Ohio
River Valley leading to increased acidic deposition, causing Al to be leached from soils. Because bogs are
naturally low in nutrients and do not receive substantial inputs from surrounding groundwater, the
chemical signatures and nutrient stoichiometry of specific bog plant species or genera may provide useful
indicators for assessing spatiotemporal changes in atmospheric deposition.

Key Words: atmospheric deposition, Chamaedaphne calyculata, nitrogen, phosphorus, potassium,
Sarracenia purpurea, Sphagnum
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INTRODUCTION

Nutrient limitation characterizes most terrestrial
and wetland plant assemblages (Chapin et al. 1986,
Bedford et al. 1999, Aerts and Chapin 2000). Many
studies have shown stoichiometric relationships —
ratios of critical nutrients in plant tissues — are
reliable indicators of which nutrients (co-)limit plant
growth and system-wide production (Olde Venter-
ink et al. 2002, 2003, Sterner and Elser 2002, Agren
2004, Gtisewell 2004, 2005, Kerkhoff et al. 2005,
Schade et al. 2005). The production of inorganic
nitrogen for agriculture, the combustion of fossil
fuels, and other industrial processes have resulted in
widespread atmospheric deposition of nitrogen (IN)
as NO, and NHy, phosphorus (P) as POy, sulfur (S)
as SOy, carbon (C) (e.g., in soot), and a variety of
metals, including lead (Pb), copper (Cu), and
mercury (Hg). These additional inputs (as well as
soil leaching from acidification) alter both the
absolute and relative concentrations of nutrients
and elements in the environment. Such changes can
affect competitive relationships among plants (Til-
man 1988, Bobbink et al. 1998) and may directly or
indirectly reduce population size or even eliminate
species of management concern (Verhoeven et al.
1996).

Bogs are fragile, nutrient-poor ecosystems that
receive most or all of their nutrient inputs from
precipitation (Gorham et al. 1985, Damman 1986,
1990, Lamers et al. 1999, Holden and Burt 2003).
Many plant species that grow in bogs are adapted to
low nutrient conditions. Such adaptations include:
low photosynthetic rates (Small 1972) and photo-
synthetic nutrient-use efficiency (Ellison 2006); the
ability to take up organic forms of nitrogen (Kiel-
land 1994, Raab et al. 1996, Nasholm et al. 1998);
specialized mycorrhizal relationships (Michelsen et
al. 1996); and carnivory that provides nutrients from
arthropod prey (Givnish 1989). In Europe, where
nitrogen deposition rates are 2—10 times higher than
in North America (Holland et al. 2005), atmospheric
deposition of nutrients and metals is widespread
(Steinnes 1997, West et al. 1997) and has dramat-
ically altered plant species composition in bogs
(Giller and Wheeler 1988, Bobbink et al. 1998,
Heijmans et al. 2002). Changes in nutrient stoichi-
ometry repeatedly have been identified as plausible
mechanisms underlying these observed changes in
vegetation structure (Hoosbeek et al. 2002, Giisewell
2004, 2005, Limpens et al. 2004).

In North America, implementation of the Clean
Air Act of 1969 has significantly reduced conti-
nent-wide deposition rates of SO, whereas
changes in deposition rates of NO, and NH, vary

geographically: nitrogen deposition has decreased
in the northeastern United States, but it has
increased in the Midwest and elsewhere (Lynch et
al. 1995, Lehmann et al. 2005). There have also
been reductions in the deposition rates of major
cations (Ca, Mg, Na, and K). Deposition rates of
mercury (Hg) and lead (Pb) have generally declined
following the imposition of regulatory controls and
the elimination of leaded gasoline (Swain et al.
1992, Norton et al. 1997, Schuster et al. 2002,
Vanarsdale et al. 2005). Deposition rates of most
other metals are not measured routinely (but see
Evans et al. 2005) and are presumed to be
extremely low from a regulatory standpoint. These
observed (and unobserved) changes in deposition
rates also may alter the growth, morphology of
individual plants, as well as affect competitive
interactions among species.

In northeastern North America, the morphology
of the pitcher plant Sarracenia purpurea L. (a bog
specialist) changes in response to experimental
nutrient additions. Moreover, variation in plant
morphology among populations is correlated with a
variation in pore-water nutrient concentrations
among bogs (Ellison and Gotelli 2002). Higher
levels of pore-water NH, are associated with
reduction in pitcher diameter, an increase in the
area of the plant’s flattened ‘keel”’, and concomi-
tant increases in photosynthetic rates (Ellison and
Gotelli 2002). At very high levels of N deposition,
however, plants senesce faster, seedlings are
“burned” by excessive N, and populations may go
locally extinct (Gotelli and Ellison 2002b). Addi-
tional species of bog plants might serve as indicators
of deposition rates of other nutrients or metals. A
prerequisite for finding such indicator species is
determining baselines of nutrient and mineral
composition in plants and identifying specific
differences between them.

Here, we report such baselines for pitcher plants
and two other common plant genera in bogs —
leatherleaf (Chamaedaphne calyculata (L.) Moench.)
and sphagnum moss (Sphagnum spp., primarily S.
magellanicum Brid. and S. rubellum Wils.) — in 24
bogs across Massachusetts and Vermont. We
simultaneously measured pore-water chemistry in
these bogs, and we used those data to identify “hot
spots” of deposition of nutrients and metals in our
study region, to quantify stoichiometric relation-
ships among key nutrients, and to identify which
nutrient or nutrients likely limit the growth of each
of these taxa. Our results suggest how bog
communities in northeastern North America might
respond to additional changes in atmospheric
inputs.
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METHODS
Study Genera

Leatherleaf (Chamaedaphne calyculata) is an
evergreen, perennial ericaceous shrub that forms
large, dense stands in bogs and poor fens. It ranges
from southern Canada and the northern mid-
western United States south to Georgia in the
eastern United States (Niering 1998). This shrub has
extensive root systems and predictably expands
through Sphagnum mats by vegetative proliferation.
Leatherleaf’s vegetative growth can consolidate bog
mats rapidly and promotes the successful establish-
ment of other woody plants (Swan and Gill 1970).

The northern pitcher plant (Sarracenia purpurea)
is a perennial, rosette-forming, carnivorous herb
that is common in bogs and poor fens throughout
the eastern coastal plain of North America. It ranges
from Georgia northward into Newfoundland and
Labrador, and westward across Canada east of the
Rocky Mountains and in the northern Midwestern
United States (Schnell 2002). Sarracenia is shallowly
rooted, and like other carnivorous plants it obtains
most of its nutrients from captured prey (Ellison et
al. 2003). It also collects rainwater in its pitchers. In
places where atmospheric deposition rates are high,
more than 40% of the plant’s nutrient budget can
come from inorganic nutrients dissolved in precip-
itation (Btedzki and Ellison 1998).

Sphagnum mosses are the characteristic founda-
tion genera of temperate-zone bogs in both hemi-
spheres (Andrus 1986) and function as “keystone
genera’ or ‘“‘ecosystem engineers” in these habitats
(Svensson 1995, Rochefort 2000). Sphagnum has a
high water-holding capacity and acidifies the bog
habitat by taking up cations (including critical
elements such as Ca and Mg) and releasing
hydrogen ions into the surrounding water. The most
common species of Sphagnum in our study sites,
accounting for ~80% of all collected material, were
S.  magellanicum, S. rubellum, S. angustifolium
(Russ.) C. Jens., and S. fallax (Klinggr.) Klinggr.
We did not distinguish among Sphagnum species in
our analysis of plant nutrient content.

Sample Collection and Analysis

Samples of C. calyculata, S. purpurea, Sphagnum,
and pore-water were collected at 24 bogs in Vermont
and Massachusetts (Figure 1) over a two-week
period in June 2002. All of these bogs have well-
developed Sphagnum mats and woody vegetation
dominated by Chamaedaphne (Gotelli and Ellison
2002a, Btedzki and Ellison 2003). We collected
leaves (5-10 g fresh mass) for analysis that were

representative of new growth produced in the
current growing season, and that were from plants
growing in the Sphagnum mat where the density of
pitcher plants was highest. Sphagnum samples were
not identified to species, but we did collect the most
abundant morphotype of Sphagnum at each site.

All plant tissue samples collected were of young,
fully expanded leaves of similar age — approximately
25% through their life cycle. Although macronutri-
ent and elemental contents of leaves change through
time, young, fully expanded leaves are at a point in
their growth when leaf performance is at its peak
(Reich et al. 1995). Such leaves act as competing
sinks for many nutrients, including calcium
(McLaughlin and Wimmer 1999), which is known
to show pronounced seasonality in concentration.
Nonetheless, our focus in this work is on biogeo-
graphic patterns of nutrient content, and there is no
a priori reason to expect that temporal changes in
nutrient status would be affected by a statistical
interaction between leaf age and elevation, longi-
tude, or latitude, so our biogeographic comparisons
should still be valid.

The leaf samples were bagged individually in the
field and immediately returned to the laboratory
where they were dried at 60°C to constant mass,
ground in a Udy Cyclone Sample Mill (I-mm
screen), and microwave-digested with nitric acid
for chemical analysis. Nutrient and metal content
(C, H, N, Al, B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg,
Mn, Mo, Na, Ni, P, Pb, S, and Zn; elemental
abbreviations defined in Table 1) of the digested
samples were determined at the University of
Vermont Agricultural and Environmental Testing
Laboratory using a Perkin-Elmer Optima 3000 DV
inductively-coupled plasma atomic emission spec-
trometer (ICP-AES; PerkinElmer, Wellesley, Mas-
sachusetts, USA). Analysis for C, H, and N was
performed on separate sub-samples using a Leeman
Lab model 440 CHN elemental analyzer (Teledyne
Technologies, Los Angeles, California, USA). All
analyses were conducted using standard methods
and quality control, including blanks, duplicates,
and NIST traceable standard materials.

Pore-water samples were taken by pressing a
500 mL sample bottle into the surface of the
Sphagnum mat. The collected water was immediately
filtered in the field through glass-fiber filter paper
(Whatman GFF), separated into four subsamples for
separate analyses, placed on ice, and transported to
the University of Vermont Agricultural and Envi-
ronmental Testing Laboratory. The first subsample,
used to determine concentration of soluble Al, Ca,
Cu, Fe, K, Mg, Mn, Na, Si, and Zn, was preserved
with nitric acid (final concentration 0.1 N) and
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Figure 1. Map of sampled bogs. Abbreviations are: CAR — Carmi Bog; MOO — Moose Bog; MOL — Molly Bog; COL —
Colchester Bog; PEA — Peacham Bog; CHI — Chickering Bog; SNA — Snake Mountain Bog; SPG — Springfield Bog;
HAW - Hawley Bog; LIL — Lily Pond Bog; OB — Otis Bog; CB — Clayton Bog; WIN — Lake Jones Bog; BHP — Bourne-
Hadley Ponds; QP — Quag Pond; QUA — Quabbin Bog; ARC — Arcadia Bog; SWR — Swift River Bog; RP — Round Pond;

SPG — Snake Pond Bog; PKB

Ponkapoag Bog; CKB — Chockalog Bog; BPB — Black Pond Bog; SKP — Shankpainter

Ponds. Detailed geographic information about these bogs can be found in Gotelli and Ellison (2002a) and Btedzki and

Ellison (2003).

stored at 4°C until analyzed using an Optima 300 DV
ICP-AES (Perkin-Elmer Inc., Norwalk, CT). The
second subsample, used to determine concentrations
of NH4-N and NOs-N, was preserved with sulfuric
acid (to pH 2) and stored at 4°C until analyzed on a
Flow Injection Auto-Analyzer (Lachat QuikChem
AE, Loveland, CO) using the salicylate-nitroprusside

methods and cadmium reduction, respectively. The
third subsample, used to measure pH, dissolved
organic carbon (DOC), and dissolved organic
nitrogen (DON), was stored at —20°C. The pH of
thawed samples was measured with an Orion pH
electrode (Thermo Electron, Waltham, MA). DOC
and DON were measured using the persulfite
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Table 1. Concentrations (mg/kg) of metals in leaf tissue of Chamaedaphne calyculata, Sarracenia purpurea, and Sphagnum
spp. Values given are means = 1 SD. For each metal, superscript letters indicate significant differences among species (P <
0.05; Tukey’s HSD test for multiple comparisons among means). If no letters are given, then there were no significant

differences in metal concentration among the three genera.

Chamaedaphne

Sarracenia Sphagnum

Calcium (Ca)
Magnesium (Mg)
Iron (Fe)

10,304.90 (1,976.67)*
1,414.62 (416.83)°
64.79 (29.69)°

Chromium (Cr) 2.85 (4.13)
Copper (Cu) 2.31 (2.26)
Aluminum (Al) 224.92 (95.68)°
Cobalt (Co) 1.13 (1.79)
Boron (B) 10.66 (9.35)*
Cadmium (Cd) 0.77 (0.57)

Molybdenum (Mo)
Manganese (Mn)
Sodium (Na)

15.35 (24.42)
991.81 (472.48)"
18.85 (26.69)°

Nickel (Ni) 3.39 (5.36)°
Lead (Pb) 1.88 (3.07)
Sulfur (S) 1,539.59 (264.45)*
Zinc (Zn) 31.16 (7.98)%

2,236.05 (771.40)°
897.83 (337.11)°
590.07 (392.13)

1,038.37 (526.38)°
2,084.39 (871.14)*
95.66 (44.84)°

3.50 (5.99) 1.58 (3.09)
2.56 (3.32) 4.88 (5.46)

61.59 (39.52)° 333.74 (189.92)*
0.90 (0.84) 0.70 (0.34)
1.57 (2.55)° 0.66 (0.43)°
1.57 (1.43) 1.38 (1.76)
5.46 (11.80) 5.33 (11.96)

151.18 (115.22)°
606.90 (536.62)
8.32 (9.00)*
17.96 (64.48)
1,030.24 (219.67)°
26.76 (8.35)%P

92.16 (60.42)°
375.47 (242.71)
4.59 (4.72)*°
2.69 (4.66)
786.44 (161.93)°
19.39 (6.68)°

oxidation method (Clesceri et al. 1998). The fourth
subsample, used for SOy4, Cl, and soluble reactive P,
was stored at —20°C until analyzed by ion chroma-
tography (for SOy, Cl) or using the stannous chloride
molybdate blue procedure (for P) (Clesceri et al.
1998). Random duplicate samples and field blanks,
consisting of 500 mL filtered distilled water, were
taken at several sites and processed as described
above. Latitude, longitude, and elevation (meters
above sea-level [m a.s.l.]) of each bog were deter-
mined in the field using a Trimble Global Positioning
System unit (Trimble Instruments, Sunnyvale, CA).
Latitude and longitude are reported here only to the
nearest degree in order to protect these sensitive sites.
Access to sites and sample collection was permitted
by private landowners and by state Natural Heritage
programs.

Data Analysis

Initial analysis focused on geographic patterns in
nutrient and mineral availability (in pore-water),
genus-specific differences in nutrient and mineral
content, and how these differences varied with
latitude, longitude, and elevation. Key stoichiometric
relationships — C:N, N:P, N:K, and K:P ratios in
plant tissues — were also examined within and among
sites and across plant taxa. Koerselman and Meule-
man (1996) and Aerts and Chapin (2000) have
suggested that N limitation is implied by N <
20 mg/g (2%) and N:P < 14 mg/mg, whereas P
limitation is implied by P < 1 mg/g (0.1%) and N:P >
16. Co-limitation of N and P is implied when

concentrations of N and P are both individually
limiting and when 14 = N:P = 16. Olde-Venterink et
al. (2002, 2003) expanded the concept of nutrient
limitation in wetland plants to include K limitation
and suggested that if K is less than 8 mg/g (0.8%) then
its availability can limit plant growth. They further
suggest critical ratios for P or P+N limitation (N:P >
14.5, K:P > 3.4), K or K+N limitation (N:K > 3.1,
K:P < 3.4), and pure N limitation (N:P < 14.5, N:K
<< 2.1). We used these a priori thresholds to determine
whether growth of Chamaedaphne, Sarracenia, or
Sphagnum is likely to be limited by N, P, or K.

To compare tissue nutrient concentrations, we
used a randomized block ANOVA (Gotelli and
Ellison 2004), with each bog as a block. For each
plant genus, geographic trends in average nutrient
content were identified with stepwise multiple
regression models, using latitude, longitude, and
elevation as the predictor variables. We used
principal component analysis (PCA) as a data
reduction technique to reveal whether suites of
nutrients and minerals covaried among genera or
sites. All data were standardized by conversion to
standard deviation units for the PCA. Data analyses
were conducted with R version 2.6.1 (http://www.
r-project.org/).

RESULTS
Nutrient and Metal Content of Plants

In all bogs, nutrient content (percent N, P, K) was
low in the three plant genera (Figure 2). Absolute
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Figure 2. Macronutrient content of the three plant taxa — Chamaedaphne calyculata (circles, solid regression lines);
Sarracenia purpurea (inverted triangles, dashed regression lines); Sphagnum spp. (squares, dotted regression lines) — as a
function of latitude, longitude, and elevation. Solid symbols indicate plants sampled from bogs in Massachusetts and open
symbols are plants sampled from bogs in Vermont. Dark grey lines indicate critical values at which N, P, or K become
limiting (after Aerts and Chapin 2000, and Olde Venterink 2002, 2003).

concentrations of these nutrients suggest that all
three genera are limited by N and K and that
Sarracenia and Sphagnum are also limited by P
(Figure 2). Across all sites, Chamaedaphne leaves had
significantly higher concentrations of N and P than
leaves of either Sarracenia or Sphagnum (P < 0.05,
Tukey’s HSD post-hoc test for multiple comparisons
among means). Sphagnum also had significantly

more K than did Sarracenia (P < 0.05). There were
no clear geographic trends in absolute concentra-
tions of nutrients in plant tissues (Figure 2).
Among the three genera, Chamaedaphne had the
highest concentrations of Ca, B, Mn, S, and Zn,
Sarracenia had the highest concentrations of Mg,
and Sphagnum had the highest concentrations of Fe,
Al, Na, and Ni (Table 1). The three genera all had
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Table 2. Geographic variables associated with nutrient and cation concentrations in pore-water samples of 24 New
England bogs. For each nutrient or cation, we used stepwise multiple regression to determine which of the three geographic
variables explained a significant proportion of the variance in the observations. The entry in each cell is the value of the
coefficient (B3;) in the model X = By + By Xxlatitude + B> Xlongitude + PsXelevation, where X is the nutrient or cation. An
entry labelled ““ns” means that that variable was not included in the final model (P > 0.1 in the stepwise regression). Note
that longitude was coded in the data as a negative number (thus sites located further west have smaller [more negative]
values for longitude). Consequently, if B, < 0, that nutrient or cation increased in concentration towards the west. The r°
value is the proportion of variance explained by the final model; the P-value indicates the significance of the final model.

Lat Long Elev r° P-value
DOC 11.5 —20.4 —0.10 0.52 0.002
DON ns —1.02 —0.004 0.58 0.0001
Cu 0.01 ns ns 0.21 0.08
Mg ns —0.52 —0.002 0.26 0.04
Na ns ns ns 0.09 0.15
NO; 0.11 —0.10 —0.0004 0.42 0.01
Zn ns ns ns 0.11 0.51
SO, —-0.22 —0.08 0.001 0.32 0.04
Al ns —0.04 —0.0002 0.27 0.04
K 0.55 -0.77 —0.005 0.58 0.0006

similar, low concentrations of the heavy metals Cr,
Cu, Co, Cd, Mo, and Pb (Table 1), all of which can
be toxic to plants at high concentrations.

Geographic Patterns in Pore-water
Nutrient Availability

Stepwise multiple regressions revealed common
geographic patterns in nutrient and cation availabil-
ity in pore water (Table 2). Concentrations of DOC,
DON, Cu, Mg, NO;, Al and K all generally
increased from northwest (northwestern Vermont
sites) to southeast (eastern Massachusetts sites near
Boston). Concentrations of DOC, DON, Mg, NOs;,
Al, and K also all decreased with elevation
(Table 2). Concentrations of SO, were highest in
the northwestern sites, and increased with elevation
(Table 2). There were no geographic patterns in
pore-water pH, or pore-water concentrations of P,
Mn, NH,, Ca, Fe, and Si.

Stoichiometric Relationships

Nutrient ratios in plant tissues generally suggested
that plant growth was limited by P or co-limited by
all three macronutrients (N, P, and K) (Figure 3),
given the relatively low levels of N and K available
(Figure 2). The relatively high N:P ratio of all three
genera implied P-limitation, and it did not differ
among the three genera (P = 0.22, ANOVA).
Observed high ratios of N:P and K:P further indicated
P limitation (Figure 3). N:K ratios were also above
the critical threshold, implying some degree of K
limitation (Figure 3). Sphagnum appeared to be the

least K- (most P-) limited: its K:P ratio was
significantly higher (P < 0.05, Tukey’s HSD post-
hoc test for multiple comparisons among means)
than that of either Chamaedaphne or Sarracenia; the
K:P ratios of the latter did not differ significantly (P
> 0.05). Similarly, Sphagnum had the lowest N:K
ratio of the three genera (Figure 3). A ternary plot
(Figure 4) confirmed these patterns. All genera were
either P-limited or N-P-K co-limited. C:N ratios of
Sarracenia and Sphagnum were significantly higher
than the C:N ratio of Chamaedaphne (P < 0.05).

Stoichiometric relationships of Chamaedaphne did
not vary consistently with geographic variables (P >
0.15; Figure 3). However, the N:P and N:K ratios of
Sarracenia and Sphagnum increased significantly to
the northwest (P = 0.01), with the highest N:P ratios
in plants at the high elevation sites of Hawley Bog
(543 m a.s.l.) and Otis Bog (491 m a.s.l.) in western
Massachusetts (Figure 3). Hawley Bog also had the
highest N:K ratio (Figure 3). N:P ratios of Sphag-
num also were highest at two high elevation sites,
Otis Bog in western Massachusetts and Lake Jones
Bog (323 m a.sl.) on the Worcester Plateau of
Massachusetts (Figure 3). The stoichiometry of the
pore water did not differ geographically (P > 0.1,
stepwise multiple regressions). The N:P ratio in pore
water was 16.2 = 28.01 (SD), N:K was 0.3 = 0.17,
and K:P was 44.6 = 47.50.

Data Reduction and PCA Profiles

Principal components analysis clearly separated
the three plant taxa on the basis of nutrient and
mineral composition (Figure 5). The first three
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Figure 3. Stoichiometric relationships for the three plant taxa. — Chamaedaphne calyculata (circles, solid regression lines);

Sarracenia purpurea (inverted triangles, dashed regression lines); Sphagnum spp. (squares, dotted regression lines) — as a
function of latitude, longitude, and elevation. Solid symbols indicate plants sampled from bogs in Massachusetts and open
symbols are plants sampled from bogs in Vermont. Dark grey lines indicate critical values at which N, P, or K become
limiting (Olde Venterink 2002, 2003). Please note vertical axis break on the plots of K:P.
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Figure 4. Ternary plot illustrating joint N, P, and K
limitation in the three plant taxa — Chamaedaphne
calyculata (circles); Sarracenia purpurea (inverted trian-
gles); Sphagnum spp. (squares). Solid symbols indicate
plants sampled from bogs in Massachusetts and open
symbols are plants sampled from bogs in Vermont.
Nutrient limitation boundaries in the plot are based on
the criteria of Olde Venterink et al. (2003).

principal axes accounted for 26%, 15%, and 11% of
the variance, respectively (cumulative variance
explained = 52%); visual inspection of the PCA
scree plot suggested that higher-order axes were not
informative. The largest loadings were for C
(positive) and Na (negative) on the first axis; Al
(positive) and Mg (negative) on the second axis; and
Cd (positive) and N (negative) on the third axis
(Figure 5; complete loadings are given in Table 3).
All three genera separated out clearly in a biplot of
principal axis 1 versus principal axis 2. Chamae-
daphne had generally positive scores for both
principal axes, indicating high C, H, Ca (on the
first axis), and K (on the second axis); Sarracenia
had generally negative scores for both principal
axes, indicating high Na, H, and Mg, but low Al, K,
Zn, Cu, and S; and Sphagnum had generally negative
scores for principal axis 1 and positive scores for
principal axis 2, indicating low C and high Al and K.
Chamaedaphne also separated out from the other
two genera in the biplot of principal axis 1 versus
principal axis 3 (Figure 5); this shrub had interme-
diate scores on principal axis 3. Sarracenia separated
out from the other genera in the biplot of principal
axis 2 versus principal axis 3 (Figure 5). Geographic
position — latitude, longitude, and elevation — was
not significantly correlated (P > 0.24, all cases) with

any of the three principal axis scores for any of the
three plant taxa.

Overall patterns in water chemistry were generally
less dramatic (Figure 6). Initial principal compo-
nents analysis and visual inspection of the scree plot
suggested that only the first principal axis was
informative; it accounted for 43% of the variance
(loadings in Table 4). This PCA also identified
Colchester Bog (near Burlington, Vermont) as a
clear outlier on principal axis 1. This bog had the
highest pH (6.37) and highest DOC, DON, P, Al,
Cu, K, Mg, Na, and Zn of all the bogs sampled; the
values for DOC, DON, and these nutrients and
metals exceeded those values in the other bogs by
more than 2-fold on average (range 1 to 5-fold).
Because it was possible that these extreme values
found at Colchester Bog may have hidden other
geographic patterns in water chemistry among bogs,
we ran another PCA with Colchester Bog removed
from the analysis. As in the PCA that included
Colchester Bog, only the first principal axis was
informative, and the scores for the first principal
axis were highly correlated between the two analyses
(r = 0.93; data in Table 4). In this latter analysis, the
first principal axis only accounted for 25% of the
variance in the data. In both analyses, the second
principal axis accounted for 11%-12% of the
variance. Principal component scores, either with
or without Colchester Bog data included, were not
significantly correlated with latitude, longitude, or
elevation (P > 0.15, all comparisons).

Pore-water chemistry profiles (i.e., the first
principal axis score of water chemistry data) were
not significantly correlated (P > 0.16, all cases) with
the plants’ nutrient content profiles (i.e., the three
principal axis scores of the three plant taxa).

DISCUSSION

This work provides baseline analytical data for
pore-waters and plant tissue sampled in 24 New
England bogs. Our results suggest that, in spite of
the relatively narrow geographic extent of the
samples, there are complex geographic gradients of
nutrients and elements in the pore-water of these
bogs that are related to the latitude, longitude, and
elevation of each site. Although nutrient deposition
rates at small spatial scales typically increase with
elevation (Miller et al. 1993), the main effects of
elevation in our regression models were mostly
negative, suggesting that deposition of many nutri-
ents and elements decreases at higher elevations.
This pattern probably reflects the confounding
geographic gradient of human population density
and urbanization which is greater at low elevation
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Figure 5. Principal component biplots of the three plant taxa — Chamaedaphne calyculata (circles); Sarracenia purpurea

(inverted triangles); Sphagnum spp. (squares). Solid symbols indicate plants sampled from bogs in Massachusetts and open
symbols are plants sampled from bogs in Vermont. The axes are annotated with the minerals and metals that loaded most
heavily (Jloading| > 0.2); the dominant element loading on each axis is indicated in bold. All loadings are reported in

Table 3.

sites in our study (Cape Cod and eastern Massa-
chusetts near Boston) than at high elevations (the
Berkshire Mountains of Massachusetts and the
Green Mountains of Vermont). However, the
increasing concentrations of SO4 to the west and
K to north may reflect deposition of pollutants that
originate in the Ohio River Valley (Malm et al.
2002). In bogs of Britain and Ireland, there are
similar geographic gradients in chemical composi-
tion that are related to inputs from sea-spray and
local pollution and terrestrial sources (Proctor
1992). In western Canada, elemental concentrations
in pore water samples also varied on a longitudinal

gradient (Malmer et al. 1992). In our study, sea-
spray inputs may also be important in accounting
for nutrient profiles of Ponkapoag Bog, Black Pond
Bog, and Shankpainter Ponds, all of which are near
the coast of eastern Massachusetts.

Because of these geographic gradients in pore-
water chemistry, there was considerable variability
among individual bogs, and the first two principal
components accounted for 55% of the variance. In
contrast, the first two principal components of a
similar analysis of pore-water chemistry in bogs of
Britain and Ireland accounted for almost 80% of the
variance (Proctor 1992), although that study was
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Table 3. Variable loadings of each element on the first three principal components constructed from tissue concentrations

of the three plant genera (see Figure 5).

Element First principal component Second principal component Third principal component
C 0.398 —0.033 —0.026
H 0.296 —0.212 —0.062
N 0.138 0.039 —0.301
P 0.180 0.142 0.224
K —-0.114 0.364 0.054
Ca 0.374 0.191 —0.002
Mg 0.062 —0.295 0.140
Fe —0.238 0.312 —0.281
Cr 0.023 0.049 0.414
Cu —0.116 0.235 0.364
Al —0.044 0.450 —0.234
Co 0.086 0.087 0.182
B 0.263 0.079 0.023
Cd —0.166 0.142 0.418
Mo 0.116 0.154 0.298
Mn 0.336 0.190 0.032
Na —0.290 0.085 0.020
Ni —-0.124 0.173 —-0.277
Pb —0.106 0.162 0.084
S 0.312 0.214 —-0.110
Zn 0.189 0.341 0.007

conducted on a much larger geographic scale.
Moreover, Colchester Bog in northwestern Vermont
had the highest levels of pH, DOC, and DON, and
nutrient and metal concentrations were 2 to 5 times
greater than average. This site was also unusual in
that its vegetation was atypical: the Sphagnum mat
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Figure 6. Principal component biplots of the 24 sites as a
function of pore-water chemistry. Solid circles indicate
Massachusetts bogs and open circles indicate Vermont
bogs. The grey star is Colchester Bog in northwestern
Vermont. The axes are annotated with the minerals and
metals that loaded most heavily (Jloading] > 0.2); the
dominant element loading on each axis is indicated in
bold. All loadings are reported in Table 4.

was poorly developed, Sarracenia densities were low,
and the site is accumulating a leaf litter layer and is
being invaded by woody vegetation (especially
saplings of speckled alder Alnus incana (L.) Moench.
and gray birch Betula populifolia Marsh.; N. J.
Gotelli, unpublished data).

Across the sample of 24 New England bogs, the
three plant genera show clear evidence of nutri-
ent limitation, both in absolute levels of N, K, and
P, and in the stoichiometry of nutrient ratios.
These results are consistent with the findings of
Bedford et al. (1999) and Olde-Venterink et al.
(2003) that wetland plants are generally nutrient
limited.

An unexpected finding of this work was the lack
of correspondence between geographic trends in
pore-water chemistry and nutrient concentrations in
plant tissues. Nutrient and metal content of pore-
water varied geographically, and all three plant
genera appeared to be nutrient limited. Sarracenia
purpurea and Sphagnum spp. showed significant
geographic variation in stoichiometric ratios: N:P
and N:K ratios of these taxa increased significantly
towards the northwest. Previous experimental work
has shown that tissue nutrient ratios of Sarracenia
can shift in response to food additions, which supply
both N and P, or to additions of soluble inorganic
N, either as NH4C1 or NH4NO; (Ellison and Gotelli
2002, Wakefield et al. 2005). Malmer et al. (1992)
reported a similar lack of correlation for most
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Table 4. Variable loadings of each element on the first two principal components constructed from pore-water samples of
the 24 bogs (see Figure 6). Analyses are shown with and without Colchester Bog VT. This site was an outlier with extreme

values for measured nutrients and metals.

First principal component

Second principal component

Variable With Colchester Without Colchester With Colchester Without Colchester
pH 0.084 —0.246 —0.520 —0.060
DOC 0.341 0.424 0.060 —0.058
DON 0.271 0.264 —0.001 —0.104
NH4 0.049 0.047 —0.081 —0.146
NO; 0.153 0.200 0.163 —0.111
SO, —0.086 —0.123 —0.055 0.037
Cl 0.219 0.241 0.253 0.075
P 0.263 0.086 —0.229 —0.285
Al 0.259 0.393 0.370 0.133
Ca 0.230 0.067 —0.106 0.295
Cu 0.301 —0.080 —0.224 —0.375
Fe 0.221 0.299 0.299 0.125
K 0.322 0.336 0.007 —0.236
Mg 0.332 0.269 —0.114 0.222
Mn 0.197 0.228 0.017 —0.004
Na 0.252 0.198 —0.071 —0.257
Si 0.124 0.163 0.431 0.382
/n 0.248 0.098 —0.286 —0.531

elements between surface water concentrations in
bogs and plant tissue concentrations in samples of
Sphagnum and Tomenthypnum mosses from western
Canada.

In a simple model, we would expect geographic
trends in pore-water to be reflected in the chemical
composition of some or all plant tissues. However,
all three genera clearly exhibited distinct chemical
profiles of both nutrients and metals that were
independent of geographic location. This finding
indicates that each plant genus may be capable of
outcompeting others for specific groups of macro-
or micro-nutrients that are plant-specific rather than
location-specific, even within nutrient-poor peat-
lands. Moreover, it also suggests that different plant
taxa may be useful indicators for deposition rates of
particular nutrients or metals. However, the indica-
tor status of any species will have to be confirmed
with experimental studies that demonstrate shifts in
stoichiometry in response to particular environmen-
tal conditions.
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