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Abstract Boreal peatlands, which contain a large frac-
tion of the world’s soil organic carbon pool, may be sig-
nificantly affected by changes in climate and land use,
with attendant feedback to climate through changesin al-
bedo, fluxes of energy or trace gases, and soil carbon
storage. The response of peatlands to changing environ-
mental conditions will probably be dictated in part by
scale-dependent topographic heterogeneity, which is
known to interact with hydrology, vegetation, nutrients,
and emissions of trace gases. Because the bryophyte
community can contribute the majority of aboveground
production in bogs, we investigated how microscale to-
pography affects the response of bryophyte species pro-
duction and cover to warming (using overhead infrared
lamps) and manipulations of water-table height within
experimental mesocosms. We removed 27 intact peat
monoliths (2.1-m?2 surface area, 0.5-0.7 m depth) from a
bog in northern Minnesota, USA, and subjected them to
three warming and three water-table treatments in a fully
crossed factorial design. Between 1994 and 1998, we de-
termined annual production of the four dominant bryo-
phyte taxa within three microtopographic zones (low,
medium, and high relative to the water table). We also
estimated species cover and cal culated changes in topog-
raphy and roughness of the bryophyte surface through
time. Total production of all bryophytes, and production
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of the individual taxa Polytrichum strictum, Sphagnum
magellanicum, and Sphagnum Section Acutifolia, were
about 100% greater in low microtopographic zones than
in high zones, and about 50% greater in low than in me-
dium zones. Production of bryophytes increased aong
the gradient of increasing water-table heights, but in
most years, total production of bryophytes was negative-
ly correlated with height above the set water table only
for the wettest water-table treatment. Although bryo-
phyte production was unaffected by the warming treat-
ments, the bryophyte surface flattened in proportion to
the degree of warming. These results indicate that pro-
duction of bryophytes is driven most strongly by the ab-
solute and relative height of the bryophyte surface above
the water table. Predicted changes in water-table height
commensurate with changes in surface temperature may
thus affect both production and superficial topography of
bryophyte communities.

Keywords Bryophyte bog - Climate change -
Microtopography - Production - Water table

Introduction

Boreal peatlands comprise about half of the total global
wetland area (Matthews and Fung 1987; Bridgham et al.,
in press), contain a large fraction of the world’s soil or-
ganic carbon pool (Sampson et a. 1993), and have many
functional attributes valued by society (Parkyn et al.
1997). As for other ecosystems, the structure and func-
tion of peatlands may be significantly affected by chang-
es in historic and potential future climate and land
use (Gorham 1991; Bridgham et al. 1995; Oquist and
Svensson 1996; Oldfield et al. 1997). Peatlands may be
particularly vulnerable to climate change because current
low temperatures constrain biological activity, and most
models of global climate change predict greater-than-
average temperature increases at higher latitudes (Korner
and Larcher 1988; Kattenberg et al. 1996). They may
also embody positive or negative feedback mechanisms
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to anthropogenic climate change through changes in sur-
face roughness, albedo, trace gas flux, or soil carbon
storage (Bridgham et al. 1995, 1999; Harte et al. 1995;
McFadden et al. 1998).

Most peatlands are characterized by considerable to-
pographic heterogeneity at several scales, ranging from
tens of centimeters (i.e., microscale hummocks, lawns,
and hollows), to tens of meters (in the form of mesoscale
ridges, pools, and lawns), up to landforms measured
across many kilometers (macroscale) (Ivanov 1981,
Glaser 1992). At each of these scales, characteristics of
hydrology, vegetation, nutrients, and emissions of trace
gases may exhibit differential responses to future envi-
ronmental conditions (Gorham 1991; Bridgham et al.
1995; Waddington and Roulet 1996).

In particular, considerable interest has focused on the
microtopographic features of hummocks — mounds of
peat 30-50 cm above the water table, hollows — depres-
sions where the water table is often close to the surface,
and where water may pond during wet periods, and
lawns — relatively level zones at intermediate heights
(Sjors 1948). Hummock-hollow topography has been
well-described (Tansley 1939; Barber 1981), but the ulti-
mate mechanisms underlying this widespread pattern are
not well understood. The formation of microscale topo-
graphy has been attributed to species-specific differences
in production and decomposition and subsequent interac-
tions between vegetation, hydrology, pH, and nutrient
and water availability (Clymo 1965; Rydin 1985; Andrus
1986; Vitt 1990; Johnson and Damman 1991; Belyea
1996; Belyea and Clymo 1998).

Peatland microhabitats are often characterized by dif-
ferent assemblages of Sphagnum species (Tansley 1939;
Andrus et a. 1983). Hummocks and hollows may differ in
terms of oxygenation, redox potential, pH, and nutrient
availability (Malmer 1962; Damman 1978; Pakarinen
1978; Zobel 1986). In addition, microtopographic varia-
tions have important ramifications for therma regimes
(Chapin et a. 1979), hydrologic regimes (Lindholm and
Markkula 1984; Swanson and Grigal 1988), structure and
function of plant communities (Andrus et a. 1983; Moore
1989; Mamer 1986), and emissions of trace gases (Kim
and Verma 1992; Bubier 1995; Waddington and Roulet
1996; Waddington et al. 1998). However, the response of
these microhabitats to changes in environmental condi-
tions, particularly climate change, is not well known.

The objective of this research was to investigate the
role of microscale topography in mediating the response
of a bog bryophyte community, in terms of production
and composition of the dominant bryophyte taxa, to ex-
perimental warming and water-table manipulations. Re-
search was conducted within the context of a field-scale
climate change experiment in northern Minnesota, USA.
The overall objective of the experiment is to examine in-
teractions among plant communities, the energy balance,
carbon and nutrient cycling, and trace gas emissions in
response to potential scenarios of climate change (Bridg-
ham et al. 1999; Weltzin et al. 2000; Updegraff et al., in
press; Northern Peatlands Soil Warming Project 2001).

Materials and methods

Source site

We selected a bog in the township of Toivolain northeastern Min-
nesota (47°N, 92°W) as our source site because it is typical of
other bogs in the region, and has been described in detail
(Bridgham et al. 1998, 1999; Chapin 1998). The peat at Toivola
bog is approximately 3.5 m deep with a basal radiocarbon date of
10,040+70 years B.P. The upper 60 cm is derived largely from
Sphagnum moss, with increasing herbaceous remains below that
point, and frequent woody inclusions throughout the profile
(Bridgham et al. 1998). Vegetation is dominated by short (<10-cm
height), ericaceous shrubs [Chamaedaphne calyculata (L.)
Moench., Andromeda glaucophylla Link., Kalmia polifolia Wang.,
Vaccinium oxycoccos L., Ledum groenlandicum Oeder.], bryophy-
tes [ Sphagnum fuscum (Schimp.) Klinggr., S. capillifolium (Ehrh.)
Hedw, S. magellanicum Brid., Polytrichum strictum Brid.], and
black spruce [Picea mariana (Mill.) BSP].

Experimental design

We extracted intact peat monoliths from the central, treeless por-
tion of the source site bog, and constructed a mesocosm facility to
manipulate energy (infrared radiation) inputs and water-table lev-
els within an experimental framework. The experimental design
consisted of all combinations of three water-table treatments and
three infrared loading treatments randomly assigned to three repli-
cate plots. Details of mesocosm construction, infrared loading and
water-table treatments, and biotic and abiotic response to these
treatments are provided by Bridgham et al. (1999), Weltzin et al.
(2000), and Northern Peatlands Soil Warming Project (2001). A
summary is provided below.

The mesocosm facility was constructed between autumn 1993
and spring 1994 at the University of Minnesota Fens Research Fa-
cility (FRF), approximately 70 km north of Duluth, Minn. Twenty-
seven intact cylindrical peat monoliths (2.1-m? surface area,
0.5-0.7 m depth) were removed from the bog, transported to the
FRF, and placed in insulated plastic tanks of similar dimensions
that had been sunken into a open field. The peat monoliths were
removed in winter while frozen with minimal surface disturbance
to vegetation (Bridgham et al. 1999).

We extracted our monoliths from the central, treeless portion
of the bog, which had few deep hollows typical of other bog eco-
systems (e.g., Crum 1988). As such, the majority of the surface of
each monolith was characterized by bryophyte species associated
with hummaocks or lawns (i.e., Sphagnum fuscum, S. capillifolium,
S magellanicum). Cover of S. recurvum P. Beauv, a species asso-
ciated with typical bog hollows, was visualy estimated as <1%
within our plots. However, there was considerable intra- and inter-
plot variation in bryophyte surface topography (Fig. 1).

We used infrared heat lamps (Kalglo Electronics, Bethlehem,
Pa.), identical to those used by Harte et al. (1995), to augment in-
frared loading starting in July 1994. Specifically, we mounted
a single lamp approximately 130 cm above the mean surface
height of 18 of the plots. The lamps were set at either half-power
(‘medium’) or full-power (‘high’) outputs, and were left on con-
tinuously. The remaining nine plots were unheated (‘ambient’).
Heat treatments increased mean monthly soil temperatures by
1.7-45°C at 15-cm depth during the growing season (May—
October). During the 1995 growing season, small patches
(~100 cm?) of the bryophyte surface became desiccated, so we re-
set the infrared lamps slightly higher above the plots to the current
130 cm height (Bridgham et al. 1999).

Water-table levels in peatlands are typically measured relative
to surface depressions or hollows. We designated a datum hollow
in each mesocosm from which we set water-table levels to approx-
imately +1 cm (= ‘wet’), =10 cm (= ‘intermediate’), and —20 cm
(= ‘dry’) relative to its surface. Water levels in each plot were
maintained using a PV C-pipe manostat and a small adjacent sump
bucket. We allowed the surface elevation of each plot to change



Fig. 1 Microtopography of the plot (no. 54) that exhibited the
greatest change in surface heterogeneity between 1995 and 1998

relative to the water table as a treatment response. In 1996, the av-
erage water-table depths for the three hydrology treatments were
at —11, —19, and —26 cm (Bridgham et a. 1999).

Water-table control of the mesocosms was maintained only
during the growing season (May—October) to prevent ice damage
to the PV C manostat assemblies. Water was replenished by natural
rainfall and, during dry periods, by weekly additions of water
pumped from a ditch draining a bog. Water was added to the bot-
tom of each plot using a standpipe installed during construction of
the mesocosms. The ditch water had a pH, electrical conductivity,
and nutrient status similar to that of the porewater in the bog
source site (Bridgham et al. 1999).

Bryophyte production, cover, and surface topography and roughness

Bryophyte production was based on measurements of basal cover
(%), linear shoot growth (cm), shoot density (no./dm2), and
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species-specific shoot mass/shoot length relationships. Bryophyte
basal cover was determined in July or August of 1995-1997 from
subplots within each mesocosm. Subplots were positioned using a
removable sampling grid. The sampling grid was constructed to
form an open sguare, with taut line strung from side to side at
right angles to form a grid of intersecting points at a spacing of
12.5 cm. The grid was leveled at about 20 cm above the median
surface height of each plot, and was held rigidly by supports bolt-
ed to the tank. We lowered a plumb bob from each grid point
down to the bryophyte surface to establish our sample points. The
number of sample points per plot ranged from 100 to 118
(mean=110) because small portions of the plot surface were
deemed unsuitable for measurement (e.g., because they contained
a micrometeorological sensor or a root in-growth core). To mini-
mize edge effects, we did not establish sample points within 15 cm
of the plot edge. We placed a round, 3-cm-diameter quadrat at
each point, and cal culated the percentage cover for each bryophyte
species within the quadrat as the mean of visual estimates made by
two or three observers. Bryophyte cover in 1994 was estimated
visually for the entire plot.

Microtopographic zones within each plot were defined based
on the vertical distance between the bryophyte surface and the re-
movable sampling grid. In each year, we ranked the vertical dis-
tances for all ~2,970 points (=27 plots with ~110 points/plot), and
then divided this dataset into three equal-sized subsets. points with
the greatest vertical distance between the bryophyte surface and
the frame were defined as representing low microtopographic
zones in their respective plots. Similarly, points with the least ver-
tical distance represented high microtopographic zones, and the
remainder of the points represented intermediate zones. This ap-
proach alowed the proportion of each zone to vary among plots
by year. Because our zones were not strictly equivalent to hum-
mocks, lawns, and hollows, per se, we termed them as ‘high,’
‘medium,” and ‘low,’” respectively.

Shoot growth of bryophytes was estimated using the cranked-
wire method, wherein stainless steel wires set vertically into the
bryophyte surface act as static datum points for measuring bryo-
phyte shoot extension (Clymo 1970). A total of nine cranked wires
were installed in each plot. Wires were installed before determina-
tion of microtopographic zones, but each zone contained between
one and six wires. Wires were treated as subsamples (i.e., aver-
aged) within each microtopographic zone. Because we did not
start using the removable sampling frame until 1995, we applied
the 1995 cranked wire designations of microtopographic zone to
the 1994 data. Vertical height of bryophyte growth relative to the
top of the cranked wire was measured monthly during the growing
season in 1994 through 1997; monthly measurements were
summed to obtain total linear shoot growth within each microto-
pographic zone.

In October 1994 we collected three 10x10x4 cm (length,
width, depth) samples of Polytrichum strictum, Sphagnum capilli-
folium, S. fuscum, S. magellanicum, and S. recurvum from differ-
ent mono-specific populations at the bog source site. Samples
were stored frozen until they were processed. For each species-
specific sample, we determined shoot density (no./dm2). In addi-
tion, we established shoot mass/length relationships for individual
shoots by clipping the top 1 cm for P. strictum, and 2 cm exclud-
ing the capitula for Sphagnum spp., drying them at 60°C, weigh-
ing them to the nearest milligram, and calculating shoot
mass/shoot length ratios (Weltzin et al. 2000).

To determine whether bulk density of peat in the mesocosm
plots changed over time in response to the different treatments, in
winter of 2000 we extracted three frozen cores of peat (6-cm
diameter, 15 cm deep) as subsamples from random locations with-
in each plot. Similarly, to determine whether bulk density differed
between the mesocosm plots and the Toivola bog source site, we
used a serrated knife to extract cubes of peat (5 cm long, 6 cm
wide, 14 cm deep) from ten locations selected at random near the
original source area of the monaliths. For both sets of samples, we
extracted roots by hand, and calculated bulk density (g mass/cm3)
on an oven-dry basis.

Annual production of bryophytes was calculated for each spe-
cies within each zone using species-specific stem mass/length re-
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lationships and shoot densities developed in 1994, shoot growth
estimates for that zone, and the cover of each species within that
zone (Weltzin et al. 2000). Sphagnum fuscum and S. capillifolium
were difficult to differentiate after 1994 because of organic stain-
ing from water applications, so were lumped into Sphagnum Sect.
Acutifolia for all analyses. Plotwise production of bryophytes was
determined by weighting zonal production of bryophytes by the
relative areal proportion of each microtopographic zone within
each plot (Weltzin et a. 2000).

For each plot in each year between 1995 and 1998, we calcu-
lated an index of surface roughness equal to the standard error of
the vertical distance between the lowest point on the bryophyte
surface and the balance of the points on the bryophyte surface. To
further investigate the mechanism underlying changes in moss to-
pography, we determined the relationship between the initia
height of a given point in 1995 relative to its change in height be-
tween 1995 and 1998.

Statistical analysis

We analyzed bryophyte production and cover for main and inter-
active effects of microtopographic zone, water-table setting, infra-
red loading, and year with repeated-measures analyses of variance
in a multivariate framework (MANOVAR; Pillai’s Trace in SAS
procedure GLM; SAS Ingtitute 1989; Von Ende 1993). We used
Pearson product-moment correlation to determine correlations be-
tween total bryophyte production in each microtopographic zone
versus the nominal height of that zone above the set water table.
Water-table heights are nominal as they were reset weekly by ad-
ditions of water, as necessary, but were allowed to vary otherwise.

We analyzed mesocosm peat bulk density in 2000 for main and
interactive effects of water-table setting and infrared loading using
an ANOVA model. We used a two-sample t-test to compare bulk
density of peat in the mesocosms to bulk density of peat at the bog
source site. Plot-wise surface roughness was analyzed for main
and interactive effects of water-table setting, infrared loading and
year using a MANOVAR model. We used |east-squares regression
to determine plot-wise relationships between height of each point
in 1995 and its net change in height between 1995 and 1998.
Slopes differed from zero (P<0.07) for all but one plot (P=0.73)
that we excluded from subsequent analysis. We used an ANOVA
model to evaluate main and interactive effects of water-table set-
ting and infrared loading on rates of change in height (i.e., the
magnitude of the slope for each plot) between 1995 and 1998.

All data were tested for normality with the Shapiro-Wilk
W-statistic (Shapiro and Wilk 1965). Data not normally distributed
(P<0.05) were log-transformed prior to analysis. We used Fisher’'s
protected LSD (Fisher 1960) a posteriori mean separation tests to
compare levels within factors for significant (P<0.05) main effects

and first-order interactions not including year. We used paired
t-tests (Zar 1996) to compare years for surface roughness. Water
table, infrared loading, and year were treated as fixed effectsin all
ANOVA models. Means of subsamples within plots were used as
appropriate.

Mechanical controls on the infrared heaters began to fail dur-
ing the winter of 1995-1996, which caused the medium infrared
loading treatments to become high infrared |oading treatments be-
fore this problem was corrected in 1996 (Bridgham et al. 1999).
Because the switches probably failed at different, unknown times,
weincluded all three infrared loading treatments as part of our sta-
tistical analyses of 1996 data. This effectively reduced the sensi-
tivity of our analyses to main and interactive effects of infrared
loading.

Results
Bryophyte production within zones

Total production of all bryophytes, and production of the
dominant bryophyte taxa, differed among microtopo-
graphic zones (Table 1). In particular, total production of
al bryophytes, and production of Polytrichum strictum,
Fohagnum magellanicum, and Sphagnum Sect. Acutifo-
lia were each about 100% and 50% greater in low micro-
topographic zones than in high and medium microtopo-
graphic zones, respectively (Table 2).

Total production of bryophytes was dependent on in-
teractive effects of infrared loading and water table
(Table 1). At ambient infrared loading, production did
not differ anong water-table treatments (Table 3). Under
medium infrared loading, production increased aong the
gradient of increasing water-table heights, but under high
infrared loading, production did not differ between dry
and wet plots, and was least at intermediate water-table
heights. This pattern was similar for Sphagnum Sect.
Acutifolia (data not shown), which contributed 84% of
total bryophyte production.

The topographic heterogeneity of the surface of the
bryophyte community contributed to considerable varia-
tion in mean surface height above the set (i.e., nominal)
water table (see Fig. 1). Consequently, in 2 of 3 years,

Tablel MANOVAR P-values

for annual production (g/m?) of Source Polytrichum Sphagnum Sect. Sphagnum Total

three bryophyte taxa, and total strictum Acutifolia magellanicum

production of these taxa (plus

S. recurvum), for effects of Water 0.47 0.01 0.32 0.02

mediate, wet), infrared loading ~ Water x Infrared 0.27 0.02 0.30 0.03

(ambient, medium, high), Zone 0.0002 <0.0001 0.003 <0.0001

(1994-1997) Water x Infrared x Zone 0.87 0.14 0.91 0.09
Year <0.0001 <0.0001 <0.0001 <0.0001
Year x Water 0.08 0.47 0.26 0.36
Year x Infrared 0.01 0.0002 <0.0001 0.0007
Year x Water x Infrared 0.95 0.65 0.01 0.50
Year x Zone 0.90 0.98 0.14 0.98
Year x Water x Zone 0.96 0.98 0.79 0.98
Year x Infrared x Zone 0.97 0.99 0.95 0.99
Year x Water x Infrared x Zone 0.99 0.99 0.90 0.99




Table 2 Annual production (g/m2t1 SE) of three bryophyte taxa,
and total production of these taxa (plus S. recurvum), in three mi-
crotopographic zones between 1994 and 1997. Means in rows with
different lower-case letters differed (P<0.05; Fisher’s protected
LSD)

Taxon Microtopographic zone

Low Medium High
Polytrichum strictum 48+52 35+4P 25+3¢
Sphagnum Sect. Acutifolia  299+152  229+15P 157+11¢
Sphagnum magellanicum 12+2a 7+1b 5+1c
Total bryophyte 359+18a  271+17° 187+12¢

Table 3 Total annual bryophyte production (g/m2) between 1994
and 1997 in three water-table treatments and three infrared loading
treatments. Means in rows with different lower-case letters, and
in columns with different upper-case letters, differed (P<0.07;
Fisher's protected L SD)

Water-table setting Infrared loading treatment

Ambient Medium High
Dry 253+24Aa 223+27Ab 263+22Aa
Intermediate 297+41Aa 269+24Ba 220+278b
Wet 309+29Aa 350+34¢b 268+31A¢

Table 4 Pearson correlation coefficients (top value) and associat-
ed P-values (bottom value) for In(total bryophyte production) in
each microtopographic zone versus the nomina height of that
zone above the set water table, for each of three water-table set-
tings between 1995 and 1997, and for all years combined. Signifi-
cant coefficients after sequential Bonferroni correction (Rice
1989) arein boldface

Year Water-table setting
Dry Intermediate Wet
All years -0.23 -0.10 -0.52
0.04 0.35 <0.0001
1995 —0.005 -0.02 -0.70
0.98 0.91 <0.0001
1996 -0.12 -0.29 -0.46
0.56 0.14 0.02
1997 -0.33 0.03 -0.59
0.10 0.89 0.001

and when years were combined, total production of
bryophytes was correlated with height above the set
water table only for the wettest water-table treatment
(Table 4, Fig. 2).

Total production of bryophytes did not differ among
infrared loading treatments in 1994, 1996, or 1997
(P>0.83) but was greater in ambient (451 g/m2) and me-
dium (407 g/m?) infrared treatments than in high
(231 g/m?) infrared treatments in 1995 (year x infrared
loading interaction, P<0.0001; Table 1). Similarly, in
1995 Sphagnum Sect. Acutifolia produced about twice as
much biomass in ambient (395 g/m?) and medium
(329 g/m?) treatments than in high (174 g/m2) infrared
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Fig. 2 Regressions of total bryophyte production (g/m?) in 1997
for each microtopographic zone versus the height of that zone
above the set water table (n=27); intercepts and coefficients for
the wet, intermediate, and dry zones are 581 and -17.5
(P=0.0009), 214 and —1.8 (P=0.59), and 360 and -5.5 (P=0.20),
respectively. All intercepts differed from zero (P<0.02).

treatments (P<0.0001), and S. magellanicum produced
about three times as much biomass in ambient and medi-
um (both 14 g/m?) than in high (5 g/m?2) infrared treat-
ments (P=0.008). In contrast, production of P. strictum
was about 2 times greater in high than ambient infrared
treatments in 1996 (96 g/m2 vs 52 g/m2, respectively;
P=0.0006) and 1997 (10 g/m? vs 5 g/m?, respectively;
P=0.04).

Bryophyte production within plots

When production in each zone was scaled to the entire
plot, production of bryophytes was greatest in the
wet treatment (313 g/m?), and did not differ between in-
termediate (257 g/m?) or dry (247 g/m?) treatments
(Weltzin et a. 2000). In contrast, production of bryophy-
tes was unaffected by infrared loading treatment. Pro-
duction was also strongly year-dependent, ranging from
197 g/m? in 1994 to 363 g/m2 in 1995 and 330 g/m? in
1996, and back down to 199 g/m2 in 1997. Production
tended to be highly correlated with growing season (May
through October) precipitation between 1995 and 1997
(r=0.98, P=0.12, n=4), athough this relationship was at-
tenuated if 1994 was included (r=0.40, P=0.60, n=3) (cf.
Backeus 1988; Moore 1989; Thormann and Bayley
19973, 1997b).

Bulk density of peat in the top 15 cm of mesocosm
plots did not differ among treatments in 2000, 6 years af-
ter treatment initiation (P>0.71; meantl SE=0.022+
0.001 g dry mass/cm3). Further, this value did not differ
from bulk density of peat in the top 15 cm at the bog
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Table5 Bryophyte surface roughness between 1995 and 1998.
Surface roughness is the standard error of vertical distance be-
tween the reference datum hollow and ~110 points on the bryo-
phyte surface within each plot. Means with the same lower-case
letter were not different (P>0.05; Fisher’s protected L SD)

Year Mean surface roughness
1995 0.38+£0.022

1996 0.35+0.020c

1997 0.34+0.01°

1998 0.36+£0.012¢

source site (P>0.41; 0.024+0.001 g dry mass/cm3). These
results indicate that bryophyte shoot production on a unit
area basis can be determined based on linear extension
of shoots.

Cover

Cover of P. strictum, S. magellanicum, and Sphagnum
Sect. Acutifolia was not affected by microtopographic
zone or its interactions with either treatment or year
(P>0.29; data not shown). However, cover of Sphagnum
Sect. Acutifolia was 7% and 13% lower in the high com-
pared to the ambient infrared loading treatments in 1995
and 1996, respectively (year x infrared loading;
P<0.0001). In contrast, cover of P. strictum was greater
in high than in ambient infrared treatments in 1995 (13%
vs 5%) and 1996 (17% and 10%) (year x infrared load-
ing; P<0.0001). Cover of S. magellanicumwas greater in
high compared to the ambient infrared loading treat-
ments in 1996 (year x infrared loading; P=0.04). Other
species-specific changes in cover were not interpretable
in relation to the treatments applied.

Changes in topography and roughness
of the bryophyte surface

The majority (88%) of the points on the bryophyte sur-
face increased in height relative to the grid frame be-
tween 1995 and 1998. This indicated an increase in peat
volume in al plots over this 3-year period. However,
slopes of plot-wise relationships between the height of
each point in 1995 and its net change in height between
1995 and 1998 were all negative (P<0.07), which indi-
cated that low points rose at a faster rate than high
points, which was consistent with the results for produc-
tion. Further, slopes were steegpest in the high infrared
loading treatment (—0.64), intermediate in the medium
infrared treatment (—0.48), and least in the ambient infra-
red treatment (—0.35; P<0.05). This indicated that the
bryophyte surface tended to flatten through time (Fig. 1),
and that the rate of change in height relative to the initial
height was proportional to the infrared loading.

In contrast, the roughness of the bryophyte surface,
when averaged over the entire plot, was unaffected by
main or interactive effects of water table or infrared

loading, or the interaction of these factors with year
(P>0.08; data not shown). Although roughness differed
among years (P=0.008), it did not change directionally
between 1995 and 1998 (Table 5).

Discussion
Bryophyte production

Total production of bryophytes, and production of indi-
vidual bryophyte species, decreased as height of the
bryophyte surface increased above the set water table.
Although our low, medium, and high microtopographic
zones correspond only roughly to the classic designa-
tions of hollow, lawn, and hummock, respectively, our
results are supported by similar findings that production
of bryophytes in ombrotrophic systems is greater in to-
pographic lows compared to topographic highs (Clymo
and Reddaway 1971; Pederson 1975; Pakarinen 1978;
Grigal 1985; Rochefort et al. 1990; Vitt 1990). In fact,
zone had the dominant effect on production, surpassing
effects of our infrared loading and water-table treat-
ments.

Differences in production among hummocks, hol-
lows, and lawns are often confounded by differences in
species composition of these habitats (see reviews by
Andrus 1986; Vitt 1990). However, our topographic
zones did not differ in species cover, which suggests
that differences in production were related more to
differences in microenvironmental conditions associated
with each topographic position than to inherent, species-
specific rates of production.

In particular, depth to water table appears to form the
major constraint on bryophyte production in this study.
The importance of water-table position to bryophyte pro-
duction is well documented (e.g., Clymo 1973, 1984;;
Clymo and Hayward 1982; Vasander 1982; Andrus et al.
1983; Rydin 1985, 1993; Rydin and McDonald 1985;
Wallén et al. 1988; Rochefort et al. 1990). Moreover,
there appears to be an important threshold effect. Within
each of our three water-table treatments, there existed
considerable variation in the distance between the bryo-
phyte surface and the water table. When water tables
were relatively close to the surface (i.e., in the wet treat-
ment), production was inversely correlated with depth to
water table. However, when water tables were relatively
deep, as in the intermediate and dry treatments, produc-
tion of bryophytes was uncorrelated with depth to water
table. This suggests that the height of the water table has
a relatively narrow range of influence on production of
bryophytes, i.e., within 2025 cm below the bryophyte
surface.

Temporary reductions in the production (in 1995) and
cover (in 1995 and 1996) of Sphagnum Sect. Acutifolia
in the high infrared loading treatment suggest that this
taxon was negatively impacted by the relatively low po-
sition of the infrared lamps. Concomitant but temporary
increases in the cover and production of Polytrichum



strictum in the same plots suggest that P. strictum was
favored either directly by the increased infrared loading
and/or indirectly by reductions in competition by Sphag-
num Sect. Acutifolia. Differential effects of competition
on species-specific growth rates have been observed to
structure composition of Sphagnum communities in the
field (Clymo and Hayward 1982).

Bryophyte surface topography and roughness

A priori, differential production of bryophytes in topo-
graphic lows and highs should contribute to a decrease in
microtopographic heterogeneity over time (e.g., Clymo
and Hayward 1982; Hayward and Clymo 1983). In other
words, relatively high rates of production should fill to-
pographic depressions, which would cause the bryophyte
surface to become more level through time. This is in
fact what we observed, but the response of a given point
on the surface depended on the infrared loading treat-
ment. In particular, as infrared loading increased, the
plots tended to become flatter due to differential rates of
bryophyte growth at both low and high points. The lack
of a concomitant decrease in overall surface roughness
suggests that small-scale (i.e., within zone) topographic
heterogeneity did not change over the course of this
study.

Although the bryophyte surface flattened in response
to infrared loading, we did not observe a cyclic succes-
sion of low and high microtopographic zones in any
plots. This observation was supported by several lines of
evidence, which are nonetheless tempered by the dura-
tion of this experiment. First, mean (1 SD) linear
growth of bryophytes (between 1995 and 1997 in al mi-
crotopographic zones) was 3.1+2.0 cm, less than one-
third of the range in height within each plot
(11.24£5.2 cm) over the same time period. Second, the
majority (i.e., 88%) of points on each bryophyte surface
increased in height during the course of the study. Third,
a number of other studies have indicated that cyclic suc-
cession of hummocks and hollows is unlikely to occur,
even on time scales as long as 60 years (Backéus 1972;
Barber 1981; Svensson 1988).

Differences in the decay rates of different Sphagnum
species may initiate and maintain hummock and hollow
microtopography (Johnson and Damman 1991; Belyea
1996; Belyea and Clymo 1998). In particular, it is
thought that patches dominated by Sphagnum species
that decay slowly accumulate peat through time (i.e.,
form a hummock), whereas patches characterized by
species that decay at faster rates would eventually form
hollows. In contrast, other studies have found that spe-
cies characteristic of hummocks and hollows decay at
comparable rates (e.g., Clymo 1965; Rosswall et al.
1975). In addition, decay rates may be further con-
strained by microenvironmental conditions such as anox-
ia caused by high water tables (Coulson and Butterfield
1978; Belyea 1996). In our study, observations that (1)
production was greater in wetter microtopographic
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zones, (2) relatively high growth rates caused infilling of
topographic depressions, and (3) species composition did
not differ among zones suggest that peat accumulation is
constrained by environmental conditions characteristic
of the different microtopographic zones, in addition to
possible species-specific differences in production and
decomposition.

Bryophyte communities in changing climates

Biotic processes in northern ecosystems are usualy di-
rectly or indirectly constrained by low temperatures and
short growing seasons (e.g., Van Cleve et al. 1991). Ac-
cordingly, increases in surface temperatures are predict-
ed to affect these ecosystems by alleviating temperature
constraints (Gorham 1991; Apps et a. 1993; Bridgham
et al. 1995). In this experiment, increases in soil temper-
ature commensurate with model predictions of global
warming did not affect bryophyte production, although
infrared loading modified the topography of the bryo-
phyte surface. In contrast, bryophyte production was
driven strongly by the absolute and relative height of the
bryophyte surface above the water table. These results
suggest that changes in water-table height, independent
of or commensurate with changes in surface temperature
(Roulet et al. 1992; Rouse 1998), may affect the produc-
tivity and structure of bryophyte communities. Alterna-
tively, changes in the abundance or production of associ-
ated lifeforms more sensitive to changes in climatic or
environmental conditions (e.g., shrubs;, Weltzin et al.
2000) may serve as the ultimate constraint on bog bryo-
phyte communities.
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