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Abstract. Fifteen years of N and P fertilizer addition to an Alaskan moist tundra
increased aboveground biomass and primary production by 2.5 times. Species composition
of the fertilized vegetation also changed dramatically, from a mix of graminoid, evergreen,
deciduous, and moss species to strong dominance by a single, deciduous shrub species,
Betula nana. Analysis of these simultaneous changes allows insights into the interactions
between changes in resource availability and changes in species composition in regulating
vegetation biomass, production, and element use.

By the 15th year (1995), both new leaf production and total leaf mass were lower in
fertilized than in control plots, although |leaf areainfertilized plotswastwicethat of controls.
This occurred because Betula produced thinner |eaves than other species, with ahigh specific
leaf area (SLA, leaf area per unit leaf mass). Woody stem mass also increased dramatically
in fertilized plots, with secondary growth accounting for over half of aboveground net
primary production, NPP. The large increase in wood production was made possible, in
part, by the low cost of production of Betula's thin leaves, allowing greater allocation to
secondary growth. Wood also had lower N concentrations than leaves, allowing large
accumulations of wood at low N cost. Overall, aboveground N concentration in Betula did
not change in fertilized relative to control plots, because its low-N wood mass increased
more than its high-N leaf mass (with high SLA). Because Betula was so strongly dominant
on the fertilized plots and was better able to dilute its greater N supply with new growth,
community production and biomass in fertilized plots were higher, and N concentration
was lower, than would have been the case if species composition had not changed.

Aboveground biomass and leaf area of individual species and functional types were
predicted accurately by regression against the number of hits per point-frame pin across
the full range of data, including both treatments. Changes in overall canopy structure and
leaf display due to fertilization were thus due mainly to changes in species composition,
with no detectable effect of treatment on size/structure relationships within species or

functional types.
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INTRODUCTION

Environment and species composition are both
changing rapidly in many parts of the world, largely
as a direct or indirect result of human activities. To
understand how these changes interact with each other
to control important ecosystem processes like primary
production and organic matter cycling, we need to doc-
ument the changes as they occur and to compare the
changes in environment, species composition, and eco-
system processes over time. Often the best way to do
this is in a long-term ecosystem-level experiment, in
which the environment or species composition is ma-
nipulated in a controlled fashion to illuminate a clear
chain of cause—effect relationships. Long-term exper-
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iments in ecology often lead to conclusions that never
would have been predicted from the initial responses
to agiven manipulation (Likens 1989, Magnuson 1990,
Powell and Steele 1995). Variabl e response times, buff-
ered responses, and feedbacks among different com-
ponents of the ecosystem all combine to confound pre-
dictions based on apparently simpleinitial cause—effect
relationships. Thus, long-term observation and exper-
imentation are essential to improve long-term predic-
tions of ecological change.

The aim of this paper is to describe 15 yr of change
in composition, biomass, and productivity of moist tus-
sock tundra, in response to an annual N + P fertilizer
treatment at Toolik Lake, on the North Slope of Alaska.
The changes after three and nine years have been de-
scribed previously (Chapin et al. 1995, Chapin and
Shaver 1996, McKane et al. 1997). An analysis after
15 yr provides the opportunity to determine whether
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the pace of long-term change has slowed, and whether
any new, qualitatively different changes have devel-
oped since the earlier harvests of this experiment. In
particular, this analysis focuses on the effects of chang-
es in species composition and the relative abundance
of plant functional types in the vegetation. In an ex-
periment in which fertilizer addition has caused clear
and dramatic changes in species composition, vegeta-
tion biomass, and productivity, we ask (1) whether the
changes in biomass and production were due solely to
the fertilizer addition, irrespective of species compo-
sition; or (2) whether the changes in species compo-
sition had a measurable, additional effect on biomass
and production.

Effects of individual species or functional types on
ecosystem biogeochemistry are currently the subject of
intense debate (e.g., Naeem et al. 1999, Kaiser 2000,
Naeem 2000, Wardle et al. 2000). This issue also has
a long history of research in the Arctic, with an em-
phasis on species—nutrient interactions and especially
species—-N interactions (Berendse and Jonasson 1992,
Hobbie 1995, Shaver 1995, Chapin et al. 1996, Shaver
et al. 1996). A focus on the N cycle is based on the
repeated demonstration that production and biomass
accumulation in arctic tundras are strongly nutrient
limited, usually by N in relatively well-drained moist
tundras such as the site used in this study (Shaver et
al. 1986, Shaver and Chapin 1995, Jonasson et al.
1996). During the 1970s, a number of ecologists ob-
served that more productive tundra sites tend to be
dominated by rapidly growing species with high N up-
take rates, but also with high rates of biomass turnover
(especially of leaves) and high leaf nutrient concentra-
tions (e.g., Chapin et al. 1980, Miller et al. 1984). De-
ciduous woody shrubs, such as Betula nana and Salix
species, were particularly dominant in the most pro-
ductive sites. Yet, despite the high leaf turnover and
high leaf nutrient concentrations in these species, de-
ciduous shrubs were able to accumulate high total bio-
mass because most of their biomass was wood, which
has relatively low concentrations of the most limiting
elements, N and/or P (Shaver and Chapin 1991). More
recent research has shown that species composition of
tundras may have a number of additional effects on
overall N cycling, including effects related to litter de-
composition and N mineralization (Hobbie 1996), to
variable capacity for N uptake from different sources
in the soil (Michelsen et al. 1996, 1998, Nadelhoffer
et al. 1996), and to variable capacity for rapid growth
in response to change in N availability (Bret-Harte et
al. 2001).

In the present study, we extended these earlier stud-
ies by focusing on leaf vs. stem allocation and by ex-
ploring various measures of production ““ efficiency,”
i.e., primary production per unit biomass, N mass, |eaf
mass, leaf area, or leaf N content. Past work has already
shown that leaf N allocation in arctic tundras is a crit-
ical control over canopy-level photosynthesis (Wil-
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liams and Rastetter 1999, Williams et al. 2001). Our
data set allows us to determine how changes in species
composition in response to fertilizer addition over a
period of 15 yr have led to changesin N allocation and
N use at the level of the whole vegetation that allows
higher productivity than would be possible if species
composition remained constant.

SITE AND EXPERIMENTAL DESIGN

Toolik Lake is located in the northern foothills of
the Brooks Range, Alaska, USA (68°38' N, 149°34" W;
elevation 760 m). The area around the lake has been
studied intensively since the construction of the Dalton
Highway and Alyeska Oil Pipeline in 1975-1976; it is
now part of the U.S. network of Long Term Ecological
Research sites (Hobbie et al. 1994, Shaver 1996). Veg-
etation of the areaistypical of the North Slopefoothills
region (Walker et al. 1989), and detailed studies of
production, biomass, and element cycles of the major
vegetation types have been completed (Giblin et al.
1991, Shaver and Chapin 1991, Shaver et al. 1996).

The vegetation chosen for study in thiswork is moist
acidic tussock tundra, dominated by the sedge Erio-
phorum vaginatum. Moist acidic tussock tundrais one
of the most common arctic vegetation types, in both
North America and Eurasia (Bliss and Matveyeva
1992). Although E. vaginatum dominates by control-
ling microtopography and surface microclimate (Chap-
inetal. 1979), deciduous and evergreen shrubs (Betula
nana, Ledum palustre, Vaccinium vitis-idaea) are
roughly equal in abundance, with mosses forming a
nearly continuous surface cover (Shaver and Chapin
1991).

Numerous experiments, some with fertilizer treat-
ments, have shown that productivity of tussock tundra
is usually N limited, although P limitation and K lim-
itation have also been demonstrated at some sites
(Shaver and Chapin 1995). Productivity at the Toolik
Lake site is N limited (Shaver et al. 1986), and the N
limitation is much stronger than potential limitation by
low light or low temperature (Chapin et al. 1995). In
fertilizer experiments, however, we frequently find a
secondary P limitation in plots fertilized with N (e.g.,
Shaver and Chapin 1980, Shaver et al. 1986), so we
normally add both N and P fertilizers together. In the
present paper, we focus only on the N response and on
N uptake and allocation; uptake and allocation of P in
earlier harvests of the same experiment were described
in several previous papers (e.g., Chapin et al. 1995,
Chapin and Shaver 1996). We have evaluated the N X
P interaction in over a dozen previous experiments in
both wet and moist tussock sites in Alaska (Shaver and
Chapin 1995), including an earlier experiment at this
site (Shaver et al. 1986).

The present experiment was begun in June 1981 and
originally included manipulations of air temperature
using small greenhouses and light by artificial shading,
aswell asN + P fertilizer addition (Chapin et al. 1995,
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Chapin and Shaver 1996). After harvests in 1983 and
1989, the greenhouse and shade treatments were dis-
continued, but annual fertilizer addition was main-
tained. The fertilized plots received 10 g P-m-2-yr-* N
as NH,NO; and 5 g N-m=2-yr-* P as P,Os, in the form
of granular agricultural fertilizer. The fertilizer was
added each May or June from 1981 to 1995, as soon
astheinvestigators arrived at the site each summer and
the site was snow free. Details of the experimental
design and treatment effects on environment are pro-
vided in Chapin et al. (1995).

The experimental layout consisted of four large, rep-
licate blocks of moist tussock tundra, each block con-
taining four 5 X 20 m plots arranged parallel to each
other with 1 m wide buffer strips between them. Treat-
ments, including the control and fertilized plots de-
scribed here, were assigned randomly to one plot within
each block. Extensive prior experience with similar ex-
periments at other Alaskan sites (including 11 other
tussock tundra sites; Shaver and Chapin 1995) showed
that four large, replicate plots, with 3-5 samples col-
lected from each plot, were sufficient to detect highly
significant responses.

METHODS
Quadrat location and selection

In late July—early August 1995, in each of the four
control and fertilized plots, weintensively sampled five
20 X 20 cm quadrats. The five quadrats in each plot
were located at random along 20-m transects placed 1
m from the eastern edge of the 5 X 20 m plots. The
transects were located at the eastern edge of each plot
because sampling in earlier years had started at the
western edge and gradually moved eastward, with the
aim of avoiding sampling in locations that had previ-
ously been sampled or trampled. Once the quadrat lo-
cations were determined, the corners were marked
while sampling took place over the next 7-10 d.

Point-intercept sampling

Four of the five quadrats in each treatment and block
were selected at random for point-intercept sampling
(Jonasson 1983, 1988, Hobbie et al. 1999). Our aimin
using this method was simply to determine the rela-
tionship between the number of pin contacts and bio-
mass or leaf area measurements obtained by clip har-
vest of the same quadrat, not to obtain an independent,
direct estimate of leaf area index. To determine the
correlation with clip harvest data, quadrats were sam-
pled using a frame containing a grid of points 2.5 cm
apart, for atotal of 64 pointsin a20 X 20 cm quadrat.
A metal rod (5 mm = 3/16 inch diameter) was dropped
vertically through the vegetation at each sample point.
All hits of vegetation by the rod were recorded by
species and tissue type, from the top of the canopy to
the soil or moss surface.
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Biomass, leaf area, and N content

After the point-intercept sampling was completed,
live aboveground biomass was collected from each
quadrat by clipping with scissors or knives. All samples
were collected between 31 July and 2 August and were
sorted within 48 h of collection. The samples included
all vascular plants, green portions of the surface moss
layer, and living lichen tissue within the quadrat. Sort-
ing and analysis of these samples wasidentical to meth-
ods used in previous harvests of this experiment, so
that results from 1995 could be compared directly with
those from 1982 (Shaver and Chapin 1991), 1983 and
1989 (Chapin et al. 1995), and 1984 (G. R. Shaver and
F. S. Chapin, unpublished data). The only differences
among the harvests were that (1) the earlier harvests
included belowground stems and rhizomes, whereaswe
harvested only aboveground parts in 1995; (2) mosses
were sampled only in 1982, 1989, and 1995; and (3)
leaf area was measured only in 1982 and 1995.

In the field laboratory at Toolik Lake, the live bio-
mass from each quadrat was first sorted by plant func-
tional type (graminoid, deciduous shrub, evergreen,
forb, moss, or lichen). Within each functional type, the
most abundant two or three species were separated in-
dividually, with less abundant species lumped for bio-
mass determination after speciesidentity was recorded.
Each vascular species (or species group for the less
abundant species within each growth form) was then
separated into several tissue categories including cur-
rent year’svs. previousyears' leaves, current year'svs.
previousyears’ stems, and inflorescences. All |eaf sam-
pleswererun through aL|-COR leaf area meter (Model
L1-3000A; LI-COR Instruments, Lincoln, Nebraska,
USA) for determination of leaf area before drying.
Moss and lichen tissues were not separated beyond the
species or species group. All tissues were then dried
for several days at 50—60°C in afield drying oven, and
weighed.

In our Woods Hole, Massachusetts, USA |aboratory,
the dried samples were analyzed for total N content in
a Perkin-Elmer CHN analyzer (Perkin-Elmer Instru-
ments, Norwalk, Connecticut, USA). As in our pre-
vious research (Shaver and Chapin 1991, Chapin et al.
1995), the samples from individual quadrats were
lumped by block, so there was only one lumped sample
from each block that was analyzed for N content (i.e.,
n = 4 samples per species, tissue, and treatment).

Primary production: apical growth
and secondary stem growth

Aboveground vascular net primary production
(ANPP) was estimated as the sum of the current year’s
apical and secondary growth. Apical growth was de-
fined as that produced from apical or intercalary mer-
istems during the current growing season; it was cal-
culated by our standard method of summing the masses
of all current year’'sleaf, stem, and inflorescencetissues
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in the quadrat harvest (Shaver and Chapin 1991, Chap-
in et al. 1995). Secondary growth was calculated as a
percentage of the old live woody stem mass (Shaver
1986), using new estimates of annual secondary growth
rate (in percentage per year) that were obtained from
a separate, detailed analysis of woody shrub growth
(Bret-Harte et al. 2001; M. S. Bret-Harte and G. R.
Shaver, unpublished data).

Secondary growth (wood production) is important
for only three species in the vegetation at this site:
Ledum palustre, Salix pulchra, and Betula nana. For
Ledum and Salix, estimates of secondary growth rates
in both control and fertilized plots were available from
previous research on the same site at Toolik Lake
(Chapin et al. 1995; G. R. Shaver, unpublished data).
For Betula nana, however, previous estimates of sec-
ondary growth were not available because Betula does
not produce the distinct annual bud scarsthat were used
for determination of stem age in Ledum and Salix. In
past research (Shaver and Chapin 1991, Chapin et al.
1995), we assumed that secondary growth by Betula
wasthe same asthat of Salix (both are woody deciduous
shrubs). By 1995, however, Betula had become so dom-
inant on the fertilized plots and was growing so much
more rapidly than the other species that we clearly
needed a separate measure of its secondary growth.

In 1995 and 1996, we completed a new analysis of
secondary growth in all three dominant woody species
(Betula, Ledum, and Salix) on a separate set of fertilized
and control plots ~1 km away from the present study
site (Bret-Harte et al. 2001; M. S. Bret-Harte and G.
R. Shaver, unpublished data). A detailed presentation
of our results is beyond the scope of this paper, but the
method was similar to the one that we have used pre-
viously (Shaver 1986). Briefly, to determine stem age
in Betula, we used thin sections of stems, cut freehand
with arazor and stained with phloroglucinol (1% mass
per volume in 20% HCI). Annual growth rings in the
stained sections were counted under a microscope.
Stem ages of the other two species were determined as
previously, by counting annual bud scars back from the
apex with occasional ring counts for verification. We
collected segments of varying ages by random collec-
tion of large branches, separating the segments of each
branch by age. We then dried the segments, and
weighed and measured the length of each segment age
class separately. Secondary growth rates (percentage
per year) for the whole branches were then calculated
from aregression of stem mass per unit length against
segment age and from the numbers, mass values, and
lengths of segments of each age class (M. S. Bret-Harte
and G. R. Shaver, unpublished data).

The secondary growth rates that we used in the pre-
sent study for calculation of the secondary growth com-
ponent of primary production are presented in Table 1.
For unfertilized control plants, the new estimates of
secondary growth rates were similar to those of Shaver
(1986), ranging from 7.9% per year in Ledum palustre
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TABLE 1. Secondary growth rates of woody stem mass in
three shrub species in control and fertilized plots at Toolik
Lake, Alaska, USA.

Annual growth rate of woody
stem mass (%)

Species Control Fertilized
Ledum palustre 7.9 20.3
Salix pulchra 18.1 25.1
Betula nana 15.8 44.1

Note: Information in this table is from M. S. Bret-Harte
and G. R. Shaver, unpublished data.

in the present study to 18.1% per year in Salix pulchra.
In the control plots, secondary growth of Betula nana
(15.8% per year) was quite similar to our previous,
assumed growth rate of 15.5% per year. In thefertilizer
treatment, though, the new estimates showed a sub-
stantial increase in secondary growth relative to con-
trols, especially in Betula (Table 1).

Data analysis

Data were analyzed statistically using SY STAT 8.0
(SPSS 1998) and SAS Version 8.0 for Windows (SAS
Institute 1999). Because the data on production, bio-
mass, and N content did not deviate markedly from
assumptions of normality and homogeneity of variance,
these analyses were completed using untransformed
data. The appropriate ANOVA (GLM) design for treat-
ment effects in such an experiment is a one-way, com-
plete-block design with blocks as replicates (n = 4
blocksin this experiment) and individual samples nest-
ed within blocks (n = 5 quadrats per block for biomass/
NPP harvests). When samples are compared among
years, this becomes a repeated-measures design (e.g.,
Chapin et al. 1995). We also used simple correlation
analyses to examine rel ationships between variables on
a quadrat-by-quadrat basis, and analysis of covariance
(ANCOVA) to compare regression slopes between
treatments. In the correlation analyses and ANCOVAS,
we ignored block effects because they were never sig-
nificant.

REsuLTS
Species composition and aboveground biomass

In the 1995 (15-yr) harvest, the fertilizer treatment
contained both fewer vascular plant species overall
(i.e., it had lower speciesrichness, the cumulative num-
ber of species observed in all quadrats) and fewer spe-
cies per quadrat and per block (i.e., lower species den-
sity, the average number of species in a sample of con-
stant area) than did the control. For overall species
richness, the numbers from 1995 were similar to those
from the 1983 or 1989 harvests. In all three of these
years, a total of 15 or 16 vascular species was found
in quadrats from control plots vs. atotal of 11-14 spe-
ciesin fertilized plots (Tables 2 and 3). In 1995, there
were five common species that typically appeared in
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TABLE 2. Species present in control and fertilized tussock tundra plots in 1995. Within each
growth form, species are arranged in order of decreasing abundance in control plots.

Growth
form and
species Control Fertilized
Graminoids Eriophorum vaginatum Eriophorum vaginatum
Carex bigelowii Carex bigelowii
Arctagrostis latifolia Calamagrostis holmii
Arctagrostis latifolia
Eriophorum angustifolium
Deciduous Betula nana Betula nana
Salix pulchra Salix pulchra
Rubus chamaemorus Rubus chamaemorus
Vaccinium uliginosum
Arctostaphylos alpina
Evergreen Ledum palustre Ledum palustre
Vaccinium vitis-idaea Vaccinium vitis-idaea
Empetrum nigrum Empetrum nigrum
Andromeda polifolia
Cassiope tetragona
Forbs Polygonum bistortat Polygonum bistortat

Pedicularis sp.
Petasites frigidust

Sellaria crassifolia

T Species not found in quadrat samples but

=10% of the control quadrats but were not found in
the fertilized quadrats: Vaccinium uliginosum, Arcto-
staphylos alpina, Andromeda polifolia, Cassiope tetra-
gona, and Pedicularis spp. (the Pedicularisin the con-
trol plots was mainly P. lanata, but may have included
small, nonflowering individuals of P. lapponica, P. la-
bradorica, or P. capitata). The 1995 harvest was the
first time that fertilized plots contained two species not
found in controls (Eriophorum angustifolium and Stel-
laria crassifolia), but these were found in only one or
two of the 20 quadrats harvested, and both specieswere
observed in control plots in previous years.

Species density at the quadrat scale (0.04 m?) was
reduced significantly by fertilizer treatment (P <
0.0001). Speciesdensity also decreased in 1995 in com-
parison to earlier harvests (year effect significant at P
= 0.005), and the difference in species density between

TABLE 3. Species density (mean * 1 sg), for vascular spe-
cies only, among individual quadrats (n = 20) and among
blocks (n = 4, lumping the five quadrats from each block),
and overall speciesrichness (total number of species, lump-
ing all quadrats; n = 1), in control and fertilized tussock
tundra plots in 1995.

Overall
richness
Quadrats Blocks (No. spe-
Treatment (No. species/ (No. species/  cies/0.8
and year 0.04 m?) 0.2 m?) m2)
Control
1983 7.15 = 0.34 11.25 + 0.75 15
1989 7.15 * 0.46 12.00 = 1.22 16
1995 6.75 £ 0.25 11.00 + 1.29 16
Fertilized
1983 6.05 £ 0.25 9.00 £ 0.71 12
1989 5.40 + 0.34 8.75 + 0.25 14
1995 455 + 0.34 8.00 = 0.41 11

observed in plots.

control and fertilized plotstended to increase over time,
although theyear X treatment interaction term wasonly
moderately significant (P = 0.09). Thisresult wasdriv-
en by a significant interaction between year and treat-
ment between 1983 and 1989 (P = 0.04), whereasthere
was no significant interaction between year and treat-
ment between 1989 and 1995 (P > 0.1). There were
about seven vascular species in each control quadrat
in 1983, 1989, and 1995, whereas the mean number of
vascular species in fertilized quadrats declined from
6.05 in 1983 to 4.55 in 1995 (Table 3). At the block
level, there were 11-12 species per five quadrats (0.2
m?) in control plots and 8-9 species per five quadrats
in fertilized plots (treatment effect significant at P <
0.02, no significant interaction term or year effect).
This pattern of relatively constant overall speciesrich-
ness over time in both control and fertilized plots, vs.
a tendency for continued decreases in species density,
especially infertilized plots at the finest sampling scale,
suggests that 2—4 poorly competitive species were
eliminated almost immediately from the fertilizer treat-
ment (in 1981 or 1982), followed by gradually increas-
ing dominance of the remaining species by those spe-
cies that were most favored by fertilization. Similar
reductions in species richness or density have been
reported in fertilizer experiments in a wide range of
herbaceous plant communities (Gough et al. 2000).
The increasing dominance by one species, Betula
nana, in the fertilized plots is most clearly shown in a
plot of each species’ relative biomass vs. its rank in
order of biomass (Fig. 1). In control plots, there were
always the same three or four species (Eriophorum
vaginatum, Ledum palustre, Vaccinium vitis-idaea, and
Betula nana) that had similar biomass, although their
relative abundance differed from year to year. At all
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Fic. 1. Species rank—abundance curves for aboveground

vascular plant biomass in (A) control and (B) fertilized plots
in 1983, 1989, and 1995. Each point represents one vascul ar
plant species, ranked in order of decreasing biomass on the
horizontal axis and with biomass as a proportion of the bio-
mass of the most abundant species on the vertical axis (note
thelog scale). Data points were cal culated from mean biomass
values for each species, treatment, and year; thus, confidence
intervals cannot be calculated.

harvests, it was not until the ninth or tenth species was
reached that biomass dropped below 1% of the most
abundant species. In fertilized plots, on the other hand,
the slope of this relationship was similar to that of the
control plots in the early years of the experiment, but
dominance became more pronounced with each suc-
cessive harvest. By 1995, the second most abundant
speciesin the fertilized plots, Ledum palustre, had only
~4% of the biomass of Betula nana; all species after
the fourth most abundant (*‘ other graminoids,”” mainly
Calamagrostis holmii and Arctagrostis latifolia) had
<1% of Betula’'s biomass.

Total aboveground vascular biomass in control plots
was 316 = 23 g/m? in 1995, a marginally significant
increase of 63 g/m? since 1989 (P = 0.06), but near
the middle of the range among the five measurements
since 1982 (Fig. 2A; year effect significant at P =
0.007). Over 50% of the total aboveground biomass in

GAIUS R. SHAVER ET AL.

Ecology, Vol. 82, No. 11

1995 consisted of the evergreen species Ledum palustre
and Vaccinium vitis-idaea, ~15% was Eriophorum va-
ginatum, and ~20% was Betula nana. The relative
abundances of these species changed considerably from
1982 to 1995, due to a large increase in the abundance
of Ledum palustre and a decrease in Eriophorum va-
ginatum (Fig. 3A). Since the first sampling in 1982
(Shaver and Chapin 1991), aboveground biomass of all
graminoids declined from 25-30% of the community
total to 15-20% in 1995 (because these data include
aboveground parts only, the relative importance of gra-
minoids appears much less than would be the case if
belowground stems and rhizomes were included). The
two dominant evergreen species, on the other hand,
increased in relative abundance from ~35% of the total
in 1982 to ~55% in 1995, whereas the deciduous spe-
cies were relatively constant, at ~25% of total above-
ground vascular biomass.

In the fertilized plots, on the other hand, there were
dramatic changes over the 15-yr period in both above-
ground biomass and species composition relative to
control plots (Fig. 2B; year effect significant at P <
0.0001). By 1995, total aboveground biomass of fer-
tilized plots was 803 = 92 g/m?, over 2.5 times that of
control plots (P < 0.0001) and an increase of >50%
from the 1989 value of 516 g/m? (P = 0.008). By 1995,
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Fic. 2. Total aboveground vascular biomass (mean = 1
se) in (A) control and (B) fertilized plots, 1982-1995. The
segments of each bar indicate aboveground biomass of each
of the four major growth forms, with forb biomass included,
but always too small to be seen at this scale.
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tilized plots, 1992—-1995.

Betula nana biomass had increased more than 10-fold
relative to controls (P < 0.0001), and accounted for
90% of total vascular aboveground biomass in fertil-
ized plots (Table 4), an increase from 70% in 1989.
The other species that shared dominance in control
plots continued to decline in importance (Fig. 3B).
Only Betula nana, Rubus chamaemorus, ‘‘other gra-
minoids”’ (mainly Calamagrostis holmii and Arcta-
grostis latifolia), and forbs had higher biomass in fer-
tilized than in control plots (Table 4). These differences
were highly significant (P < 0.001) except for ‘“other
graminoids” (P < 0.17) and forbs.

Moss and lichen biomass were significantly lower in
1995 than in 1989 in both control and fertilized plots
(P < 0.001 and P < 0.05, respectively), continuing the
long-term declines that we observed in both treatments
between 1983 and 1989 (Chapin et al. 1995). In the
fertilized plots, the decline in mosses and lichens was
probably caused by shading at the soil surface due to
increased B. nana canopy growth, and by increased | eaf
litter fall (accumulated leaf litter was >5 cm thick in
some locations beneath fertilized B. nana). By 1995,
mosses and lichens in the fertilized plots were almost
completely eliminated from the vegetation (Table 4).
The continued decline in moss and lichen massin con-
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trol plots through 1995 might reflect increased shading
by evergreen shrubs (Fig. 2) or the generally warmer,
drier conditions of the previous 15 yr (Chapman and
Walsh 1993). By 1995, the total moss plus lichen bio-
mass in control plots was less than half that in any
previous year (Shaver and Chapin 1991, Chapin et al.
1995), but still two orders of magnitude greater than
on the fertilized plots (treatment effect for 1995 sig-
nificant at P < 0.0001).

Aboveground primary production

Aboveground vascular production of control plots
was 145 g/m? in 1995, an increase of 40 g/m? from
1989 (P < 0.011), but still less than the production
that was measured in 1982 or 1983 (Fig. 4A; year effect
significant at P < 0.007). Overall, aboveground pro-
duction varied by almost 80% from the | east productive
year (1984) to the most productive year (1982). This
variation in production was greater than the 50% var-
iation in aboveground biomass among years (Fig. 2A),
and was due primarily to large decreasesin Eriophorum
production from 1982 to 1984, and to increases in both
Eriophorum and Ledum production from 1989 to 1995.
In all years, stem secondary growth in control plots
was only a small component of aboveground produc-
tion (e.g., 13 = 1 g/m? vs. 132 = 9 g/m? for apical
growth in 1995); ~60-70% of this secondary growth
was by deciduous species (mainly Betula), and ~30—
40% was by evergreens (mainly Ledum).

In the fertilized plots in 1995, aboveground vascular
production was 350 g/m?, more than double that in
control plots (P < 0.0001; Table 4, Fig. 4B). Of this
total, 196 g/m? (56%) was secondary growth, nearly
all of it by Betula. Total production by Betula alone
was 297 g/m?, or 85% of the community total. This
dominance by Betula in the fertilized plots began to
develop as early as 1984, with evergreen shrubs and
forbs being almost completely eliminated by 1995
(Figs. 2B and 3B). Current year's apical growth also
decreased significantly over timein the fertilized plots,
from 238 g/m?in 1983 to 154 g/m?in 1995 (P < 0.05),
whereas secondary growth increased sixfold from 28
g/m? to 196 g/m? (P < 0.0001).

Because the increases in secondary growth tended
to compensate for the decreases in apical growth and
in production of nonwoody species, the relative year-
to-year variation in total aboveground production was
much less in fertilized plots than in controls, with an
increase of only 132 g/m? (61%) from the least pro-
ductive (1984) to the most productive (1995) year (P
< 0.01). Thefertilizer plots were still more productive
than controlsin every year, with productionin fertilized
plots relative to controls tending to increase over time;
i.e., the relative increase in production in fertilized
plots relative to controls was 1.7-fold in 1983, 2.1-fold
in 1984, 2.6-fold in 1989, and 2.4-fold in 1995.
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TABLE 4. (A) Aboveground biomass (g/m?)
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and (B) primary production (g-m-2-yr-1), by

species and growth form, in the 1995 harvest of control and fertilized plots at Toolik Lake,

Alaska. Values are means = 1 sE.

Growth form, species, and

type of production Control Fertilized
A) Aboveground biomass
Graminoid
Eriophorum vaginatum 46.12 = 8.84 7.12 = 3.58
Carex bigelowii 4.15 = 1.61 279 £ 1.35
Other graminoid species 1.05 + 0.66 10.15 + 6.52
Deciduous
Betula nana 68.83 + 12.22 730.68 = 94.29
Salix pulchra 6.14 = 4.24 1.16 = 0.83
Rubus chamaemorus 0.18 += 0.18 20.45 + 4.20
Vaccinium uliginosum 0.03 = 0.03 0.00 = 0.00
Other deciduous species 4.48 + 4.48 0.00 = 0.00
Evergeen
Ledum palustre 102.45 + 13.71 27.77 + 13.48
Vaccinium vitis-idaea 71.09 = 7.85 1.04 = 0.49
Other evergreen species 8.04 = 2.54 0.43 = 0.42
Forb species 0.49 = 0.20 1.35 = 1.05
Moss species 111.84 + 16.67 0.88 = 0.42
Lichen species 15.96 = 4.01 0.12 = 0.06
Total for each growth form
Graminoid 51.33 = 9.09 20.06 = 7.06
Deciduous 82.45 + 12.20 752.29 + 94.36
Evergreen 181.58 = 18.61 29.24 = 14.09
Vascular 315.84 + 22.96 802.93 + 92.32
Nonvascular 127.79 = 15.76 1.00 = 0.43
Vascular plus nonvascul ar 443.64 + 18.13 803.93 + 92.21
B) Aboveground primary production
Apical growth
Graminoid 51.33 = 9.09 20.06 *= 7.06
Deciduous 26.93 = 4.22 126.97 = 11.95
Evergreen 53.74 = 4.48 5.93 = 243
Forb 0.49 = 0.20 1.35 = 1.05
Total vascular 132.49 + 8.88 154.30 *= 9.36
Secondary growth
Deciduous 7.65 = 1.24 192.38 = 26.78
Evergreen 5.27 = 0.66 3.20 = 1.74
Total vascular 12.92 + 1.44 195.58 *+ 26.92
Total ANPP
Graminoid 51.33 = 9.09 20.06 *= 7.06
Deciduous 34.58 + 5.13 319.35 = 35.08
Evergreen 59.01 = 4.98 9.13 = 4.04
Forb 0.49 = 0.20 1.35 = 1.05
Total vascular 145.41 + 9.45 349.88 + 31.59

Leaf area, leaf mass, and specific leaf area

Total vascular leaf areain the fertilized plotsin 1995
was 1.94 m? leaf per m? ground, or double that of the
controls (0.97 m?m?; Table 5). This doubling of |eaf
area due to fertilization (P < 0.0001) was slightly less
than the 2.4-fold difference in aboveground vascular
production and the 2.5-fold difference in aboveground
biomass (Table 4; both P < 0.0001). Leaf area of in-
dividual species and growth forms also increased when
their production and biomass increased, and vice versa,
although leaf area, production, and biomass did not
always change by the same proportions (Tables 4 and
5).
Total vascular leaf mass, on the other hand, was 20%
lower in fertilized than in control plotsin 1995 (119

vs. 151 g/m?, P < 0.03; Table 5). This decrease in leaf
mass, in contrast to the increase in leaf area, was due
mainly to the dominance of Betula and Rubus in fer-
tilized plots. These two species had a much higher spe-
cific leaf area (SLA, in centimeters of leaf area per
gram of leaf mass) than did any of the evergreen or
graminoid species that dominated in control plots (Ta-
ble 5). The fertilizer treatment also caused SLA to in-
crease by 10-40% within every species present (al-
though most of these within-species increases in SLA
were not significant), so that overall SLA more than
doubled for the community as a whole (P < 0.001).

Nitrogen content and allocation

In 1995, total aboveground vascular N stocksin fer-
tilized plots were 9.6 g/m?, a 2.4-fold increase over
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growth component of ANPP in the four major growth forms,
with forb biomass included but always too small to be seen
at this scale. Upper segments indicate secondary growth by
deciduous and evergreen shrubs.

control plots (Table 6; P < 0.001). Thisoverall increase
was consistent with the 2.5-fold increase in vascular
biomass and the 2.4-fold increase in ANPP (Table 4),
so the weighted-average N concentration in above-
ground biomass was similar in both treatments at 1.2%
(slightly but not significantly lower in the fertilized
treatment). This relatively constant overall N concen-
tration, however, was the result of compensatory
changes both in N concentration within growth forms
and in the relative abundance of growth forms that
differed in N concentration. Particularly important
were relatively large increases in N concentration in
graminoid and evergreen speciesin fertilized plots, bal-
anced against relatively small decreases in overall N
concentration of deciduous species (data for individual
species are not shown except for Betula; Table 7).
Because Betula was so strongly dominant in the fer-
tilized plots, changes in the proportional allocation of
its biomass and N content were particularly important
in determining overall changes in N mass and concen-
tration. In Betula alone, both biomass and N concen-
tration increased with fertilization in all tissues (Table
7). The mass of old aboveground stemsincreased 12.5-
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fold, however, whereas the mass of |eaves increased
only fivefold (both P < 0.001). Increases in N con-
centration were much smaller, not significantly so in
stems (from 0.8% N to 0.89% N) and by ~20% in
leaves (from 2.1% N to 2.6% N; P < 0.05). Thus,
changes in the relative masses of tissues that differed
in N concentration were more important than changes
in concentration within tissues. Because stem mass in-
creased more than twice as much as leaf mass did, the
overall weighted-average aboveground N concentra-
tion was unchanged in fertilized Betula, at 1.1% (Table
7). Because Betula was the dominant plant in the fer-
tilized plots, the weighted-average aboveground N con-
centration for the vegetation as awhole did not change
(Table 6).

The mass of N in leaves, on the other hand, was only
30% higher in fertilized relative to control plotsin 1995
(Table 6; P < 0.007), a much smaller increase than the
2.4-fold increase in total aboveground N mass and in
the opposite direction from the 21% decrease in total
leaf mass (Table 5). This increase in leaf N mass was
the result of increases in N concentration in all three
major growth forms, combined with an increasein rel-
ative abundance of deciduous leaves (mainly Betula)
that had the highest leaf N concentrations. Thus, in-
creasesin average leaf N concentration more than com-
pensated for decreases in leaf mass, mainly because of
the change in species composition.

The leaf area per unit N mass (nitrogen specific |eaf
area, or NSLA) also was changed by the fertilizer treat-
ment in 1995. Overall, there was a 54% increase in
vascular NSLA in the fertilized plots (Table 6), due
principally to the strong dominance of Betula in this
treatment. Within species and growth forms, NSLA
sometimes increased and sometimes decreased with
fertilization, depending on the relative magnitudes of
the increases in leaf N concentration (which tended to
decrease NSLA) vs. theincreasesin SLA (whichtended
toincrease NSLA if N concentration remained the same
or decreased). In Betula and in deciduous species as a
group, NSLA increased by 21% in fertilized plots be-
cause the increases in N concentration (22%) were
smaller than the increases in SLA (38%). In the gra-
minoids and the evergreens, NSLA declined with fer-
tilization because the increases in N concentration
(51% and 60%, respectively) were greater than the in-
creases in SLA (16% and 32%).

Production vs. biomass, leaf mass,
leaf area, and leaf N

Production—biomass relationships in control plots
were remarkably consistent among the five harvests
from 1982 to 1995 (Fig. 5A; r2 = 0.97, P < 0.001).
The range in production:biomass ratio in control plots
was 0.4:1 to 0.5:1 among the five years when the con-
trol plots were harvested. Assuming relatively steady-
state conditions, this would indicate an aboveground
biomass turnover time of ~2-2.5 yr in control plots.
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Leaf area, leaf mass, and specific leaf area in control and fertilized plots in the 1995 harvest (values are means

Growth form

Leaf area (m? leaf/m? ground)

Leaf mass (g leaf/m? ground)

and species Tissue Control N + P fert. Control N + P fert.
Graminoid
E. vaginatum blade 0.218 = 0.009 0.054 = 0.027 27.06 = 5.48 5.43 + 2.50
Carex bigelowii blade 0.022 + 0.002 0.019 =+ 0.007 2.57 + 0.89 2.27 + 1.04
Other graminoid blade 0.005 = 0.001 0.089 * 0.060 0.78 = 0.47 8.53 + 5.50
Deciduous
Betula nana new 0.194 + 0.007 1.321 = 0.151 14.46 = 2.43 74.83 = 7.30
Salix spp. new 0.014 *= 0.002 0.003 *= 0.002 146 = 1.01 0.23 + 0.17
Vaccinium uliginosum new n.d. 0.000 =+ 0.000 0.01 = 0.01 0.00 = 0.00
Rubus chaemamorus new 0.026 = 0.002 0.403 = 0.078 2.38 = 0.81 17.94 + 3.62
Other deciduous new 0.030 = 0.007 0.000 *= 0.000 2.79 £ 2.79 0.00 + 0.00
Evergreen
Ledum palustre new 0.096 =+ 0.003 0.025 + 0.010 21.83 + 251 439 + 1.91
old 0.084 *= 0.003 0.020 *= 0.007 20.92 *+ 3.17 3.79 + 1.40
Vaccinium vitis-idaea new 0.113 = 0.003 0.001 = 0.001 19.62 + 2.25 0.13 + 0.07
old 0.139 *= 0.004 0.003 = 0.002 31.30 = 4.64 0.49 + 0.28
Other evergreen new 0.011 =+ 0.001 n.d. 1.82 = 0.57 0.01 = 0.01
old 0.013 = 0.001 n.d. 3.60 + 1.26 0.10 + 0.10
Forbs new 0.002 *= 0.000 n.d. 0.49 = 0.20 1.35 = 1.05
Totals
Graminoid blade 0.246 = 0.010 0.163 = 0.062 30.41 = 5.63 16.23 + 5.76
Deciduous new 0.263 = 0.009 1.728 *= 0.185 21.10 *= 3.40 93.01 = 8.70
Evergreen al 0.455 = 0.009 0.049 = 0.019 99.08 = 9.61 8.90 + 3.47
Total vascular all 0.966 = 0.014 1.940 = 0.159 151.08 = 11.10 119.48 = 7.68

Notes: In some cases where leaf mass was very small or zero, accurate leaf areas could not be determined, and specific
leaf areas could not be calculated (indicated as n.d., not determined). Because these instances accounted for very small
portions of total leaf areas and weighted-average specific leaf areas, the missing cells were ignored in the total and overall

calculations.
Tn=1

The production:biomass ratio was slightly greater in
years when both production and biomass were high,
and lower in years when both production and biomass
were low, as might be expected if species with high
relative growth rates and high biomass turnover were
relatively more important in years of high overall bio-
mass and productivity (e.g., Chapin and Shaver 1985,
Hobbie 1996).

Production—biomass relationships were changed
greatly by the fertilizer treatment, and continued to
change from 1983 to 1995 (Fig. 5A). In the early har-
vests of the fertilizer treatment (1983 and 1984), both
production and biomass increased in fertilized plots
relative to controls, but production increased relatively
more. After 1984, however, biomass continued to in-
crease in the fertilized plots, but production increased
more slowly. As aresult, the production:biomass ratio
declined from a high of 0.66 in 1983, to 0.61 in 1984,
0.54 in 1989, and 0.41 in 1995. This would indicate a
minimum biomass turnover time of 2.4 yr in fertilized
plotsin 1995, about the same as in control plots where
production:biomass ratio was 0.47 in 1995 (turnover
time 2.1 yr). The actual biomass turnover time in fer-
tilized plots was probably longer, though, because the
fertilized plots were not in steady state and were still
accumulating biomass. Production per unit above-
ground N mass was also similar in the two treatments
in 1995 (Table 8).

The changes in production:biomass relationships in
fertilized plots after 1984 were due largely to the in-
creased dominance of Betula, with itslarge woody stem
mass. In 1989 and 1995, the apical growth component
of primary production actually declined in fertilized
plots (P < 0.04), as secondary growth and total pro-
duction both increased (P < 0.0001 and P < 0.02,
respectively; Fig. 4B). Total biomass continued to in-
crease as aresult of fertilization (P < 0.0001) but most
of these increases were in relatively inactive woody
stem mass (Table 4).

Relationships between production and leaf mass
were also changed dramatically by the fertilizer treat-
ment, but again the changes took at least nine years to
develop and were due mainly to the increasing domi-
nance of Betula. Before 1989, in fertilized plots the
production per unit leaf mass was close to the predicted
relationship obtained by regression of control plot data
(r2 = 0.99, P < 0.001; Fig. 5B). Where there was a
deviation from the predicted value (asin 1983), it could
be explained largely as the result of fertilizer-caused,
within-species increases in SLA (Table 5). By 1995,
however, Betula (with its much higher SLA) was so
strongly dominant in the fertilized plots that commu-
nity production per unit leaf mass was more than twice
what would be predicted by extrapolation from control
plot harvests.

Aboveground production was also tightly correlated
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TaBLE 5. Extended.
Specific leaf area (cm? leaf/g |eaf)
Control N + P fert.
81.77 = 2.07 93.46 = 5.25
83.04 = 5.38 164.90 *= 67.94
70.23 + 11.02 91.81 + 13.48
136.91 + 3.59 173.51 = 5.90
98.73 + 23.69 144.13 = 9.50
n.d. n.d.
130.22 + 10.46 264.05 + 56.50
107.351 n.d.
43.63 = 2.21 64.35 = 5.10
41.03 = 1.01 58.82 = 5.70
59.40 + 1.69 122.87 + 18.62
45,99 + 1.35 84.15 + 14.45
97.67 = 51.57 n.d.
41.82 + 3.45 n.d.
88.16 = 19.59 n.d.
81.80 = 2.06 94.53 + 6.10
131.24 = 4.06 181.79 = 5.54
46.80 + 1.02 62.01 = 5.11
65.28 = 2.02 162.22 = 7.74

with leaf areain control plots (r2 = 0.96, P < 0.001),
but was not correlated with leaf areain fertilized plots
(Fig. 5C). Furthermore, there was no trend over time
in the relationship between production and leaf areain
the fertilized plots that might be related to the shift in
species composition. Although leaf area was always
greater in fertilized than in control plots, leaf areain
fertilized plots was lowest in 1984, highest in 1989,
and intermediate in 1983 and 1995. On the whole, this
pattern is consistent with the interpretation that some
other factor, probably light, became limiting on the
fertilized plots almost immediately after the beginning
of the treatments. The transition occurred above an

TaBLE 7. Aboveground biomassand N concentration (mean
+ 1 sg) in Betula nana in control and fertilized plots in
1995.

Productivity
and N status

of Betula tissuest Control Fertilized
Biomass (g/m?)
Leaves 14.46 = 2.43 74.83 = 7.30
New stem 4.27 + 0.87 25.29 + 2.86
Old stem 49.87 + 9.12 624.44 + 86.95
Inflorescence 0.22 = 0.10 6.11 = 1.68
Overall 68.83 = 12.22 730.68 + 94.29
N concentrationt (%)
Leaves 2.11 = 0.01 2.58 + 0.04
New stem 1.73 = 0.06 1.94 + 0.05
Old stem 0.80 = 0.03 0.89 + 0.04
Inflorescence 1 85 + 0.12 2.03 = 0.03
Overall§ 1.14 = 0.07 1.11 = 0.10

T Leaves, new stems, and inflorescences are the product of
current year’'s apical growth. Old stemsincrease in mass each
year through secondary growth and by addition of the pre-
vious year's new stems to the old stem category.

¥ N concentrations are expressed as percentages of dry
mass (n = 4). One sample of each biomass category was
analyzed for N from each block (after weighing, samplesfrom
the five quadrats per block were lumped for analysis).

§ The weighted average of all aboveground biomass (n =
4), with individual values for each block calculated by mul-
tiplying N concentration of each category by its correspond-
ing mass to produce an estimate of N mass, then finding the
sum of the N masses, and finally dividing by total mass.

average leaf area of ~1.50 m? leaf/m? ground, which
was not reached by unfertilized tussock tundra in any
of the five years it was harvested (Fig. 5C).

By the time of the 1995 harvest, Betula in particular,
and the deciduous species as a group, were much more
productive in fertilized plots by most of these relative
measures of leaf ‘‘efficiency’”” (ANPP per unit leaf
mass, per unit leaf area, and per unit leaf N mass) than
were any of the graminoid or evergreen species (Table
8). This greater relative productivity of Betula in the

TaBLE 6. Nitrogen mass and nitrogen concentration in aboveground biomass and in leaves (values are means =+ 1 sg), and
nitrogen-specific leaf area (NSLA) in control and fertilized plots in the 1995 harvest.

N masst (g/m?)

N concentrationt (%) NSLAS (cm?g N)

N source and
growth form Control Fertilized Control Fertilized Control Fertilized
Total aboveground N
Graminoid 0.773 = 0.143 0.52 = 0.23 1.50 2.46
Deciduous 1.019 = 0.109 8.58 = 0.78 1.25 1.16
Evergreen 2.12 = 0.29 0.42 = 0.23 1.16 1.49
Total vascular 3.92 + 0.26 9.57 = 0.90 1.24 1.21
Leaf N
Graminoid 0.54 = 0.09 0.44 = 0.19 1.79 2.56 4509 3706
Deciduous 0.45 + 0.03 2.45 + 0.27 2.14 2.64 5821 7050
Evergreen 1.40 = 0.20 0.20 = 0.10 1.41 2.14 3244 2451
Total vascular 241 = 0.17 3.14 = 0.21 1.60 2.62 4005 6187

T Nitrogen mass was calculated by multiplying the N concentrations of individual species and tissue types by their

corresponding biomass values and summing the products.

T Nitrogen concentration is aweighted average, cal culated by dividing the mean N mass by the corresponding mean biomass

values from Tables 4 or 5.

8§ NSLA was calculated by dividing mean leaf area (Table 5) by mean leaf N mass.
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Fic. 5. Relationships of vascular aboveground net pri-
mary production (ANPP) to (A) aboveground biomass, (B)
total vascular leaf mass, and (C) total vascular leaf areain
control and fertilized plots, 1982—1995. Data points are the
mean values for ANPPR, biomass, leaf mass, and leaf areafor
each treatment and year. Leaf areas for 1995 are taken from
Table 5; for 1982-1989, leaf areas were estimated by mul-
tiplying leaf mass for each species, treatment, and year by
their respective 1995 specific leaf areas (Table 5).

fertilized plots may explain its dominance there. Im-
portantly, Betula and the deciduous species as a group
were not the most productive, by any of these three
measures, in the control plots in 1995, suggesting that
one of the reasons for the higher diversity in unfertil-
ized vegetation may be that no species or growth form
has a particularly strong advantage in production ** ef-
ficiency” there. In control plots, the graminoids had
the highest relative productivity by almost all mea-
sures. Further adjustment of the measures in Table 8
to account for the longer leaf life-span of evergreens
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(e.g., by multiplying ANPP per unit leaf mass times
leaf longevity; Johnson and Tieszen 1976, Shaver
1983) would increase the apparent leaf ** efficiency’” of
evergreens, particularly in control plots. Further ad-
justments, however, are unlikely to change the appar-
ently much greater leaf “‘efficiency’” of Betula in the
fertilized plots, especially with respect to leaf N mass
in this strongly N-limited ecosystem (Shaver et al.
1986, Chapin et al. 1995).

Vegetation and canopy structure

The structure of aboveground biomass and the dis-
play of leaf area were very different in control and
fertilized plots in 1995, as indicated by the results of
the point-frame sampling (Fig. 6). Each pin hit in the
fertilized plots was associated with much higher bio-
mass or much greater leaf area than in control plots,
with little overlap between the two groups of data
points in either case. Separate regressions of data by
treatment were highly significant (all P < 0.001; r? =
0.72 and 0.47 for control and fertilized biomass, re-
spectively; r2 = 0.69 and 0.75 for control and fertilized
leaf area, respectively), as were overall regressions

TABLE 8. Aboveground net primary production (ANPP) per
unit aboveground biomass, N mass, leaf mass, leaf area,
and leaf nitrogen for the 1995 harvest of control and fer-
tilized plots at Toolik Lake.

ANPP measures
for growth forms

and Betula Control Fertilized
ANPP/aboveground biomass (g g tyr?
Graminoid 1.00
Deciduous 0 42 0.39
Evergreen 0.35 0.28
Total vascular 0.47 0.41
Betula 0.37 0.41
ANPP/aboveground N mass (g g yr-t)
Graminoid 39.73
Deciduous 33.93 37.22
Evergreen 27.83 21.74
Total vascular 37.09 36.56
Betula 32.61 37.16
ANPP/leaf mass (g-g* leaf-yr1)
Graminoid 1.69 1.24
Deciduous 1.63 3.18
Evergreen 0.63 0.93
Total vascular 0.99 2.73
Betula 1.78 3.97
ANPP/leaf area (g-m~2 leaf-yr-1)
Graminoid 209.02 122.95
Deciduous 130.52 171.31
Evergreen 137.98 168.12
Total vascular 154.26 167.86
Betula 132.83 225.11
ANPP/leaf N mass (g-g* N-yr1)
Graminoid 94.26 45.57
Deciduous 75.98 120.78
Evergreen 44.77 41.21
Total vascular 61.78 103.85
Betula 84.71 154.22
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Fic. 6. (A) Aboveground vascular plant biomass in re-

lation to the total number of hits per point-frame pinin control
and fertilized plotsin the 1995 harvest. (B) Vascular |eaf area
in relation to number of leaf hits per pin. Data pointsrepresent
individual quadrats of control or fertilized treatments (n =
16 of each treatment). Solid lines were calculated by linear
regression of control data points, dashed lines by regression
of fertilized data points. Statistics for the overall regression
(n = 32) are given in Table 9.

(i.e., combining the two treatments; Table 9), but the
overall regressions had little predictive value (r2 = 0.29
and 0.27, respectively). Analyses of covariance (SY S-
TAT 1998, version 8.0) showed that the regression
slopes for each treatment were not significantly dif-
ferent for either biomass (Fig. 6A) or leaf area (Fig.
6B), but the adjusted means in both cases differed sig-
nificantly (both P < 0.001).

Examination of the point-frame results for individual
growth forms and species reveal s the cause of the treat-
ment differences in vegetation structure and leaf dis-
play (Table 9, Figs. 7 and 8). That is, the overall treat-
ment differencesin Fig. 6A and B were caused entirely
by changes in the relative abundances of species and
growth forms with different biomass structure and | eaf
display. For the three major growth forms, the slopes
of separate regressions for data from control vs. fer-
tilized treatments (Figs. 7 and 8) did not differ signif-
icantly except for aboveground biomass in graminoids
(Fig. 7A; the interaction between treatment and number
of hits was significant at P < 0.001). The difference
in slopes for graminoid biomass was due to a single
outlying data point from the fertilized treatment. When
this outlier was deleted, adjusted mean values for bio-
mass or leaf area in Figs. 7 and 8 also did not differ
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significantly in any comparison. Thus, there was no
indication of a change in biomass structure or leaf dis-
play within species as a result of fertilizer treatment.
Rather, it was the differences in species composition
between control and fertilized treatments that caused
the overall treatment differences in Fig. 6, due to the
different relationships for each species and growth
form between pin hits and biomass or |eaf area (Table
9).

Species and growth form differences in the point-
frame results reflected fundamental differencesin plant
architecture. Graminoids had the least biomass per pin
hit, and thus the shallowest slopes for this relationship
(Table 9), because their tissues are all nonwoody, and
thusless dense, than the more woody deciduous species
or the sclerophyllous evergreen species. Graminoids
also tended to be more clumped in their distribution,
with groups of leaves attached to individual tillers and
groups of tillers growing in tussocks, so individual pins
that happened to pass through a graminoid canopy were
more likely to have multiple hits. The dominant ev-
ergreen, Ledum palustre, had the smallest leaf area per
pin hit and the shallowest regression slope for this re-
lationship (Table 9), because it had narrow, needle-like
leaves with low SLA (high mass per unit area). De-
ciduous species (mainly Betula) had the steepest re-
gression slopes for both biomass and leaf area (Table
9) because of their woodiness and their thin, broad,
more horizontally oriented leaves. Because these re-
lationships had different slopes for each functional
type, and the relative abundance of each functional type
varied among quadrats (especially in control plots), the
accuracy of predictions of biomass or leaf area based
on hits in whole vegetation will be less accurate than
predictions calculated as the sum of predictions for
individual functional types.

DiscussioN
Long-term change in control plots

Long-term change and variation in control plots pro-
vide an important context for interpretation of the re-
sponses to fertilizer that we observed. It is particularly
noteworthy that the aboveground production of control
plots was slightly more variable among years (cv =
25%) than was the production of fertilized plots (cv
= 19%), despite large increases in biomass on the fer-
tilized plots. The most likely explanation for this result
is that the fertilizer treatment quickly eliminated any
nutrient limitation; hence, from at least 1983 to 1995,
the fertilized community’s production was responding
principally to annual variation in light and temperature,
not nutrient supply. The greater annual variation in
production in control plots probably reflects the addi-
tional effect of annual variation in nutrient supply, ei-
ther as current uptake or as storage and recycling from
previous years' uptake.

Individual specieswere more variablein their annual
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TABLE 9.
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Linear regression parameters for relationships between (A) total aboveground bio-

mass and the number of point-frame hits on total aboveground biomass (sum of all leaf,
stem, and inflorescence hits), and (B) between leaf area and hits on leaves only.

. Overall
Biomass and |eaf i
area for growth Slope Intercept regression
forms and species Value 1 se P Value 1se P r2 P
A) Aboveground biomass
Graminoid 0.023 0.003 0.000 0.002 0.221 099 0.73 0.000
Deciduous 0.126 0.011 0.000 -211 211 034 081 0.000
Evergreen 0.043 0.004 0.000 —-0.211 0.496 0.67 0.81 0.000
Total vascular 0.108 0.031 0.001 -—11.1 9.63 0.26 0.29 0.001
Eriophorum vaginatum 0.033 0.003 0.000 —-0.330 0.146 0.03 0.85 0.000
Betula nana 0.136 0.010 0.000 -1.294 1.832 0.49 0.85 0.000
Ledum palustre 0.040 0.005 0.000 —-0.036 0.382 0.92 0.70 0.000
Vaccinium vitis-idaea  0.048 0.002 0.000 —0.030 0.114 0.80 0.93 0.000
B) Leaf area
Graminoid 1.60 0.09 0.000 -144 7.7 0.07 0.91 0.000
Deciduous 376 015 0.000 -—-21.1 205 0.31 0.96 0.000
Evergreen 1.22 0.10 0.000 -32 114 078 0.82 0.000
Total vascular 237 071 0.002 -31.9 1829 086 0.27 0.002
Eriophorum vaginatum 1.67 0.10 0.000 -16.0 5.5 0.01 091 0.000
Betula nana 340 012 0.000 -4.8 147 0.74 0.96 0.000
Ledum palustre 0.77 0.09 0.000 4.2 6.2 0.50 0.70 0.000
Vaccinium vitis-idaea 1.88  0.10  0.000 1.6 3.9 0.68 0.93 0.000

Notes: In these regressions, aboveground biomass or leaf areais predicted by number of hits
according to the formula: Mass (g/quadrat) or leaf area (cm?quadrat) = slope X (no. hits/
quadrat) + intercept. Quadrat size was 400 cm? (20 X 20 cm), so conversion of biomass to g/
m? requires multiplying by 25, and conversion of leaf area to m?/m? requires multiplying by
2.5 X 10-8. The prediction is also a function of the number of pins per quadrat (64 in this
case) and pin diameter (5 mm). In all regressions, all quadrats were treated as independent
samples, so the sample size was 32 (16 control quadrats plus 16 fertilized quadrats).

production and biomass at Toolik Lake than was the
whole community, as we found previously at Eagle
Creek, in interior Alaska (Chapin and Shaver 1985).
At Toolik Lake, however, all four of the most abundant
species in the control plots declined simultaneously in
aboveground production and biomass following the
1982 harvest; reached a minimum in 1983, 1984, or
1989; and then increased together from 1989 to 1995.
Thus, at Toolik Lake there was relatively little com-
pensation at the community level that results from one
species having an “‘up’’ year while others had ‘‘ down”’
years, such as we saw at Eagle Creek. Overall, between
1982 and 1995 at Toolik Lake, the relative abundance
of the two dominant evergreens, Ledum palustre and
Vaccinium vitis-idaea, increased in the control plots,
while Eriophorum vaginatum declined from first to
fourth in abundance and Betula nana remained in third
place. Moss and lichen biomass also declined. We have
no basisfor knowing whether these trendswill continue
or whether the results of our five harvests over 14 yr
have documented a typical long-term pattern of fluc-
tuation in species composition. It is quite possible that
the changes we observed at Toolik Lake from 1982 to
1995 (and the relative stability of productivity at Eagle
Creek from 1968 to 1981) are related to the regional
warming trend that began in Alaska in the mid-1980s
(Chapman and Walsh 1993, Serreze et al. 2000).

Long-term change in fertilized plots

Even after 15 yr of treatment, the fertilized plots had
not reached a new steady state. Between 1989 and
1995, aboveground vascular biomass in fertilized plots
increased by >50% and productivity by 25%, and there
were large changes in overall biomass allocation, bio-
mass turnover, leaf production, and leaf area—mass re-
lationships. Dwarf birch, Betula nana, more than dou-
bled its biomass in the six years from 1989 to 1995,
while almost all other species declined in abundance
and three species were lost entirely. In comparison,
over the previous 6-yr period (1983-1989), above-
ground biomass of fertilized plots increased by only
24% and there was no significant change in above-
ground production (Chapin et al. 1995). Although birch
biomass tripled from 1983 to 1989, the amount of the
increase (225 g/m?) was less than the increase from
1989 to 1995 (370 g/m?). It is not clear how long these
trends might continue. If anything, however, the rate
of biomass accumulation in response to fertilizer ap-
pears to have increased over time.

Continued long-term changes in fertilized plots
could have three main causes. The first of these is un-
controlled, background change in the environment, as
revealed in harvest-to-harvest variation in control
plots. For example, the fact that the lowest production
and biomass in control plots were observed in 1984
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FiGc. 7. Aboveground biomass of (A) graminoid, (B) ev-
ergreen, or (C) deciduous speciesin relation to the total num-
ber of hits per point-frame pin in control and fertilized plots
in the 1995 harvest. Data points represent individual quadrats
of control or fertilized treatments (n = 16 of each treatment).
Solid lines were calculated by linear regression of control
data points, dashed lines by regression of fertilized data
points. Statistics for the overall regression (n = 32) aregiven
in Table 8. Note that both vertical and horizontal scalesdiffer
among the three graphs.

and 1989 indicates relatively poor growing conditions
in those years, which, at least in part, might explain
the relatively small production and biomass increases
in fertilized plots from 1983 to 1989. The second cause
of long-term change in fertilized plots is continued in-
creases in annual nutrient uptake by the vegetation as
biomass increases incrementally from year to year. In
other words, nutrient uptake capacity (and potential
productivity) may be limited in the first years simply
by the small initial size of the plants. It may take many
years for biomass and production to come into equi-
librium with a greatly increased annual nutrient supply.
Finally, changes in species composition and replace-
ment of large, old, individual plants may affect both
the rate of change over many years and the final bio-
mass and production. The present study provides evi-
dence that thisthird category of changeis also of major
importance in regulating long-term ecosystem-level
change.
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Species effects

Changes in species composition in fertilized plots
had different effects on production and biomass before
and after 1989. In the years before 1989, species other
than Betula accounted for the majority of the biomass,
and nearly all species initially increased their annual
growth in response to fertilizer addition (Shaver and
Chapin 1980, Chapin and Shaver 1985, 1996), |eading
to the large increase in production relative to control
plots in 1983, for example. Between 1983 and 1989,
however, only Betula, Rubus, and ‘‘ other graminoids”
(mainly grasses) continued to increase in abundance on

4 A) Graminoid
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@ Fertilized

Leaf area (m*/m?)
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Leaf area (m*m?)
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FiG. 8. Leaf areaof (A) graminoid, (B) evergreen, or (C)
deciduous species in relation to the total number of leaf hits
per point-frame pin in control and fertilized plotsin the 1995
harvest. Data points represent individual quadrats of control
or fertilized treatments (n = 16 of each treatment). Solid lines
were calculated by linear regression of control data points,
dashed lines by regression of fertilized data points. Statistics
for the overall regression (n = 32) are given in Table 8. Note
that both vertical and horizontal scales differ among the three
graphs.
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the fertilized plots, while others declined. This large
loss due to mortality of formerly abundant species was
more than compensated by increases in Betula alone,
but the replacement process still introduced alag time
of several years before production and biomass in fer-
tilized plots fully reflected the new species composi-
tion.

After 1989, the fertilized vegetation was so strongly
dominated by Betula that overall production, biomass,
and turnover characteristics were determined princi-
pally by this one species. The characteristics of Betula
that were most important in allowing it to become dom-
inant were (1) its very high SLA and NSLA relative
to other species in the vegetation, particularly in fer-
tilized plots; and (2) its high proportional allocation to
secondary growth (wood production). These two char-
acteristics are related, in that large amounts of wood
production are possible, in part, because leaf area pro-
duction costs are so low; i.e., resources not used in leaf
production can be reallocated to other purposes in-
cluding wood production. Because wood has a high C:
N ratio (low N concentration), relatively large amounts
of wood can be produced per unit N, the most limiting
element in this ecosystem. From previous work on the
same plots (Chapin and Shaver 1996), we also know
that Betula’s photosynthetic rate per unit leaf mass is
much greater in both fertilized and control plots (1.2-
to 10-fold greater) than in any other dominant species,
although when the rates are expressed per unit leaf area
(dividing the rate per unit mass by SLA), the rates for
al dominant species are similar (Bret-Harte et al.
2001).

Another advantageous trait is that fertilized Betula
can produce new meristems more rapidly than any other
initially dominant species or other common but less
abundant species like Salix pulchra. Thus Betula can
grow more rapidly when fertilized because it can rap-
idly add both new leaf areaand new sinks for additional
resources (Bret-Harte et al. 2001). Rapid branch pro-
duction by fertilized Betula leads to rapid increases in
numbers of stems. The large increases in overall wood
production that we observed were dueto increased stem
numbers as well as increased secondary growth of in-
dividual stem segments (M. S. Bret-Harte and G. R.
Shaver, unpublished data).

An important consequence of dominance by Betula
was that the overall concentration of N (the element
most limiting to plant growth) in aboveground biomass
was essentially the same in fertilized plots (1.21%) as
in control plots (1.24%). This occurred because the
fertilized Betula produced arelatively small amount of
high-N leaf mass and a large amount of low-N stem
mass. Overall, aboveground N concentrationsin Betula
alone were 1.14% in controls and 1.11% in fertilized
plots, because stem mass accounted for an even higher
proportion of its total aboveground mass in fertilized
plots than in controls. Because of this increased allo-
cation to stem mass, production per unit biomass and
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per unit N massincreased in Betula due to fertilization,
whereas they decreased or were unchanged in the other
plant forms. Thus, dominance by Betula in fertilized
plots led to a greater increase in production and bio-
mass than would have occurred if species composition
had not changed.

A second consequence of these growth characteris-
tics is that, under fertilized conditions, Betula grew
taller as well as faster than other species, thus domi-
nating the upper canopy. Betula grew taller because it
produced thicker, stronger woody stems, and because
its more rapid branching took place relatively high up
on those stems (Bret-Harte et al. 2001). By 1989, av-
erage canopy height in the fertilized plots was 38 cm
vs. 21 cm in the controls (Chapin and Shaver 1996).
The taller canopy with greater leaf area reduced light
penetration to the soil surface to <15% of control plots
(Bret-Harte et al. 2001), thus greatly reducing light
available to subcanopy species. Growth of mosses and
other low-growing species was further inhibited by the
accumulation of 2-5 cm of Betula leaf litter over much
of the soil surface. The reduced light penetration to the
surface and increased litter accumulation at the surface
were sufficient to reduce the annual depth of soil thaw
in 1989 from 38.3 cm to 31.7 cm (Chapin et al. 1995).
In the absence of annual fertilizer addition, these
changes in soil thaw would be expected to reduce N
mineralization and thus N availability, limiting the
large increases in productivity, aboveground biomass,
and leaf area that we observed.

A final consequence of the dominance by Betula in
fertilized plots, not investigated in this study, is the
relatively slow rate of decomposition of Betula litter
relative to other species. Both leaf and stem litter of
Betula decompose more slowly than leaves and stems
of other species, and Betula litter includes a higher
proportion of stems, which are particularly slow to de-
compose (Hobbie 1996). The increased dominance of
Betulain fertilized plots should lead to aslower overall
turnover of C and N in litter, although we might expect
the fertilizer treatment directly to increase litter turn-
over by increasing litter N content, and thus its de-
composability, within species.

Vegetation and canopy structure

Within species and plant functional types, the fer-
tilizer treatment apparently had no effect on size—struc-
ture relationships or canopy allometry, as shown by the
point-frame results. These data indicate a constant, lin-
ear relationship between pin hits and biomass or |eaf
area within each growth form across treatments. Thus,
although the fertilizer did have a major effect on both
biomass and leaf area for all species, the structure of
the biomass and the display of leaf area followed the
same alometric rules in both treatments. This is im-
portant because, for example, it suggests that the in-
creased proportional allocation to woody stems in Bet-
ula in the fertilized treatment is mainly a simple func-
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tion of plant size and is not an additional treatment
effect on allocation.

Because there were no treatment effects on under-
lying size-structure relationships within species or
functional types, changes in overall biomass structure
and canopy display in the fertilized treatment were en-
tirely attributable to the change in species and func-
tional type composition, as the community changed
from a mix of graminoid, deciduous, and evergreen
speciesto one strongly dominated by deciduous species
only. The physical structure of vegetation is particu-
larly important in the arctic, because it has a major
impact on surface temperature and energy and water
balance (e.g., McFadden et al. 1998). Our results in-
dicate that, at any given biomass or leaf area, it is
essential to identify species or at least functional types
in order to predict surface characteristics and fluxes
accurately.

Conclusions and future predictions

Changes in species composition in the Toolik Lake
fertilizer experiment have a distinct, detectable impact
on aboveground production, aboveground biomass, el-
ement cycling, and vegetation structure. Thisimpact is
qualitatively different from, and in addition to, the ef-
fect of increased nutrient availability through 15 yr of
fertilizer addition. Our results thus support and extend
the growing body of evidence that species composition
is an important control over ecosystem biogeochem-
istry (e.g., Berendse and Jonasson 1992, Hobbie 1995,
Wedin and Tilman 1996, Chapin et al. 1997, Jonasson
and Shaver 1999, van Oene et al. 1999). The principal
contribution of the present study is its detailed dem-
onstration of the importance of species differences in
SLA and NSLA, and in the allocation of C and N be-
tween leaf and stem tissues. These characteristics are
major determinants of ‘‘nutrient use efficiency’’ (Ber-
endse and Aerts 1987, Aerts and van der Peijl 1993,
Aerts and Caluwe 1994) and *‘nutrient productivity”
(Agren 1985, Agren et al. 1999) at both the species
and the ecosystem level.

Our most surprising result is that, because of the
dominance of Betula in the fertilized plots, the fertil-
ized vegetation actually accumulates more above-
ground biomass per unit N, and it produces more per
unit leaf N, than the unfertilized vegetation. Nitrogen
isastrongly limiting element in unfertilized vegetation
at thissite (Shaver et al. 1986). Thisraisesthe question,
“Why isn’t Betula more dominant in control plots?”’
Intuitively, we would expect the species that uses the
most limiting resource most effectively to be dominant
(Aerts and van der Peijl 1993, Herbert et al. 1999). The
explanation may be related to the low total N avail-
ability in control plots, which might prevent Betula
from producing enough high-N leaf mass to support
the C costs of producing and maintaining alarge woody
stem mass. In other words, nutrient use and allocation
are not the only important factors that determine spe-
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cies composition in unfertilized tundra. Explanation of
the changes that we observed in Alaska is complicated
further by the very different responses to fertilizer ad-
dition at Abisko, Sweden, where Betula nana is rela-
tively unresponsive to fertilizer addition (Gragliaet al.
1997) and does not become dominant after 5 or 10 yr
of fertilization (Jonasson et al. 1999; S. Jonasson, per-
sonal communication). The question requires addition-
al research to provide a clear answer.

Finally, we must remember that the Toolik Lake fer-
tilized plots are still changing in species composition,
in production and biomass, and in canopy structure.
Since 1995, we have observed arapid increase in cover
by several large, dense patches of grass, mainly Cal-
amagrostis holmii and Arctagrostis latifolia, in three
of the four fertilized plots. These patches appear to be
located on high spots in the soil surface (probably old,
stabilized frost boils). We do not know the mechanism
responsible for this latest change in species composi-
tion, nor do we know its implications for ecosystem
processes. The important point, however, is that none
of the changes that we observed over the first 15 yr of
treatment are permanent or constant. Interactions
among species composition, resource availability, and
climate and microclimate cause continuous, long-term
changes in both communities and ecosystems.

ACKNOWLEDGMENTS

Research described in this paper was supported by several
grants from the U.S. National Science Foundation, including
grants # BSR-9024188, DEB-9509613, DEB-9307888, DEB-
9615563, DEB-9810222, and OPP-9415411. We are partic-
ularly thankful to the 1995 Corps of Tussock Pluckers, in-
cluding Andreas Chavez, Tad Gunkelman, Bonnie Kwiat-
kowski, Joanna Wagner, and Jennifer Zoerner.

LITERATURE CITED

Aerts, R., and H. de Caluwe. 1994. Nitrogen use efficiency
of Carex species in relation to nitrogen supply. Ecology
75:2362-2372.

Aerts, R., and M. J. van der Peijl. 1993. A simple model to
explain the dominance of low-productive perennialsin nu-

, trient-poor habitats. Oikos 66:144-147.

Agren, G. 1985. Theory for growth of plants derived from
the nitrogen productivity concept. Physiologia Plantarum

, 64:17-28.

Agren, G., G. R. Shaver, and E. B. Rastetter. 1999. Nutrients:
dynamics and limitations. Pages 333-345in Y. Luo and H.
A. Mooney, editors. Carbon dioxide and environmental
stress. Academic Press, New York, New York, USA.

Berendse, F, and R. Aerts. 1987. Nitrogen-use-efficiency: a
biologically meaningful definition? Functional Ecology 1:
293-296.

Berendse, F, and S. Jonasson. 1992. Nutrient use and nutrient
cycling in northern ecosystems. Pages 337-359 in FE S.
Chapin, IIl, R. Jefferies, J. Reynolds, G. Shaver, and J.
Svoboda, editors. Arctic ecosystems in achanging climate:
an ecophysiological perspective. Academic Press, New
York, New York, USA.

Bliss, L. C., and N. V. Matveyeva. 1992. Circumpolar arctic
vegetation. Pages 59-89in F S. Chapin, I11, R. L. Jefferies,
J. FE Reynolds, G. R. Shaver, and J. Svoboda, editors. Arctic
ecosystems in a changing climate: an ecophysiological per-
spective. Academic Press, New York, New York, USA.

Bret-Harte, M. S., G. R. Shaver, J. P Zoerner, J. . Johnstone,



3180

J. L. Wagner, A. S. Chavez, R. F Gunkelman, S. C. Lippert,
and J. A. Laundre. 2001. Developmental plasticity allows
Betula nana to dominate tundra subjected to an altered
environment. Ecology 82:18-32.

Chapin, E S, Ill, M. S. Bret-Harte, S. E. Hobbie, and H.
Zhong. 1996. Plant functional types as predictors of the
transient response of arctic vegetation to global change.
Journal of Vegetation Science 7:347-358.

Chapin, E S, Ill, D. A. Johnson, and J. D. McKendrick. 1980.
Seasonal nutrient movementsin various plant growth forms
in an Alaskan tundra: implications for herbivory. Ecology
68:189-210.

Chapin, E S, Ill, and G. R. Shaver. 1985. Individualistic
growth response of tundra plant species to manipulation of
light, temperature, and nutrientsin afield experiment. Ecol-
ogy 66:564-576.

Chapin, E S,, Il, and G. R. Shaver. 1996. Physiological and
growth responses of arctic plants to afield experiment sim-
ulating climatic change. Ecology 77:822—840.

Chapin, E S., I, G. R. Shaver, A. E. Giblin, K. J. Nadel hoffer,
and J. A. Laundre. 1995. Responses of arctic tundra to
experimental and observed changesin climate. Ecology 76:
694-711.

Chapin, E S, Ill, K. Van Cleve, and M. C. Chapin. 1979.
Soil temperature and nutrient cycling in the tussock growth
form of Eriophorum vaginatum L. Journal of Ecology 67:
169-189.

Chapin, E S, Ill, B. H. Walker, R. J. Hobbs, D. U. Hooper,
J. H. Lawton, O. E. Sala, and D. Tilman. 1997. Biotic
control over the functioning of ecosystems. Science 277:
500-504.

Chapman, W. L., and J. E. Walsh. 1993. Recent variations
of seaice and air temperature in high latitudes. Bulletin of
the American Meteorological Society 74:33—47.

Giblin, A. E., K. J. Nadelhoffer, G. R. Shaver, J. A. Laundre,
and A. J. McKerrow. 1991. Biogeochemical diversity along
a riverside toposequence in arctic Alaska. Ecological
Monographs 61:415-436.

Gough, L., C. W. Osenberg, K. L. Gross, and S. L. Collins.
2000. Fertilization effects on species density and primary
productivity in herbaceous plant communities. Oikos 89:
428-429.

Graglia, E., S. Jonasson, A. Michelsen, and I. K. Schmidt.
1997. Effects of shading, nutrient application, and warming
on leaf growth and shoot densities of dwarf shrubsin two
arctic/alpine plant communities. Ecoscience 4:191-198.

Herbert, D. A., E. B. Rastetter, G. R. Shaver, and G. Agren.
1999. Effects of plant growth characteristics on biogeo-
chemistry and community composition in a changing cli-
mate. Ecosystems 2:367—-382.

Hobbie, J. E., L. A. Deegan, B. J. Peterson, E. B. Rastetter,
G. R. Shaver, G. W. Kling, W. J. O'Brien, E S. Chapin, M.
C. Miller, G. W. Kipphut, W. B. Bowden, A. E. Hershey,
and M. E. McDonald. 1994. Long-term measurements at
the arctic LTER site. Pages 391-409 in T. M. Powell and
J. H. Steele, editors. Ecological time series. Chapman and
Hall, New York, New York, USA.

Hobbie, S. 1995. Direct and indirect effects of plant species
on biogeochemical processes in arctic ecosystems. Pages
213-237 in E S. Chapin and Ch. Korner, editors. Arctic
and alpine biodiversity: patterns, causes, and ecosystem
consequences. Springer-Verlag Ecological Studies Series.
Volume 113. Springer-Verlag, New York, New York, USA.

Hobbie, S. E. 1996. Temperature and plant species control
over litter decomposition in Alaskan tundra. Ecological
Monographs 66:503-522.

Hobbie, S. E., A. Shevtsova, and FE S. Chapin, Ill. 1999.
Plant responses to species removal and experimental warm-
ing in Alaskan tussock tundra. Oikos 84:417-434.

Johnson, D. A., and L. L. Tieszen. 1976. Aboveground bio-

GAIUS R. SHAVER ET AL.

Ecology, Vol. 82, No. 11

mass allocation, leaf growth, and photosynthesis patterns
in tundra plant forms in arctic Alaska. Oecologia 24:159—
173.

Jonasson, S. 1983. The point intercept method for non-de-
structive estimation of biomass. Phytocoenologia 11:385—
388.

Jonasson, S. 1988. Evaluation of the point intercept method
for the estimation of plant biomass. Oikos 52:101-106.
Jonasson, S., J. A. Lee, T. V. Callaghan, M. Havstrom, and

A. N. Parsons. 1996. Direct and indirect effects of increas-
ing temperatures on subarctic ecosystems. In P S. Karlsson
and T. V. Callaghan, editors. Plant ecology in the subarctic

Swedish Lapland. Ecological Bulletin 45:180-191.

Jonasson, S., A. Michelsen, |. K. Schmidt, and E. V. Nielsen.
1999. Responses in microbes and plants to changed tem-
perature, nutrient, and light regimes. Ecology 80:1828—
1843.

Jonasson, S., and G. R. Shaver. 1999. Within-stand nutrient
cycling in arctic and boreal herbaceous and forested wet-
lands. In D. Whigham and |. Feller, editors. Special Fea-
tures section on Wetland Ecosystems. Ecology 80:2139—
2150.

Kaiser, J. 2000. Rift over biodiversity divides ecologists.
Science 289:1282-1283.

Likens, G. E. 1989. Long-term studies in ecology: approach-
es and alternatives. Springer-Verlag, New York, New York,
USA.

Magnuson, J. J. 1990. Long-term ecological research and the
invisible present. BioScience 40:495-501.

McFadden, J. P, E S. Chapin, |11, and D. Y. Hollinger. 1998.
Subgrid-scale variability in the surface energy balance of
arctic tundra. Journal of Geophysical Research 103:28 947—
28963.

McKane, R. B., E. B. Rastetter, G. R. Shaver, K. J. Nadel-
hoffer, A. E. Giblin, and J. A. Laundre. 1997. Climatic
effects on tundra carbon storage inferred from experimental
data and a model. Ecology 78:1170-1187.

Michelsen, A., C. Quarmby, D. Sleep, and S. Jonasson. 1998.
Vascular plant N abundance in heath and forest tundra
ecosystems is closely correlated with presence and type of
mycorrhizal fungi in roots. Oecologia 115:406—-418.

Michelsen, A., I. K. Schmidt, S. Jonasson, C. Quarmby, and
D. Sleep. 1996. Leaf >N abundance of subarctic lants pro-
vides field evidence that ericoid, ectomycorrhizal and non-
and arbuscular mycorrhizal species access different sources
of soil nitrogen. Oecologia 105:53-63.

Miller, P C., P M. Miller, M. Blake-Jacobsen, F. S. Chapin,
111, K. R. Everett, D. W. Hilbert, J. Kummerow, A. E.
Linkins, G. M. Marion, W. C. Oechel, S. W. Roberts, and
L. Stuart. 1984. Plant—soil processes in Eriophorum va-
ginatum tussock tundrain Alaska: a systems modeling ap-
proach. Ecological Monographs 54:361—-405.

Nadelhoffer, K. J., G. Shaver, B. Fry, L. Johnson, and R.
McKane. 1996. >N natural abundancesand N use by tundra
plants. Oecologia 107:386—-394.

Naeem, S. 2000. Reply to Wardle et al. Bulletin of the Eco-
logical Society of America 81:241-246.

Naeem, S., £ S. Chapin, Ill, R. Costanza, P R. Ehrlich, D.
U. Hooper, J. H. Lawton, R. V. O’Neill, H. A. Mooney, O.
E. Sala, A. J. Symstad, and D. Tilman. 1999. Biodiversity
and ecosystem functioning: maintaining natural life support
systems. Issues in Ecology 4:1-11.

Powell, T. M., and J. H. Steele, editors.Ecological timeseries.
Chapman and Hall, New York, New York, USA.

SAS Institute. 1999. SAS Version 8.0 for Windows. SAS
Institute, Cary, North Carolina, USA.

Serreze, M. C., J. E. Walsh, F S. Chapin, IIl, T. Osterkamp,
M. Dyurgerov, V. Romanovsky, W. Oechel, FE Morison, T.
Zhang, and R. G. Barry. 2000. Observational evidence of



November 2001

recent change in the northern high-latitude environment.
Climatic Change 46:159-207.

Shaver, G. R. 1983. Mineral nutrition and leaf longevity in
Ledum palustre: the role of individual nutrients and the
timing of leaf mortality. Oecologia 56:160—165.

Shaver, G. R. 1986. Woody stem production in Alaskan tun-
dra shrubs. Ecology 67:660—669.

Shaver, G. R. 1995. Plant functional diversity and resource
control of primary production in Alaskan arctic tundras.
Pages 199-212 in C. Korner and F S. Chapin, |11, editors.
Arctic and alpine biodiversity: patterns, causes, and eco-
system consequences. Springer-Verlag Ecological Studies
Series. Volume 113. Springer-Verlag, New York, New
York, USA.

Shaver, G. R. 1996. Integrated ecosystem researchinnorthern
Alaska, 1947-1994. Pages 19-34 in J. Reynolds and J.
Tenhunen, editors. Landscape function and disturbance in
arctic tundra. Springer-Verlag Ecological Studies Series.
Volume 120. Springer-Verlag, Heidelberg, Germany.

Shaver, G. R., and E S. Chapin, Ill. 1980. Response to fer-
tilization by various plant growth formsin an Alaskan tun-
dra: nutrient accumulation and growth. Ecology 61:662—
675.

Shaver, G. R., and E S. Chapin, I11.1991. Production/biomass
relationships and element cycling in contrasting arctic veg-
etation types. Ecological Monographs 61:1-31.

Shaver, G. R., and FE S. Chapin, Ill. 1995. Long-term re-
sponses to factorial NPK fertilizer treatment by Alaskan
wet and moist tundra sedge species. Ecography 18:259—
275.

Shaver, G. R., E S. Chapin, Ill, and B. L. Gartner. 1986.
Factors limiting growth and biomass accumulation in Er-
iophorum vaginatum L. in Alaskan tussock tundra. Journal
of Ecology 74:257-278.

FIFTEEN YEARS OF CHANGE IN TUNDRA

3181

Shaver, G. R, L. C. Johnson, D. H. Cades, G. Murray, J. A.
Laundre, E. B. Rastetter, K. J. Nadelhoffer, and A. E. Gib-
lin. 1998. Biomass accumulation and CO, flux in three
Alaskan wet sedge tundras: responses to nutrients, tem-
perature, and light. Ecological Monographs 68:75-99.

Shaver, G. R., J. A. Laundre, A. E. Giblin, and K. J. Nadel-
hoffer. 1996. Changes in vegetation biomass, primary pro-
duction, and species composition along a riverside topos-
equence in arctic Alaska. Arctic and Alpine Research 28:
363-379.

SPSS. 1998. SYSTAT 8.0. SPSS, Chicago, Illinois, USA.

van Oene, H., F Berendse, and C. G. F de Kovel. 1999.
Model analysis of the effects of historic CO, levels and
nitrogen inputs on vegetation succession. Ecological Ap-
plications 9:920-935.

Walker, M. D., D. A. Walker, and K. R. Everett. 1989. Wet-
land soils and vegetation, Arctic Foothills, Alaska. U.S.
Fish and Wildlife Service Biological Report 89(7).

Wardle, D. A., M. A. Huston, J. P Grime, FE Berendse, E.
Garnier, W. K. Lauenroth, Heikki Setéla, and S. D. Wilson.
2000. Biodiversity and ecosystem function: an issue in
ecology. Bulletin of the Ecological Society of America81:
235-239.

Wedin, D. A., and D. Tilman. 1996. Influence of nitrogen
loading and species composition on the carbon balance of
grasslands. Science 274:1720-1723.

Williams, M., and E. B. Rastetter. 1999. Vegetation char-
acteristics and primary productivity along an arctic tran-
sect: implications for scaling-up. Journal of Ecology 87:
885-898.

Williams, M., E. B. Rastetter, G. R. Shaver, J. E. Hobbieg, E.
Carpino and B. L. Kwiatkowski. 2001. Primary production
of an arctic watershed: an error analysis. Ecological Ap-
plications, 11:1800-1816.



