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Abstract. Constraints on nitrogen fixation are the ultimate causes of N limitation of
primary production, but hypotheses concerning limitations to N, fixation remain largely
untested in natural terrestrial ecosystems. We examined limitations to N, fixation by thinleaf
alder (Alnus tenuifolia) in two stages of primary forest succession on the Tanana River
floodplain (interior Alaska, USA) and focused on the hypothesisthat N, fixation was limited
by low soil P availability. Paired control and P fertilized plots were established at four
replicate early successional alder stands and four later successional poplar (Populus bal-
samifera) stands (dense alder understories with mature poplar overstories) and N, fixation
was estimated with an acetylene reduction assay. In alder stands, P fertilization increased
total nodule dry biomass and increased total ecosystem N inputs, but it had little effect on
nitrogenase activity per unit nodule dry mass (specific acetylene reduction activity, ARA).
Specific ARA increased only in late July when soil temperature and ARA were at their
maximum values. In contrast, fertilization had no effect on these measures in poplar stands
where reduced soil moisture may have superseded limitation by P We detected no differ-
ences in specific ARA, total nodule biomass, or N inputs, between alder and poplar stands
but all of these measures were highly variable. Leaf area of the alder canopy emerged as
the best predictor of ecosystem inputs of fixed N among control plots. Alders resorbed high
amounts of P but little N (consistent with low P availability and a high P demand and a
high N availability in alder), and P fertilization reduced P resorption but had no effect on
N resorption. The timing of N, fixation and N resorption indicate that late-season increases
in leaf N, following a midseason reduction in leaf N, were driven by N, fixation in excess
of plant N demands as nodul es continued fixing N while alder |eaves senesced. These results
have shown that P limits N, fixation in alder stands in this nitrogen-limited sere, but that

factors limiting N, fixation can change over short successional time scales.
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INTRODUCTION

Constraints on nitrogen fixation are the ultimate
causes of N limitation of primary production (Vitousek
and Howarth 1991), but hypotheses concerning limi-
tations to N, fixation remain largely untested in natural
terrestrial ecosystems. Primary succession frequently
proceeds through early stages dominated by symbiotic
N,-fixing plants (N fixers) (Walker 1993). Nitrogen in-
puts from these stages may determine both long term
productivity in N-limited seres (e.g., Van Cleve et al.
1983, 1991, Vitousek and Walker 1989, Bormann and
Sidle 1990) and the rate of succession (Chapin et al.
1994). Estimates of N, fixation during succession are
generally inferred from measures of N accumulation
across chronosequences (e.g., Crocker and Major 1955,
Viereck 1966, Van Cleve et al. 1971, 1993a, L uken and
Fonda 1983, Frenzen et al. 1988, Walker 1989). How-
ever, these provide only a measure of N retention (N
inputs — N loss) and therefore are not a sensitive index
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of N, fixation. We used acetylene reduction to examine
the dynamics and regulation of N, fixation by thinleaf
alder (Alnus tenuifolia Nutt.) in primary successional
forests of the Tanana River floodplain (interior Alaska,
USA) and focused on the hypothesis that N, fixation
is limited by low phosphorus availability.

Cole and Heil (1981) argued that terrestrial N and P
cycles should be tightly coupled because of the energy
demands of microbial growth and correlations in the
transformations and availability of these elements over
long time periods. N, fixation is hypothesized to be a
primary mechanism linking N and P availability in ter-
restrial ecosystems (Walker and Syers 1976, Cole and
Heil 1981, Vitousek and Howarth 1991, Vitousek et al.
1993, Crews et al. 1995). Nitrogen fixers have a po-
tentially higher P demand than non-N fixers (Ingestad
1981), and respond strongly to P fertilization in green-
house experiments (e.g., Gates 1974, Israel 1987, Red-
dell et al. 1988, Sangingaet al. 1989, Ekblad and Huss-
Danell 1995, Uliassi et al. 2000). Moreover, increasing
P availability can reverse N inhibition of N, fixation,
indicating that the ratio of the two nutrients is more
important than their absolute quantity per se (Ekblad
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and Huss-Danell 1995, Ekblad et al. 1995). Direct sup-
port for P limitation of N, fixation in ecosystems comes
mainly from aquatic ecosystems (Schindler 1977, Vi-
tousek and Howarth 1991), pasturelands and agro-eco-
systems (e.g., Donald and Williams 1954, Crews 1993,
Peopleset al. 1995), and young volcanic sitesin Hawaii
(Vitousek 2000), but there is additional support from
nonsymbiotic fixation in a tallgrass prairie (Eisele et
al. 1989), and correlations between P availability, or
N:P ratios, and the distribution of N fixers (Hogberg
1989).

Phosphorus availability is low throughout primary
succession on the Tanana River floodplain (Marion et
al. 1993) and may limit N, fixation by thinleaf alder.
However, P availability alone is unlikely to explain the
seasonal and successional dynamics of N, fixation.
Canopy closure over symbiotic N fixers likely reduces
their abundance and is often assumed to limit their
ability to fix N, (e.g., Bormann and Gordon 1984) be-
cause of the high carbon cost of maintaining root sym-
bionts (Gutschick 1981, Paul and Kucey 1981, War-
embourg and Roumet 1989). Carbon gain is positively
correlated with fixation in young plants deriving most
of their N from fixation (Huss-Danell and Sellstedt
1985, Huss-Danell 1990, Huss-Danell et al. 1992), but
this relationship may not hold with increasing avail-
ability of external N, changes in carbon allocated to
mycorrhizae, and limitations by other resources. Along
the Tanana River floodplain, increasing dominance of
balsam poplar (Populus balsamifera) may decrease
light reaching the alder canopy but also increase com-
petition for soil resources (Walker and Chapin 1986).
Poplar litter leachates reduce N availability on the
floodplain (Clein and Schimel 1995, Schimel et al.
1995) and they may also inhibit N, fixation either di-
rectly, or indirectly by complexing soil P or inhibiting
mycorrhizal functioning (Rice 1974, Jobidan and Thi-
bault 1982, Younger and Kapustka 1983, Schimel et
al. 1998). Although arctic and taiga plants may be
adapted to low soil temperatures (Chapin and Shaver
1985), seasonal and successional changes in microcli-
mate could modify patterns of N, fixation (e.g., Har-
rington and Seiler 1988, Zitzer and Dawson 1989; for
review see Dixon and Wheeler [1983]).

Nutrient resorption is a primary mechanism of nu-
trient conservation in plants (Vitousek 1982, Shaver
and Chapin 1991) and may influence alder’s demand
for, and ability to fix, N,. A relationship between nu-
trient resorption and nutrient availability is sometimes
(Shaver and Melillo 1984, Lajtha 1987), but not always
(Birk and Vitousek 1986, Chapin and Moilanen 1991,
Walbridge 1991, Aerts 1996), found in natural or fer-
tilized systems. Across taxonomic groupings, N fixers
are generally poor resorbers of N and would be ex-
pected to resorb disproportionately higher amounts of
P because of the potentially high P demand associated
with N, fixation (Dawson and Funk 1981, Coté et al.
1989, Killingbeck 1993, 1996). A relationship between
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N, fixation and nutrient resorption within a single N,
fixing species could exert a strong control on rates of
ecosystem N accretion and cycling.

This field study examines symbiotic N, fixation by
thinleaf alder in early- (alder dominated) and mid-
(poplar dominated) stages of primary forest succession
on the Tanana River floodplain in interior Alaska. Our
four primary objectives were to: (1) test the hypothesis
that P limits N, fixation with a field fertilization ex-
periment, (2) characterize the seasonal patterns of ni-
trogenase activity and successional changesin N, fix-
ation inputs using an acetylene reduction assay in con-
junction with estimates of nodule dry biomass, (3)
identify primary regulators of these patterns and, (4)
evaluate the relationship between N, fixation and N and
P resorption.

Stuby SITE

This study was conducted in, and adjacent to, the
Bonanza Creek Long Term Ecological Research Site
(BNZ LTER) situated ~35 km southwest of Fairbanks,
Alaska, on the active floodplain of the Tanana River.
The Tanana River is a large, silt-laden, meandering
river which drains the north slope of the Alaska range
into the Yukon River. The climate is strongly conti-
nental and characterized by pronounced seasonal fluc-
tuations in daylength, light intensity, and temperature,
with mean daily temperatures ranging from 16.4°C in
July to —24.9°C in January. Snow remains as a per-
manent cover for six to seven months of the year and
the growing season is less than 100 d. Annual precip-
itation averages 269 mm, most of which falls in short
duration thunderstorms. The climate and vegetation of
this research site are described in detail by Viereck et
al. (1993a, b).

Primary succession is initiated on newly deposited
alluvium by several willow species (Salix spp.) and is
dependent on species life history characteristics and
their interactions with herbivory (Bryant 1987), the soil
environment, and stochastic events including flooding
and seed rain (Walker and Chapin 1986, Walker et al.
1986, Viereck et al. 1993a, Van Cleve et al. 1991).
Willow are quickly replaced by alder within 5-10 yr,
in part, because of selective herbivory by mammalian
browsers (Bryant 1987). Balsam poplar eventually
overtops alder and a mixed community develops with
a mature poplar overstory and dense alder understory
at 80 to 100 yr. Mature stands can persist for several
decades but ultimately (100-150 yr) convert to white
spruce (Picea glauca) and eventually black spruce (Pi-
cea mariana) (Viereck et al. 1993a, but see Mann et
al. 1995).

New floodplain surfaces are extremely alkaline (pH
> 7.5), resulting in low P availability throughout flood-
plain succession (Marion et al. 1993). Soil N and or-
ganic matter are low through the willow stage but rap-
idly increase during the transition to alder (Van Cleve
et al. 1971, 1991, Walker 1989). Mass accumulation
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estimates suggest that up to 70% of ecosystem N ac-
cumulated over this 200-yr sequence is fixed by alder
within the first 30 yr of succession (Van Cleve et al.
1971, 1991). This is more rapid than in most other
primary successional seres where N accumulation typ-
ically asymptotes within 50-200 yr (Reiners 1981,
Walker 1993). Thisrapid N accretion is associated with
increased mineralization and nitrification rates (Klin-
gensmith and Van Cleve 1993), resulting in high N
availability under alder thickets, which supports the
rapid growth of poplar trees. Increasing poplar domi-
nance reduces N availability by increasing N storage
and reducing soil organic matter quality as the forest
floor becomes dominated by recalcitrant poplar litter.
Poplar litter contains high concentrations of tannins
and phenolics of low molecular mass, which act in
concert to reduce N availability by simultaneously in-
hibiting N mineralization and stimulating microbial im-
mobilization (Clein and Schimel 1995, Schimel et al.
1995). Later in succession, the abundance of alder is
further reduced with increasing spruce dominance. Nu-
trients are increasingly bound in slowly decomposing
organic matter and soils cool and reduce rates of nu-
trient cycling (Van Cleve et al. 1991).

METHODS
Experimental design

In 1993 we selected four replicate stands in older
alder communities (stands A1 through A4) and four in
poplar communities with a mature poplar overstory and
dense alder understory (stands P1 through P4) along a
10-km stretch of the Tanana River. These stands ap-
proximately correspond to stages IV-V and VI, re-
spectively, in Viereck et al. (1993a). Names are as-
signed based on the dominant vegetation and sites will
henceforth be called “‘alder’” and ‘‘poplar’” stands.

At each of the eight stands, we established a paired
control and fertilized plot (each 15 X 15m) for a total
of 16 plots. Fertilized plots received a 2-yr total of 21.5
g P/m? applied by hand as commercially available gran-
ular superphosphate 0:45:0 fertilizer (Agrichem, Bur-
lington, Washington, USA), in a series of two appli-
cations in 1993 and three applications in 1994. We
initially fertilized plots in mid-June 1993, and then in
mid-July 1993. In 1994 we fertilized in late May, mid-
July, and early August. Fertilizer applications were al-
ways made following measurements for nitrogenase ac-
tivity or the collection of soil cores so that measure-
ments reflected changes from the previous fertilizer
application. All measurements were made within a 14
X 14 m grid excluding a 1-m border around each plot
to reduce potential edge effects.

Nitrogenase activity and nodule biomass

We used an acetylene reduction assay in conjunction
with measures of nodule dry biomass to estimate N,
fixation (Lawrence and Tjepkema 1990, Uliassi et al.
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2000). Nitrogenase activity was measured on plots
twice in 1993 (25 July, and 4—6 September) and three
times in 1994 (6-14 June, 5-11 July, and 30 July).
Most measurements were taken at midday (between
1000 and 1600) Alaska standard time. Stands were ran-
domly selected for measurement throughout a day, but
control and fertilized plots at each stand were always
measured consecutively. Acetylene reduction activity
(ARA) was measured using a short term acetylene re-
duction assay, which was found to provide a linear
production of ethylene with no apparent acetylene in-
hibition over the time course of our incubation.

We measured ARA three times (three sets of nodules
collected from the perimeter of three haphazardly se-
lected trees) within each plot at each sampling (n =
48 sets of nodules), except in July 1993 when only
three stands of each community were sampled (n = 36
sets of nodules). For each incubation, nodule clusters
with ~2 cm of subtending root were cut from the plant
and gently cleaned of soil. These were immediately
placed in a 60-mL plastic incubation syringe (Becton
Dickinson, Franklin Lakes, New Jersey, USA)
equipped with a stopcock and needle. Six milliliters of
acetylene (C,H,), generated from the addition of CaC,
to water, was drawn into the syringe (atime designated
as time,) to produce a 10% volume/volume mixture of
C,H, in air. Syringes were kept near ambient soil tem-
perature before and during the incubation by placing
them under the forest litter layer in contact with the
soil surface. Gas samples (6 mL) were withdrawn for
analysis at 30, 90, and 150 s following C,H, addition.

Gas sampleswere analyzed for ethylene (C,H,) using
a Shimadzu (Shimadzu Scientific, e.g., Houston, Texas,
USA) 14A gas chromatograph equipped with a 2-m
Poropak N column and a back-flush valve to vent acet-
ylene. To calculate acetylene reduction activity (ARA),
the molar concentration of C,H, produced from time,
through all sample collection times was regressed
against field incubation time. The slope of thisline was
expressed as ‘‘ specific ARA” (wmol C,H,-[g dry nod-
ule]~*-h~%) by dividing by the incubation dry mass of
nodules. The mass of incubated nodules was deter-
mined in the laboratory after carefully washing nod-
ules, removing them from the attached roots, and dry-
ing at 60°C.

Nodul e biomass was sampled on each plot in October
1994. Twenty-five cores (15 cm in diameter X 15 cm
deep) were systematically sampled from each of the 16
plots (n = 400 cores) in an evenly spaced 14 X 14 m
grid. Cores were brought to Fairbanks and kept frozen
until processing. Roots and nodules were carefully
washed free of soil and hand sorted. Nodules, defined
as a contiguous clustered group of lobes, were removed
from roots and sorted into seven diameter size classes.
These size classes were: small single lobed nodules
(sl), nodules <1 cm in diameter (excluding sl), and five
additional classes increasing by 1-cm increments. We
used the smallest two size classes as an approximate
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surrogate for the age of nodules. We assume that both
of these size classes were produced since the start of
fertilization (Akkermans 1971, Schwintzer et al. 1982;
D. D. Uliassi, personal observation) and that single
lobed nodules are younger than nodules <1 cm. Total
nodule dry biomass was measured in 394 cores, and
nodules were sorted into size classes from 344 of these
(distributed among all plots), therefore, the average
total nodule biomass and the sum of the average nodule
biomass components will not be identical.

Vegetation parameters

We estimated the age of the alder stands by deter-
mining the age of initial surface establishment and
presence of visible vegetation from an intermittent
chronology of aerial photographs dating from 1948 to
1971 or from estimates of the oldest poplar and spruce
tree ages from nearby stands. Stem densities and di-
ameterswere measured in six (3 X 3 m) quadratswithin
each plot in 1994 (n = 96 quadrats). We recorded the
diameter of each alder stem >1 cm in diameter (mea-
sured ~1 m above the stem base) and each poplar stem
>3 cm in diameter (measured at breast height). Trees
smaller than this were counted but their diameterswere
not recorded. We calculated the leaf area index (LAI)
of the alder canopy at each stand as an index of po-
tential carbon gain and because we were interested in
reporting N, fixation on a leaf area basis in order to
appropriately scale N, fixation to estimates of resorp-
tion. We used the allometric equation predicting |eaf
area from stem diameters developed for these sites
(Uliassi 1998): leaf area = 56.15 + 28.37[dbh], with
leaf areain square centimeters, to calculate the LAI of
each alder canopy.

N and P resorption

We collected alder leavesfrom fivetreesat all control
and fertilized plots five times throughout the 1994
growing season (n = 400 leaf samples) to ensure that
we measured peak nutrient concentrations for accurate
resorption calculations. For each plot, 15 leaves were
removed from throughout the canopy of each of five
trees until the final sampling in September, when newly
fallen leaf litter was collected from beneath trees.
Leaves from within or beneath a tree were composited
as one sample. The leaf area of each sample was mea-
sured on a LI-COR 3000A leaf area meter (LI-COR,
Lincoln, Nebraska, USA). Leaves were oven dried at
60°C for 48 h, ground in a Wiley mill (850-wm mesh),
and analyzed for N and P,

We present resorption as resorption efficiency (per-
centage of nutrient resorbed based on mass per unit
leaf area), and resorptive pool size (mass of nutrient
resorbed per unit leaf area). Resorption efficienciesand
resorptive pool sizes were calculated as the maximum
nutrient concentration minus senescent nutrient con-
centration on aleaf area basis. Resorption was defined
as zero in the few cases where the nutrient concentra-
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tion in senescent tissue exceeded the maximum green
leaf nutrient concentration.

Soil measurements and preparation

To assess soil nutrients, five soil cores (5 cm in di-
ameter by 20 cm deep) were collected from each plot
following measurements of nitrogenase activity at each
sampling period in 1994 (n = 240 cores). The 20-cm
depth was chosen because it encompassed the main
rooting zone of alder. Recently deposited litter was
removed prior to sampling. Cores were stored in por-
table coolers, brought to Fairbanks, and frozen until
analysis. Because of the frequent deposition of allu-
vium during flooding events, the cores comprised mul-
tiple layers of buried organic and mineral soils. We
separated each organic and mineral layer, grouped them
into an organic and mineral fraction, and then oven
dried each to constant mass at 60°C.

Bulk densities of the organic and mineral fractions
were calculated on a subset of intact cores based on
wet volume and dry mass with coarse roots removed.
Except for the driest sites, cores remained intact during
sampling, and it was possible to clearly separate buried
organic layers from each core. Total masses of organic
and mineral soils per unit area were determined from
our bulk density measurements and the volume of the
soil fraction in each core. Total N and P were cal cul ated
for organic and mineral fractions on all soil cores col-
lected throughout the year. Resin- and acid-extractable
phosphorus were measured on the 80 cores collected
in early July 1994.

At each sampling period, soil temperature (at 15 cm
depth) and moisture were recorded at each plot. Soil
moisture (percentage of volume) was measured using
atime domain reflectometer (Soil Moisture, Santa Bar-
bara, California, USA) with 30 cm waveguidesinserted
vertically into the soil at each measurement.

Chemical analysis

We measured soil P availability using two separate
indices: (1) a modified dilute acid-fluoride extraction
(Olsen and Summers 1982), and (2) a laboratory resin
extraction. Both extractions were performed on 3 g of
unground soil with large pieces of organic material
(i.e., twigs, coarse roots, and bark; al >2 mm) re-
moved. For theresin extracts, 3 g of soil wasrehydrated
12 h before analysis and placed in 200-mL specimen
cups. Approximately 4 g of Dowex 40 mesh anion ex-
change resin (Bio-Rad, Richmond, California, USA)
was placed in nylon mesh cylinders (7 X 1.5 cm). One
cylinder was placed in each specimen cup with the
hydrated sample and 75 mL of distilled/deionized water
was added. The cups were then shaken for 2 h. The
resin was removed from each cylinder and eluted with
0.1 mol/L HCI using a drip-through system (method
from T. Quintel, personal communication). Solution
PO, was then analyzed colorimetrically on a modified
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TaBLE 1. Selected soil chemical characteristics of alder and poplar stands on the Tanana River floodplain, Alaska, USA.
Soil Alder Alder Poplar Poplar
parameter control fertilized control fertilized
REP (n.g/g organic) 7.12 = 3.79 279+ 79 19.91 + 4.94 64.5 = 26.9
REP (g/g mineral) 1.35 = 0.38 2.02 = 0.7 0.84 = 0.29 3.66 = 0.90
REP (mg/m?) 288 = 81 656 + 166 434 * 43 1444 + 332
AEP (mg/m?) 372 = 66 2634 = 816 586 = 75 3707 = 574
Total P (g/m?) 79 + 132 74 = 02 65 + 82 95 + 19°
Total C (g/m?) 3287 = 221 3714 + 187 5721 *+ 545 5515 = 301
Total N (g/m?) 233 = 47 227 = 17 315 = 30 280 = 22
Organic soil
P (%) 0.04 = 0.01 0.08 = 0.02 0.07 = 0.0 0.11 = 0.01
N (%) 0.83 = 0.22 0.99 + 0.23°t 1.24 = 0.22 1.04 + 0.16°*
C (%) 12,51 = 2.97 14.33 = 3.18 23.05 *= 3.532 20.53 *= 3.95*

Notes: REP = resin extractable P; AEP = acid extractable P Concentrations per square meter include all buried organic
and mineral layers to a depth of 20 cm, adjusted for differences in bulk densities. Percentages P, N, and C reported for
organic soil are from a composite of all buried organic layersto 20 cm. All values are means + 1 se (n = 4 plots). Significance
of F values is reported as follows: TP < 0.1; * P < 0.05; *** P < 0.001. When interactions are present (community X
fertilization), significance of alder vs. poplar is for control sites only, and differences between control and fertilized are
indicated by different superscript letters within each community (alder or poplar).

Technicon (Tarrytown, New York, USA) autoanalyzer
(Whitledge et al. 1981).

Total N and C concentrations of soil and leaf samples
were determined on a LECO CNS 2000 autoanalyzer
(LECO, St. Joseph, Michigan, USA). Total phosphorus
concentrations of soil and leaf samples were deter-
mined colorimetrically following perchloric acid di-
gestions.

Satistical analysis

Main treatment effects (community type and P fer-
tilization) were tested using ANOVA with the mean of
samples within each plot as the true replicate, blocked
by stand. Significant interactions were followed by
paired comparisons. Treatment effects on specific ARA
and nodule biomass components were analyzed using
MANOVA followed by univariate ANOVAS when ef-
fects were significant (Scheiner 1993) because (1) spe-
cific ARA at each sampling period was not independent
of other sampling periods and (2) nodule biomass val-
ues of individual size classes were not independent of
total nodule biomass. Differences between senescent
leaf N concentrations and midseason green leaf N con-
centrations at control plots were analyzed using a
paired t test.

Multiple stepwise regression models were used to
select from variables to explain variation in (1) specific
ARA across the 1994 growing season and among plots
at each sampling period, and (2) ecosystem N inputs
at control plots in 1994. Soil moisture and soil tem-
perature were entered as potential explanatory vari-
ables of specific ARA. Seasonal averages of soil mois-
ture and soil temperature and resin-extractable P and
LAI were entered as potential explanatory variables of
ecosystem N inputs at control plots.

SAS was used for all statistical analyses (SAS In-
stitute 1995). Some data were log- or square-root trans-
formed to minimize the influence of outliers and meet

parametric model assumptions. Data in figures and ta-
bles are untransformed values and are presented as
means *+ 1 standard error.

REsuLTs
Soil physical and chemical characteristics

Phosphorus availability.—Indices of P availability
from resin and acid extractions were positively cor-
related in both alder and poplar soils (r = 0.85 and
0.95) but on average, acid extractions yielded values
3.4X higher than resin extracts. Acid extractions are
sensitive to soil pH and may under- or overestimate P
availability in highly alkaline soils depending on the
degree of P precipitated with calcium carbonate (Bink-
ley and Vitousek 1991). Because of the high and var-
iable pH of the floodplain soils (Marion et al. 1993),
we have chosen resin-extractable P as our index of P
availability in all analyses. We present both only for
direct comparisons with other studies (Table 1). Poplar
soils had higher resin-extractable P concentrations than
alder soils, and fertilization increased total resin-ex-
tractable P per unit area of the top 20 cm of soil in
both alder and poplar soils (Table 1). Despite much
higher (F,,3 = 62.41, P < 0.001) extractable P con-
centrations in organic horizons relative to mineral ho-
rizons on a mass basis (g P/g soil; Table 1), the total
amount of extractable P per unit area was similar be-
tween the organic and mineral fractions because of the
high bulk density of the mineral component (Table 2).
Details of soil N and C are provided in Table 1. Fer-
tilization increased the N concentration in organic soil
in alder stands but decreased concentrations of both N
and C in organic poplar soil (Table 1).

Nitrogenase activity and nodule biomass

We overlaid data from 1993 and 1994 to discern a
more complete seasonal pattern of ARA because our
earliest measurements within a season are from 10 June
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TaBLE 1. Extended.
Control vs. Alder vs. Community X
fertilized poplar fertilized
F,6 = 7.59T F,6 = 4.33T
F,s = 5.83T F,s = 0.61
Fis = 11.51* F.s = 5.29t
Fio = 27.17* Fio = 1.55
F,1, = 0.52 F,6 = 4.48T
Fie = 0.1 Fie = 118.74***
F,6 = 0.92 F,s = 10.24*
F,s = 9.78* F,e = 4.72F
Fip =219 Fio = 12.61*
F,1, = 5.95 F,6 = 9.38*

1994 and our latest from the first week of September
1993. We assume that alders were of similar pheno-
logical stages within agrowing season between the two
years because leaf emergence date differed by only 2
d between 1993 and 1994, and specific ARA in control
plots did not differ between years (P > 0.1) at similar
sampling periods in late July. However, 1993 was a
year of severe drought in interior Alaska and precipi-
tation was 42% lower than 1994 (Ruess et al. 1998).

Specific nitrogenase activity (ARA, expressed as
micromoles ethylene per gram nodule dry mass per
hour) exhibited distinct seasonal patternsin each com-
munity (Fig. 1). Specific ARA was low (<7.5 pmol
C,H,-g*h™?) early and late in the season. In control
plots, fixation rates in poplar stands peaked (17.5 +
3.1 pwmol C,H,[gdry nodule]-*-h~%) in early July, while
specific ARA continued to increase in alder stands at
least until late July when the highest rates were re-
corded (25.0 = 8.0 wmol C,H,-g"*h"Y) (Fig. 1). We
entered specific ARA at each sampling period as the
dependent variable in separate MANOVAs for 1993
and 1994. These revealed no fertilization or community
(alder vs. poplar) effects, but we had predicted that
differences would exist in midsummer when plant N
demands may be highest. Therefore, we analyzed mid-
summer rates in both years using ANOVA. In late July
1993, fertilization significantly increased specific ARA
in alder stands (F,; = 19.17, P = 0.022; n = three
control and two fertilized plots in both alder and poplar
stands at this sampling). In late July 1994, alder stands
exhibited 1.5X higher rates than poplar stands (F, s =
11.88, P = 0.014), but fertilization had no significant
effect on specific ARA.

Across all control plots (alder and poplar stands) and
sampling periods in 1994 (early June to 30 July), soil
temperature emerged as an important explanatory var-
iable of specific ARA (Fig. 2A). Soil temperature in-
creased through early August but was relatively in-
variant across plots within a sampling period (Fig. 2B)
and did not explain variation in specific ARA among
plots at any given sampling period. Soil moisture did
not enter into the regression explaining specific ARA
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in control plotsacrossthe 1994 growing season or with-
in any sampling period in 1994 (P > 0.1). However,
soil moisture in poplar control plots decreased to half
that of alder stands by midsummer (F,,, = 7.73, P =
0.017), and fertilization further decreased soil moisture
in poplar stands to half that of poplar controls (10.1 to
4.2 percent dry mass; F,s = 12.11, P = 0.013) (Fig.
3A). When all control and fertilized plots (n = 16 plots)
were included in the regression, specific ARA in late
July 1994 was positively correlated with soil moisture
(Fig. 3B).

We detected no C,H, production in any soil samples
collected from any plot at the time of symbiotic fixation
measurements. This suggests that nonsymbiotic fixa-
tion was low, or nonexistent, or that a different sam-
pling approach (i.e., more soil or longer incubations)
would be required to detect this flux.

We found no significant difference (P > 0.1) in total
nodule dry biomass between alder control (27.3 = 5.3
g/m?) and poplar control plots (17.7 = 4.5 g/m?). Fer-
tilization increased total nodule biomassin alder stands
to 42.3 = 9.0 g/m? (Fc = 6.53, P = 0.043) but had
no effect on total nodule biomass in poplar stands (P
> 0.1), which averaged 14.7 = 1.9 g/m? in fertilized
plots. Fertilization increased the biomass of single-
lobed nodules in alder and poplar stands by 203% (F, ¢
= 11.59, P = 0.014) and increased the biomass of
nodules <1 cm in alder stands by 81% (F,; = 8.76, P
= 0.025) but had no effect in poplar stands (Fig. 4).
There were no significant differences (P > 0.1) in nod-
ule biomass of these two size classes between alder
and poplar stands. There were also no statistically sig-
nificant treatment effects in the nodule biomass of any
other size class despite the apparent increase in the
biomass of 5-6-cm nodules in fertilized alder stands.

Ecosystem nitrogen inputs

We used the seasonal pattern of ARA per unit area
to generate individual seasonal curves for each control
plot. The area under each curve was used to calculate
total nitrogen inputs by using the theoretical C,H, re-
duction to N, fixation conversion ratio of 3:1 (molar
ratio of ethylene to NH; = 1.5; Stewart et al. 1967).
We also assumed that our measured rates represent the

TABLE 2. Selected soil physical characteristics of alder and
poplar stands on the Tanana River floodplain, Alaska.

Soil parameter Alder Poplar
Organic BD (g/cm?3) 0.34 = 0.09 0.21 = 0.05
Mineral BD (g/cm?) 1.04 = 0.04 1.02 = 0.06
Organic (kg/m?) 12.1 = 1.9 176 = 15
Mineral (kg/m?) 158.7 = 20.0 116.7 = 10.0
Buried organic (%) 25,5 = 14.0 49.1 = 17.8

Notes: BD = bulk density; mass of organic and mineral
horizons is calculated to a depth of 20 cm. ‘‘Buried organic”
is the percentage of organic soil overlain by alluvial silt de-
posits. Values are means = 1 se (n = 4 stands; control and
fertilized plots combined).



94 DANIEL D. ULIASSI AND ROGER W. RUESS

60 1
A) Alder stands
50 1
40
30 1

20 1

101

Ecology, Vol. 83, No. 1

1993

—6— Control
—e— Fertilized

1 T T L]
160 170 180 190

60
B) Poplar stands

50 1

40

Specific ARA (umol C_H,-[g nodule dry mass]"*h™)

30 1

20 4

101

200

210 220 230 240 250

—&— Control
—e— Fertilized

T T 1 T
160 170 180 190

200

T Ll T T T
210 220 230 240 250

Day of year

Jun Jul

Fic. 1.

Aug Sep

Seasonal patterns of specific acetylene reduction activity (ARA) for each treatment. This seasonal pattern pools

measurements from 1993 and 1994. All values are means = 1 se (n = 4 plots, except n = 3 plots in July 1993).

rates for a 24-h period as has been seen in other high-
latitude N fixers (Weisz and Sinclair 1988, Huss-Danell
et al. 1992). Total annual N, fixation inputs at control
plots averaged 59 + 11 kg-ha-*-yr~! in alder stands
(range: 39-88 kg-hatyr1), and only 38 = 11
kg-ha-t-yr-* in poplar stands (range: 15-65
kg-ha-*-yr-1), but we could not detect a significant dif-
ference (P > 0.1). Using *N,, K. M. Klingensmith
(unpublished data) calculated a mean acetylene reduc-
tion to N, fixation ratio of 6.4 (molar ratio ethylene to
NH; = 3.2) from four seedlings of Alnustenuifoliawith
arangeinratio values from 3.7 to 8.7. Using this mean
ratio of 6.4 would reduce our estimates of seasonal N,

fixation inputs by 53% (28 kg-ha-*-yr=* in alder stands
and 18 kg-ha*-yr-* in poplar stands). Phosphorus fer-
tilization increased total nitrogen inputs to 140 + 41
kg-ha t-yr-1 (+138%) in alder stands (F,, = 8.02, P
< 0.019) but had no significant effect in poplar stands,
where N inputs were 33 = 3 kg-ha t-yr=. In late July
1994 (the nearest measurement of specific ARA com-
pared to our estimate of nodule biomass), ARA per unit
area was higher in alder control plots than in poplar
control plots (F, 1, = 4.62, P < 0.053) and fertilization
nearly doubled ARA per unit areain alder stands from
629.8 to 1101.0 pwmol C,H, m=2-h=1 (F 4 = 22.95, P =
0.003; Fig. 5).
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We used our estimates of LAI of the alder canopy,
resin-extractable P per square meter, and seasonal av-
erages of soil temperature and soil moisture as inde-
pendent explanatory variables to model ecosystem N
inputs from fixation at control plots. These variables
were chosen prior to analysis because they represent
potential long term influences on alder growth, nodule
biomass, and specific ARA (Dixon and Wheeler 1983).
Only LAI emerged from the model as an important
explanatory variable and was positively correlated with
ecosystem N inputs (Fig. 6). If the extreme LAI of 4.8
is removed from the analysis, the slope remains posi-
tive but the relationship is no longer significant.

We estimated net annual inputs (1) for our stand ages
(t) using the N mass balance equation developed by
Van Cleve et al. (1993a) for mineral soil within the
BNZ LTER:

| = 5511.7e 2192

This equation yields an estimated net annual N incre-
ment of 43.0 kg-ha*yr=* in our alder stands (29 yr
old) and 9.7 kg-ha"*-yr~* in poplar stands (68 yr old).

Alder leaf area and carbon allocation

Alder stands had higher LAlsthan poplar stands (F ¢
= 8.37, P = 0.023) but we found no statistically sig-
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nificant differences between control and fertilized plots
(Table 3). On average, specific leaf area (SLA = leaf
areal/leaf mass) was higher in poplar than in alder
stands, and fertilization slightly increased SLA in alder
stands. Details of vegetation parameters are provided
in Table 3.

Overall, fertilization increased total nodul e biomass
per unit area of leaf in alder and poplar stands (F, -,
= 4.15, P = 0.081). Nodule biomass per unit area of
leaf increased from 10.3 = 2.4t0 17.2 = 5.9 g hodule/
m? leaf in alder stands (+68%), and from 7.6 = 1.8
to 11.1 = 2.4 g dry nodule/m? leaf in poplar stands

(+46%), but there were no differences (P > 0.1) be-
tween alder and poplar stands in the nodule biomass
to leaf area ratio. We also found no difference in ni-
trogen fixed annually per unit |eaf area between alder
and poplar control stands (2.0 = 0.1 and 1.7 = 0.5 g
N-(m? leaf)-1-yr-1, respectively).

N and P resorption

Maximum leaf N and P concentrations (g/m? leaf) in
alder leaves were lower in poplar stands than in alder
stands (Table 4). Nitrogen and P resorption efficiencies
were not different (P > 0.1) between alder and poplar
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stands. P resorptive pool sizes were higher in alder
stands (Table 4) and positively correlated with maxi-
mum P concentrations (r = 0.84) across control plots
because P concentrations of senescent |leaves were rel-
atively invariant. Among control plots, leaf N increased
until early July but decreased by late July. However,
leaves gradually recovered N throughout the remainder
of the season (F,5 = 15.47, P = 0.011) in control and
fertilized plots (Fig. 7). Fertilization had no effect on
N resorption efficiencies, resorptive pool sizes, or max-
imum and senescent N concentrations (Table 4). P re-
sorption efficiencies and resorptive pool sizes de-
creased with fertilization because fertilization in-
creased maximum and senescent-leaf P concentrations
(Table 4). N, fixation per unit area of leaf was not
correlated with N or P resorption efficiencies or re-
sorptive pool sizes. Plant N status (maximum leaf N
concentration) did not explain N resorption efficiencies
or resorptive pool sizes. Likewise, maximum P con-
centrations did not explain P resorption efficiencies.

Discussion
Limitations to nitrogen fixation

Our results support the hypothesis that N and P cy-
cles are coupled through N, fixation on the Tanana

14001 ate July 1994
L 12007
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g 10007 Fertilized
L. 8001
o
S 600
l
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e
< 2001
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Fic. 5. Nitrogenase activity per unit area in alder and

poplar stands (control and P fertilized plots) in late July 1994.
Values are means and 1 se (n = 4 plots).

Alder stands Poplar stands

River floodplain. In alder stands, P fertilization in-
creased total nodule biomass, nitrogenase activity per
unit area (late July 1994) and potentially increased an-
nual N inputs by as much as 138%, but it had only a
limited effect on specific ARA. In contrast, P fertil-
ization in poplar stands had no detectabl e effect on total
nodule biomass, specific ARA, or annual N inputs, and
it tended to reduce (not significantly) nitrogenase ac-
tivity per unit area by late July 1994. Although agreen-
house study showed that P limited alder growth and N,
fixation in poplar soil (Uliassi et al. 2000), fertilization
in the field appears to have altered competitive inter-
actions between alder and poplar trees. Poplar stands
were farther from subsurface water, and fertilization
likely increased water limitation to alder by acceler-
ating the growth of overstory poplar trees. Phosphorus
had a much smaller effect on N, fixation in alder stands
than in a fertilization study on young volcanic sitesin
Hawaii (Vitousek 2000). The difference in response
between these studies emphasize a need for multiple
studies in arange of environments before general con-
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TaBLE 3. Selected vegetation parameters of alder and poplar stands on the Tanana River floodplain.

Alder Alder Poplar Poplar
Parameter control fertilized control fertilized

Alder trees

Stems/ha 7361 = 1935 4768 = 1319 7129 += 902 3981 + 652

Diam/stem (cm) 4.58 = 0.442 7.02 = 0.54° 3.77 = 0.45 3.83 + 0.41

LAI 3.02 = 0.66 3.76 = 1.45 2.28 = 0.11 1.51 + 0.36

SLA (cm/g) 173.21 += 10.46 185.67 = 10.77 219.63 + 4.78 221.67 = 2.77
Poplar trees (>3 cm dbh)

Stems/ha 1018 = 342 1018 + 342

Dbh/stem 25.57 + 4.54 23.10 + 3.86

Notes: LAl = leaf areaindex; SLA = specific leaf area (leaf area/leaf mass). All values are means = 1 se (n = 4 plots).
Significance of F values is reported as follows: TP < 0.1; * P < 0.05; *** P < 0.001. When interactions are present
(community X fertilization), significance of alder vs. poplar is for control sites only, and differences between control and
fertilized are represented by different superscript letters within each community (alder or poplar).

clusions can be drawn about the effects of P on N,
fixation in natural terrestrial ecosystems.

The strongest effects of P fertilization were on nod-
ule biomass. Results from a companion greenhouse
study (Uliassi et al. 2000) showed that thinleaf alder
seedlings grown in Pfertilized soil at field temperatures
increased host plant growth and biomass allocation to
nodules but did not increase specific ARA. Thispattern
is further supported by other studies of Alnusin north-
ern Sweden (Ekblad and Huss-Danell 1995), but is con-
trary to many studies that report marked increases of
specific ARA with P fertilization in both actinorhizal
and leguminous species (e.g., Israel 1987, Russo 1989,
Fraga-Beddiar and Tacon 1990). These alders, and per-
haps other high-latitude N fixers, may adjust N, fixation
more strongly through changes in nodule biomass rath-
er than changes in nitrogenase activity because further
increases in nitrogenase activity may be hindered at
low soil temperatures. Stimulation of new nodule ini-
tiation in fertilized alder and poplar stands suggests
that ecosystem inputs of fixed N could be larger (at
least in the alder stands) in subsequent years as these
younger nodule cohorts develop in fertilized alder and
poplar plots. However, higher P availability may not
necessarily increase total ecosystem inputs of fixed N
over long time periods because of competitive and fa-
cilitative interactions through the course of succession
(Walker and Chapin 1986, Chapin et al. 1994, Fastie
1995).

Fertilization increased specific ARA in alder stands
at atime when soil moisture and soil temperature were
near their highest seasonal values. This suggests that
specific ARA was limited by P only following release
from limitation by other factors or when N demands
were highest during the period of maximum plant
growth. Taiga forests of interior Alaska are dominated
by cold soils, which limit rates of nutrient cycling and
productivity (Van Cleve et al. 1983, 1991, 1993b), and
cold soils also appear to be a primary regulator of N
fixation. Greenhouse studies on temperate N fixershave
shown that nitrogenase activity is often positively cor-
related with soil temperatures up to 20—-25°C, which

may be an optimum in several species (Akkermans
1971, Dixon and Wheeler 1983, Weisz and Sinclair
1988, Huss-Danell et al. 1989, Zitzer and Dawson
1989). Specific ARA was positively related to soil tem-
perature until late July when soils reached their max-
imum temperatures. Soil moisture in poplar stands de-
clined to half that of alder stands by late July and we
found that specific ARA was positively related to soil
moisture at this time period if all plots (control and
fertilized) were include in aregression. Taken together,
this suggests that specific ARA is limited by soil tem-
perature early in the year, but then soil P becomes
limiting in alder stands and soil moisture becomes lim-
iting in poplar stands.

The acetylene reduction assay should provide a sen-
sitive index of relative changes in nitrogenase activity,
but extrapolations to actual amounts of N fixed must
be interpreted with caution. There are many errors and
assumptions associated with measurements of ARA
(e.g., Giller 1987, Winship and Tjepkema 1990). We
believe we have minimized these by using a short-term
incubation, which should minimize the influence of
acetylene on nitrogenase, producing seasonal curves of
specific ARA in all plots, and by thoroughly sampling
nodule biomass. However, to calculate ecosystem in-
puts of fixed N we assumed that nodul e biomass, which
was sampled only at the end of the experiment (to avoid
large disturbances in plots), was stable over the time
course of the experiment, and we used the theoretical
3:1 conversion ratio of acetylene reduction to N, fix-
ation (Stewart et al. 1967). Nodule biomass was likely
more stable in control plots than fertilized plots and
this approach should provide at least a relative index
of ecosystem inputs of fixed N among control stands,
but estimates of N inputs in fertilized stands must be
interpreted more cautiously.

N, fixation and N retention

Successional patterns of N accumulation and soil N
mineralization and nitrification (Klingensmith and Van
Cleve 1993b, Van Cleve et a. 1993b, Clein and Schi-
mel 1995) have suggested that the N cycle tightens
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TaBLE 3. Extended.

Control vs. Alder vs. Community X
fertilized poplar fertilization
F.,, = 9.16* F,, = 0.29

112 = 1.56 F.6 = 10.85*
F,,=0 F,; = 8.37*

Fi;, = 16.84***  F ;= 4.06t1

Fis=0
F.; = 6.21

from alder to poplar stages, with decreased amounts of
N inputs and outputs and greater internal recycling of
N with ecosystem age. A comparison of our estimates
of N, fixation with predicted estimates of soil N ac-
cumulation (Van Cleve et al. 1993a) suggests that N
losses through denitrification or leaching are 28% and
75% of N fixed in alder and poplar stands, respectively.
The potential for nitrification and nitrate accumulation
should be large in both alder and poplar stands because
of continued N inputs through fixation. Reported de-
clines in nitrification and mineralization with increas-
ing poplar dominance (Van Cleve 1993, Clein and Schi-
mel 1995) may, in part, represent differences in site
selection and the seasonal timing of measurements. Ni-
trogen losses through denitrification may be episodic
but high in wet anaerobic soils or rhizospheres early
in the year following flushes of nitrate production be-
fore plant uptake has begun, or in hot spots where
active heterotrophs have depleted soil O, (Groffman
and Tiedje 1989, Groffman and Turner 1995). Alter-
natively, inorganic and organic N leaching could rep-
resent a large pathway for N loss, particularly during
spring runoff following snowmelt or during periodic
flooding. Even if we use the higher conversion ratio of
ethylene to NH; developed by K. M. Klingensmith
(personal communication), our estimates of N, fixation
are reduced by 53% but still indicate substantial N loss
in the poplar stage of succession.
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We found little evidence to support the hypothesis
that poplar leachates inhibit N, fixation under poplar
stands (Rice 1974, Jobidan and Thibault 1982, Younger
and Kapustka 1983, Schimel et al. 1998). There was
no consistent decrease in specific ARA, nodule bio-
mass, or ecosystem inputs of fixed N between the alder
and poplar stages of succession, but values were highly
variable and a larger sample size may be needed to
detect any potential differences. In addition, a green-
house experiment using intact soil cores from these
stands found that alder seedlings grew to a similar
mass, had similar foliar N concentrations, and had sim-
ilar whole plant nitrogenase activity when grown in
alder and poplar soils (Uliassi et al. 2000). Poplar
leachates did reduce rates of specific ARA when di-
rectly applied to alder in a separate greenhouse exper-
iment (Schimel et al. 1998), but in the field, at natural
levels of P, the effects of leachates appear to be su-
perseded by other limiting factors. It is possible that
leachates did inhibit a P fertilization response in poplar
stands but this was not tested in our study.

Carbon gain and allocation

Of four potential explanatory variables entered in a
multiple regression, only the LAI of the alder canopy
explained a significant portion of the variation in eco-
system inputs of fixed N at our control stands. There
are often tight relationships between plant leaf area or
leaf mass and N, fixation in seedlings and young ni-
trogen fixing plants (Dixon and Wheeler 1983, Bor-
mann and Gordon 1984, Huss-Danell 1990, Huss-Da-
nell et al. 1992). Our data show a strong relationship
between N, fixation and leaf area at the ecosystem level
in mature stands of alder. However, this relationship
may not hold for other successional stages if large
changes in alder densities affect canopy structure and
carbon gain (Bormann and Gordon 1984). We also have
strong evidence that P fertilization altered patterns of
C allocation, because P increased total nodul e biomass
per unit of leaf area in alder and poplar stands. With

TaBLE 4. Nitrogen and phosphorus resorption from senescing alder leaves (1994) in alder and poplar stands (control and

fertilized plots) on the Tanana River floodplain.

Alder Alder Poplar Poplar Control vs. Alder vs.
Parameter control fertilized control fertilized fertilized poplar

Nitrogen

Maximum (g/m?) 213006 209=*016 164=*006 152=*0.06 F,=0.58 Fis = 24.95*

Senescent (g/m?) 181 +0.15 1.91+0.23 153+ 004 142=*005 F,q=0.01 Fie = 32.99***

Resorption pool (g/m?) 0.33+0.18 0.19+ 0.13 0.11 = 0.03 0.10 = 0.07 F,, = 0.90 F,e = 0.01

Resorption efficiency (%) 139 + 7.2 113 * 6.7 6.8+ 14 9444 F,=011 F.s = 0.01
Phosphorus

Maximum (g/m?) 0.14+0.01 0.18=+0.01 0.09+0.003 0.12=*0.01 F,z= 6.99* Fie = 12.4*

Senescent (g/m?) 0.07 £ 0.01 0.16=*003 0.05=*0.01 0.11*0.02 F,q=1494* F,,=3.16

Resorption pool (g/m?) 0.07 £ 0.01 0.02=*001 0.03=*0.01 0.02=*0.01 F,q=13.24* F,z= 4.057

Resorption efficiency (%) 514 £59 105+ 42 389 * 65 155 * 84 F,, = 1467 F,=0.02

Notes: Maximum = maximum nutrient concentration measured in alder leaves within the season; senescent = senescent
leaf nutrient concentration. Resorptive pool sizes and resorption efficiencies are calculated from the difference between
maximum and senescent leaf nutrient concentrations. All values are means = 1 se (n = 4 plots). Significance of F values
is reported as follows: T P < 0.1; * P < 0.05; *** P < 0.001.
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se (n = 4 plots).

increasing P availability, alder may have reduced C
allocation to roots (Uliassi et al. 2000), mycorrhizae
(Paul and Kucey 1981, Ekblad and Huss-Danell 1995,
Ekblad et al. 1995), and secondary metabolites (Rei-
chardt et al. 1991), and preferentially allocated C to
support N, fixation.

N and P resorption

Our resorption data support growing evidence that
nutrient resorption responds to nutrient extremes, such
as fertilization and N, fixation, but not to subtle vari-
ationsin nutrient availability (Shaver and Melillo 1984,
Lajtha 1987, Vitousek 1998). Control values of P re-
sorption efficiencies were intermediate compared to
other reported values (consistent with low P availability
and a high P demand), but our fertilized values were
among the lowest (Chapin and Kedrowski 1983). Ni-
trogen resorption efficiencies were low regardless of
fertilization and similar to those of other actinorhizal
species (Dawson and Funk 1981, Killingbeck 1993, but
see Chapin and Kedrowski 1983). Both low N resorp-
tion, and low P resorption with fertilization, werelikely
artifacts of luxury consumption of these nutrients
(Chapin et al. 1990, Chapin and Moilanen 1991). It is
interesting to note that alders retain leaves for several
weeks beyond other floodplain species. Extended |eaf
retention time may increase P resorption in alder be-
cause leaf P declined steadily until senescence.

Senescent leaf N concentrations were high and rel-
atively invariant across plots (1.5-1.8 g N/m?). How-
ever, green leaf N concentrations fell below these val-
ues during midsummer but then increased by the time
leaves senesced. This midseason reduction of N may
represent dilution of N in a growing canopy, or it may
represent true resorption of N to support alarge N sink
in root growth, which is known to lag behind leafout
for up to 6 wk (Ruess et al. 1998). Late-season in-
creases in leaf N concentrations were likely driven by
late-season N, fixation in excess of plant N demands,
possibly determined by the carbon demands of Frankia.
Source—sink interactions are known to regulate resorp-
tion in Alaska paper birch (Betula papyrifera; Chapin
and Moilanen 1991) and the absence of a strong N sink
prior to leaf abscission may further reduce N resorption
in alder. Fixation in excess of plant N demands may
be an unavoidable trade-off incurred by N fixing plants
that also promotes rapid ecosystem N accumul ation and
potentially low nutrient use efficiency (Vitousek 1982).

Conclusions

We have provided direct evidencethat N and P cycles
are coupled through N, fixation in primary succession
on the Tanana River floodplain. Phosphorus limited N,
fixation in alder stands but not in poplar stands. Nitro-
gen fixation is a dynamic process regulated by a suite
of stage-dependent factorsincluding P availability, soil
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temperature, and soil moisture; the effects of soil mois-
ture on N, fixation should be directly tested in this
system. Nitrogen fixation adds substantial amounts of
N into this system. However, generalizations about the
magnitude of N inputs and N losses must be re-eval-
uated and we should more closely examine pathways
of N loss in situ on the floodplain. Our data also chal-
lenge the traditional hypothesis that N, fixers do not
need to resorb N because of their ability to fix N. Con-
tinued N, fixation late in the season, in excess of plant
N demands, may lead to accretion of N into leaves,
high senescent-leaf N concentrations, and rapid eco-
system incorporation of fixed N. The variability in N
inputs from fixation seen in this system, and the po-
tential for large N losses, may help explain the lack of
correlation found between the presence of dominant
stands of N fixers and soil N accumulation across a
range of primary successional seres (Walker 1993).
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