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Abstract

The impacts of simulated climate change (warming and fertilization treatments) on diazotroph community structure and activity

were investigated at Alexandra Fiord, Ellesmere Island, Canada. Open Top Chambers, which increased growing season tempera-

tures by 1–3 �C, were randomly placed in a dwarf-shrub and cushion-plant dominated mesic tundra site in 1995. In 2000 and

2001 20N:20P2O5:20K2O fertilizer was applied at a rate of 5 g m�2 year�1. Estimates of nitrogen fixation rates were made in the

field by acetylene reduction assays (ARA). Higher rates of N fixation were observed 19–35 days post-fertilization but were otherwise

unaffected by treatments. However, moss cover was significantly positively associated with ARA rate. NifH gene variants were

amplified from bulk soil DNA and analyzed by terminal restriction fragment length polymorphism analysis. Non-metric multidi-

mensional scaling was used to ordinate treatment plots in nifH genotype space. NifH gene communities were more strongly struc-

tured by the warming treatment late in the growing season, suggesting that an annual succession in diazotroph community

composition occurs.

� 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Average annual temperature at arctic latitudes is pre-

dicted to increase by 2–5 �C over the next century as a

result of climate change and will be greater than the glo-

bal mean change [1]. In the past, climate transitions have

led to a disproportionate response by arctic communi-
ties, suggesting that present day ecosystems are espe-

cially vulnerable to future climate change [2]. Arctic

ecosystems are considered sensitive indicators of antici-

pated larger and slower global responses to climate

change [3].
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Low temperature and poor substrate quality often

limit decomposition and N mineralization in many arc-

tic ecosystems [4] and consequently plant production is

often N limited [5–7]. In the future, higher rates of nutri-

ent mineralization and an increased depth of thaw are

likely to increase N available to plants [3,8] although

plant acquisition of nutrients may be constrained by
competition with soil microorganisms [4]. Longer-term

changes in vascular plant species composition will also

affect the rates of decomposition and mineralization

through changes in litter chemistry [9]. Ultimately

though, arctic plant production is dependent on the in-

put of new N. Nitrogen fixation is the primary source

of new N to terrestrial arctic ecosystems and variation

in its input may be a major regulator of ecosystem pro-
ductivity in the long term [10].
. Published by Elsevier B.V. All rights reserved.
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It has been predicted that warmer temperatures will in-

crease arctic nitrogen fixation rates by a factor of 1.5–2

[11]. Increased temperature is expected to induce the

strongest direct change in N fixation rates by increasing

metabolic processes in soil microorganisms, although in-

creasedmoisturemay be important for certain key photo-
autotrophic diazotrophs. Increases in the productivity of

photosynthetic nitrogen fixers due to higher atmospheric

CO2 concentrations will also be important in securing this

increase [11]. If these predictions prove true, future arctic

plant communities may enjoy a greater N supply, allow-

ing for greater sequestration of atmospheric CO2 in plant

biomass andnegative feedback on theCO2 induced green-

house effect.Alternatively, if climatewarming does not re-
sult in higher rates of N fixation and an increased supply

of N, plant productivity will be tightly constrained by the

mineralization of organic N in soils.

Extensive research effort throughout the circumpolar

arctic has been devoted to the study of terrestrial ecosys-

tem responses to climate warming (see [7,12–14]). A

principal finding of these studies has been that increased

nutrient content of soils, whether achieved by direct
application of nutrients or by microclimate warming,

influenced the vigour and abundance of plants and ulti-

mately plant community composition [3,12,14,15]. How-

ever, the response variable of interest in these studies has

often been plant growth and reproduction and relatively

little is known about the subsurface ecosystem. Specifi-

cally, it is unknown if, or how, the nitrogen-fixing (dia-

zotroph) community changed in these studies. Given the
importance of diazotrophs to the long-term productivity

of these sites, this knowledge would greatly improve our

ability to predict the fate of N limited arctic plant com-

munities in a changing environment.

Nitrogenase is the enzyme responsible for nitrogen

fixation. NifH is the gene that encodes for the iron pro-

tein subunit of nitrogenase and is highly conserved

among all diazotrophic groups, making it an ideal
molecular marker for these organisms. The purpose of

this study was to investigate the structure and activity

of diazotroph communities under conditions of simu-

lated climate change. We assessed nifH community

structure under experimental treatments as a measure

of diazotroph community change. We used acetylene

reduction assays (ARA) to estimate diazotroph activity.

We expected that warming would result in increased
rates of nitrogen fixation and change the composition

of diazotroph communities.
2. Methods

2.1. Site, soils, experimental design

The study site was located in a glacial lowland adja-

cent to Alexandra Fiord, Ellesmere Island, Canada
(78�53 0 N, 75�55 0 W). The vegetation of the experimen-

tal site is characterized as dwarf-shrub cushion-plant

[16] and common vascular plants at the site are peren-

nial woody species notably: Salix arctica, Cassiope

tetragona and Dryas integrifolia. Herbaceous species in-

clude Eriophorum angustifolium, Carex stans, and Carex

membranacea. Mosses typically account for 19% of the

total vegetation cover in this plant community [16] and

dominant species include Hylocomium splendens ssp.

alaskanum, Aulacomnium turgidum, and Tomenthypnum

nitens [17]. Small hummocks occur through much of

the site and the active layer depth is approximately

35 cm. A fluctuating water table produces mottled min-

eral soils under a layer of organic matter 5–10 cm thick,
organic matter is often mixed into mineral soil. Addi-

tional information on the ecology of the Alexandra

Fiord site can be found in Svoboda and Freedman [18].

In 1995, sixteen transparent open top chambers

(OTCs) [19] approximately 1 m in diameter, and sixteen

1 m2 control plots were placed at random locations at

the tundra site. In 2000, eight controls and eight OTCs

were randomly selected for fertilization treatments.
Fertilization treatments consisted of a single 5 g m�2

addition of 20NH4NO3:20P2O5:20K2O water-soluble

fertilizer applied in mid June 2000. This was repeated

in 2001. Unfertilized plots were treated with a volume

of water equal to that used to dissolve the fertilizer. Soil

samples were collected from eight OTC and eight con-

trol plots in 2001, and the remaining plots were sampled

in 2002. This experiment will be referred to as the ‘‘OTC
experiment’’.

In 2002, a second experiment was set up to investigate

the short-term effects of fertilization on nifH community

structure. Adjacent to the OTC site, three 1 m2 fertiliza-

tion plots and three control plots were established. The

fertilization plots were treated with a single 5 g m�2

addition of 20NH4NO3:20P2O5:20K2O water-soluble

fertilizer applied on the 28th of June, 2002. This will
be referred to as the ‘‘Short-term Fertilization experi-

ment’’ (STF). This experiment was sampled twice during

the summer of 2002, in conjunction with the OTC

experiment.

Out of concern for potential shifts in diazotroph com-

munities due to repeated sampling, a disturbance exper-

iment was also established in 2002. Three replicate plots

were established for each of four levels of disturbance.
On July 15th, the first two treatments were left undis-

turbed, three 25 cm2 soil cores were removed from the

third treatment, and nine 25 cm2 soil cores were re-

moved from treatment 4 (all soil cores were discarded).

Two weeks later on the 31st of July, three 25 cm2 soil

samples were removed from treatments 2, 3, and 4,

sealed in air tight bags, and frozen for subsequent

DNA analysis. Thus, after this first sampling, only treat-
ment 1 was undisturbed, treatment 2 had 3 samples re-

moved, treatment 3 had 6 samples removed and
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treatment 4 had 12 samples removed. Finally on August

7th, 23 days after the initial disturbance and 7 days after

the second disturbance (first sampling date), three

25 cm2 soil samples were removed from all disturbance

plots and stored as above. This experiment will be re-

ferred to as the ‘‘Disturbance experiment’’.

2.2. Acetylene reduction assays

Acetylene reduction assays were used to estimate

nitrogen fixation rates in treatment and control plots

of the OTC and STF experiments during the summer

of 2002. In order to minimize the impacts of repeated

samplings, three soil samples were randomly selected
for collection in early summer (June 28–July 5) and six

soil samples were harvested from treatment plots in peak

summer (July 23–August 3). Using a grid and a random

numbers table, soil samples with an area of 25 cm2 and a

depth of 5 cm (final volume = 225 cm3) were removed

from the plot using a sharp knife. In order to insure that

desiccation would not limit ARA during the incubation,

each sample was weighed on a top pan balance on col-
lection, and then sprayed with approximately 10 ml of

water from a spray bottle. The inside surfaces of the

glass incubation cuvettes were also misted with water.

After incubation, samples were re-weighed as a measure

of water loss. The mean loss of water due to evaporation

inside the cuvettes was 3.4 ± 1.2 ml and in no instance

did the sample lose more water than was added by mist-

ing. Thus, the ARA values reported herein reflect poten-
tial ARA values when moisture limitation is removed.

Moistened samples were placed on glass plates and cov-

ered with glass cuvettes fitted with rubber septa and a

Vacugrease� seal (for a detailed description of the cuv-

ettes used see [20]). Acetylene gas was generated on-site

from CaC2 and water and injected into cuvettes to com-

prise 10% of the total headspace by volume. The ambi-

ent air temperature was recorded at a climate station at
Alexandra Fiord using a Campbell Scientific 201 sensor

fitted with a Fenwall UUT51J1 thermistor [21]. The

mean air temperature during all incubation periods

was 5.8 �C. On occasions when air temperature differed

from this mean, the number of moles of acetylene in-

jected into incubators was corrected for temperature.

During the incubations, headspace gas was sampled

twice, after approximately 45 and 60 h, by puncturing
the rubber septa with a two-way needle and removal

to a 2 ml Vacutainere (Becton–Dickinson, Franklin

Lakes, NJ, USA). Twenty-four soil samples in glass

incubators could be assayed simultaneously. Incubators

were kept on a wooden table top painted white, and sur-

rounded with ice and snow in sealed plastic bags, to

minimize the thermal energy gained by the incubators.

On sunny days the incubators were also covered in white
shade cloth for the duration of the incubation. Soil tem-

perature was monitored during each incubation period
within a control incubator (sealed cuvette with a soil

sample but no acetylene) with a hand-held digital ther-

mometer fitted with copper–constantan thermocouple.

Mean soil temperature was 8.8 ± 3.4 �C and ranged

from a minimum of 3 �C to a maximum 14 �C through

out the sampling season. The ratio of acetylene to ethyl-
ene in gas samples was measured in the field with a por-

table gas chromatograph (SRI 8610A, Wennick

Scientific Corporation, Ottawa, ON, Canada) fitted with

a Porapak column (Alltech Canada, Guelph, ON, Can-

ada) and a flame ionization detector. Hydrogen was

used as the carrier gas and was held at a constant pres-

sure of 25 psi. After incubations the percent moss and li-

chen cover was estimated and the presence or absence of
Nostoc sheets and/or vascular plants was determined for

each sample. All soil samples were then placed in sealed

plastic bags and frozen for future use. Acetylene Reduc-

tion Assay data were analyzed with a General Linear

Model ANOVA that allowed for the effects of categori-

cal (OTC and nutrient amendments) and continuous

(moisture content, soil %N and %C, percent cover of

moss) variables to be analyzed simultaneously. All
ANOVAs were performed using STATISTICA version

6.0 [22].

2.3. DNA extraction and PCR amplification

A 1 g sub-sample was removed from each soil sample

collected for ARA analysis. In an attempt to obtain a

sub-sample that included both photosynthetic and sub-
surface dwelling diazotrophs, one corner of the intact

soil core (approximately 1 cm2 by 5 cm in depth) was re-

moved. Approximately one third of the soil samples

were too coarse-textured to remain intact and could

not be sub-sampled in this way. These samples were

homogenized by shaking in an attempt to randomize

the sub-sample. DNA was extracted using an Ultra-

Clean Soil DNA isolation kit according to the manufac-
turer�s instructions (MoBio, Jefferson City, MO, USA).

Extracted DNA was stored frozen at �20 �C. A half-

nested polymerase chain reaction (PCR) protocol was

used to amplify a 383 bp fragment of the nifH gene from

a diluted extract. The primary amplification employed

the primers Nh21F (5 0-GCIWTYTAYGGNAARGG)

and WidNhR (5 0-GCRTAIABNGCCATCATYTC

[23]). Both primers were synthesized by Invitrogen (Bur-
lington, ON, Canada). The half-nested secondary ampli-

fications employed dye-labeled primers (Integrated

DNA Technologies, Coralville, IA, USA). The forward

primer, Cy5Nh21F, had the same nucleotide sequence as

the Nh21F primer above, while the reverse primer,

Cy55Nh428R (5 0 Cy5.5-CCRCCRCANACMACGTC)

was similar in sequence to one developed by Widmer

et al. [23] with a few substitutions to optimize amplifica-
tion efficiency. PCR cocktails consisted of genomic

DNA (approximately 100 ng), 0.2 mM dNTPs, 0.4 lM
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primers, 10· PCR Buffer, 2 mM MgCl2, and 0.72 U of

Platinum Taq DNA polymerase (Invitrogen, Burling-

ton, ON, Canada) in a final volume of 30 ll. PCRs were

performed with a single thermocycler program consist-

ing of an initial denaturing temperature of 94 �C for

2 min and 10 s followed by 35 cycles of: denaturing at
94 �C for 45 s, annealing at 53 �C for 45 s, and extension

at 72 �C for 45 s. A final extension period of 3 min at

72 �C completed the program. A PTC-100 Programma-

ble Thermal Controller (MJ Research Inc., Reno, NV,

USA) was used for all amplifications.

2.4. T-RFLP analysis

Endonuclease digests were performed on 8 ll aliquots
of dye-labeled PCR product with the enzymeHhaI (Invit-

rogen, Burlington, ON, Canada). Reactions were incu-

bated at 37 �C overnight. Restriction products were

kept frozen at�20 �Cuntil analyzed. Terminal restriction

fragment length polymorphism (T-RFLP) analysis was

used to generate unique nifH gene community profiles

for each soil sample.NifH restriction products were dena-
tured at 80 �C in formamide and runonvertical polyacryl-

amide gels for 45 min on Open Gene DNA sequencers

(Bayer HealthCare LLC, Berkeley, CA, USA). Dye-la-

beled oligonucleotide markers of 101, 200, and 351 bp

were used as internal standards. All resulting T-RFLP

profiles were analyzed manually using GeneObjects 3.1

software (Bayer HealthCare LLC, Berkeley, CA, USA).

Electropherogrammes ofNifHT-RFs were characterized
by large overlapping primer peaks in the first 8 min (below

70 bp). Between 8 and 35 min (80 and 400 bp) baseline

fluorescence was stable (at or very near zero) between T-

RFpeaks. Internalmarker T-RFs of 101, 200, and 351 oc-

curred at approximately 11, 17, and 28 min, respectively.

After 37 min the baseline fluorescence increased and large

overlapping peaks, thought to be the result of contami-

nating fluorescence of the Cy 5.0 dye-labeled forward
fragments, often occurred. Samples were rerun if total

fluorescence from peaks between 8 and 35 min was less

than 10,000 fluorescence units. Table 1 lists characteristics

of electropherogrammes for samples from the OTC and

STF experiments; in the OTC experiment fertilization

treatments are included in their respectiveOTCor control

plots.
Table 1

Characteristics of T-RFLP profiles from soil cores collected during the secon

experiments

T-RFs per sample OTC experiment (n = 48)

All OTC

Mean 10 10

Median 8 10

Mode 6 6

Max 28 22

Min 2 2
T-RF peaks greater than 100 fluorescence units were

selected for analysis from each electropherogramme. T-

RFs from all electropherogrammes in each experiment

were then entered in a spreadsheet program and sorted

by fragment size. Like fragments were grouped into cat-

egories by selecting the midpoint whole values for frag-
ment lengths. Sample numbers were concealed during

the binning process to avoid bias. Contingency tables

for the presence and absence of genotypes in each sam-

pling plot were then constructed. Replicate T-RFLP

profiles from each sampling plot were pooled so that

the maximum number of times that a single genotype

could occur in a given plot was equal to the number

of replicates (six times). Genotypes that occurred greater
than two times were included in the ordination analyses.

Non-metric multidimensional scaling (NMS) was

chosen to visualize treatment plots in genotype-space.

NMS [24] is an ordination technique that uses an itera-

tive approach to position n entities on k dimensions that

minimizes the stress of the k-dimensional configuration

[25]. All ordinations were run using PC-ORD version

4.0 in the ‘‘auto-pilot’’ mode which uses random starting
configurations and assesses dimensionality by minimiz-

ing stress. Sørensen distance was selected as the distance

measure for each initial matrix [25].

2.5. Elemental analysis of soils

Soil samples used for ARA and DNA extraction were

oven dried at 90 �C for 24 h, mechanically ground in a
soil grinder and analyzed for carbon and nitrogen con-

centration by elemental analysis using an AC 1500 Fi-

sions NC autoanalyzer (Milan, Italy). Differences in N

and C concentrations among treatments were analyzed

with one-way ANOVA performed using STATISTICA

version 6.0 [22].
3. Results and discussion

3.1. Treatment effects on moss and soils

The results of elemental analysis of total carbon and

nitrogen for soils from the OTC experiment and the STF

experiment are shown in Table 1. Soils had a mean
d sampling period (July 23–August 3) 2002 from the OTC and the STF

STF experiment (n = 18)

Controls Fertilization Controls

10 11 8

7 10 8

6 7 3

28 23 18

2 1 1
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nitrogen concentration of 14.0 ± 0.1 mg kg�1 and a C:N

ratio of 18.4 ± 0.3 (S.E.). Changes in total soil N due to

our fertilization treatments were not within detectable

limits. The surface 5 cm of soil in the 1 m2 control plots

from which our soil samples were taken had a soil nitro-

gen content of 178.3 ± 15.4 g. The amount of N added
with the fertilization treatment was approximately

1.7 g m�2 year�1 (3.4 g in 2 years) an order of magnitude

less than the margin of error.

Warming caused no significant change in the nitrogen

concentration of soils but resulted in an increase in the

carbon concentration of soils treated with OTCs only

(Table 2). However, this increased C did not correspond

to higher C:N ratios in the soil of OTC plots when com-
pared to OTC and fertilization plots or fertilization

plots (Table 2). The C:N ratios of all treatment plots

from the OTC experiment (OTC fertilization, OTC,

and fertilization treatments) were significantly higher

than those of the control plots or the STF plots (Table

2). Warming has been associated with elevated C:N ra-

tios in arctic dwarf-shrubs when nutrients constrain

growth [9]. The high C:N ratios observed in the OTC
treatments may be due to increased carbohydrate in

plant litter in those plots. This may also explain the

higher C:N ratios observed in the OTC and fertilization

plots since the amount of NPK fertilizer added was

likely insufficient to offset the demands of plant growth.

In the OTC experiment warming was associated with

a significant increase in the percent cover of mosses in

soil samples (p = 0.01, Table 2). In fertilization treat-
ments the opposite trend was observed, fertilization

was associated with lower moss cover in both the con-

trol and warmed plots (p = 0.06). In combined warming

and fertilization treatments the percent moss cover was

not significantly different from controls (Table 2). Lower

moss biomass as a result of shading due to enhanced

growth of herbaceous plants and deciduous shrubs has

been reported in several studies where fertilizers were
applied to arctic tundra vegetation [12,7]. This mecha-

nism may have been important in causing a decline in

the moss cover in plots that received fertilizer in our

study.

The positive response of moss to warming was unex-

pected. It is widely held that warming will lead to a de-

cline in non-vascular plants as enhanced nutrient
Table 2

Soil and moss cover characteristics and ARA rates of OTC and STF experi

Experiment Treatment Soil N (mg kg�1) S

OTC OTC and fertilization (2000, 2001) 10.6a 2

OTC OTC 18.1b,c 3

OTC Fertilization (2000, 2001) 11.7a 2

OTC and STF Control 16.1a,c 2

STF Fertilization (2002 only) 18.9b,c 2

Different letters in each column denote a significant difference among treatm
availability (an indirect consequence of warming) pro-

motes over-story growth and canopy closure [12,26,7].

However, experimental warming treatments have often

resulted in non-significant and even positive changes in

moss biomass [[7] and references therein]. At a sub-

Arctic site Hylocomium splendens showed a reduced
growth in response to warming with Open Top Cham-

bers but showed a positive response to temperature

across its natural environmental gradient [27]. Species

specific responses to warming are also possible and have

been demonstrated in the case of nutrient addition [27].

As mosses were not identified to species in the present

study, we can not rule out the possibility that the in-

creased moss cover reflects the response of only a por-
tion of the moss flora. However, the increased moss

cover in the plots from the OTC treatments suggests that

if cover by upper canopy plants remains nutrient con-

strained, increased temperature may enhance moss

abundance.

3.2. Acetylene reduction assays

Warming and longer-term fertilizations in the OTC

experiment did not significantly affect acetylene reduc-

tion activity. Moss, however, was a significant predictor

of ARA rates in all samples (p = 0.02; p = 0.04 for OTC

experiment samples alone). Mean ARA rate in the OTC

experiment was found to be 2.6 · 10�2 ± 5.2 · 10�4

lmol m�2 h�1 over the summer. ARA values were lower

than those reported for a moist meadow site on Sval-
bard [28], despite similar sampling strategies and lati-

tudes in the two studies. This difference likely reflects

the greater abundance of moss at the Svalbard site,

where mean percent cover of moss was 76% [28] as op-

posed to only 21% in the present study. However, higher

ARA rates were also reported in a nearby wet sedge

meadow at Alexandra Fiord [29], where moss typically

covers 23% of the surface [16], but cyanobacterial mats
are significantly more abundant (7% as opposed to 0%

at our study site [16]) and were important contributors

to acetylene reduction activity measured in this plant

community [29].

In the STF experiment a different trend was observed.

STF had no immediate effect on fixation rates but

caused a significant increase in fixation (p < 0001) by
ments from the second sampling period (July 23–August 3) 2002

oil C (mg kg�1) C:N ratio Moss % cover ARA (lmol m�2 h�1)

02.3a 18.8a 16.5a 0.0089a

60.3b 18.8a 32.3b 0.039a

08.5a 18.7a 9.1a 0.045a

66.8a 16.7b 24.6a 0.03a

46.4a 15.6b 22.7a 0.11b

ents at a = 0.05, as determined with Tukey�s post hoc test.



Fig. 1. Overlay of ARA rates (lmol m�2 h�1) on an NMS plot of OTC

experiment treatments in genotype space, the size of each symbol is

proportional to the rate of nitrogen fixation in the treatment plot. OTC

treatments are represented by circles, control treatment are represented

by squares. Fertilization treatments are filled. Data were collected

during the second sampling period (July 23–August 3) 2002.
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the second sampling period (19–35 days post-fertiliza-

tion). Ethylene production increased to 0.7 · 10�2 ±

6.5 · 10�3 lmol m�2 h�1, with the addition of NPK fer-

tilizer in 2002. This suggests that fertilization treatments

relieved some nutrient limitation to ARA activity in

these plots. One possibility is that the nutrient amend-
ments relieved P limitation of the diazotroph commu-

nity. Phosphorus is thought to be a limiting nutrient

for nitrogen fixation [30,31] and phosphorus fertilization

has been shown to cause significant increases in ARA

rates in the field [32,33]. A second possibility is that

ARA rates increased in response to increased carbon

exudation from plant roots. When salt-marsh communi-

ties were fertilized with NH4NO3, ARA rates increased
significantly 2 and 8 weeks post-fertilization; this change

was attributed to an increase in plant productivity and

root exudation in response to fertilization [34]. The

much greater ARA rate observed in the STF experiment

may also have come about through a combination of

these two mechanisms.

3.3. Treatment effects on NifH communities

We examined nifH community structure under differ-

ent levels of plot disturbance in the Disturbance experi-

ment. We were unable to detect any change in nifH

genotypes from ‘‘disturbed’’ plots immediately, 2 or 3

weeks post-disturbance even in plots that experienced

a rate of sample removal four times that used in our

study. Thus we suggest that changes we observed in nifH

community structure were elicited by our intended treat-

ments and not by a sampling artifact.

A NMS plot of sampling units in genotype-space for

the OTC experiment revealed that nifH gene communi-

ties were strongly structured by warming late in the 2002

growing season. Fig. 1 shows that OTC plots grouped

mostly in the top, right-hand quadrant of the plot while

control plots mostly grouped in the bottom, left-hand-
quadrant. Sixty-five iterations produced a 3D solution

with a final stress of 9.40 and a final instability of

1 · 10�4. Axis 1 and 2 (Fig. 1) account for 18 and 42%

of the total variance in the dataset (cumulative

r2 = 0.60), while the third axis (not shown) accounted

for 24% (total r2 = 0.84). An overlay of ARA rates on

this ordination (Fig. 1) shows that higher ARA rates

were not associated with nifH communities from any
particular treatment. This suggests a poor relationship

between nifH community structure and nitrogenase

activity at this site; factors that control the distribution

of genotypes in soils may not be directly related to the

expression of nifH genes. Similarly, in a Spartina salt-

marsh, acetylene reduction rates increased in N and N

& P amended plots 2 weeks post fertilization although

no corresponding change in nifH community DGGE
profiles were observed [34]. In this study, ARA rates

were spatially variable and strongly controlled by the
presence of moss. This finding suggests that moss-asso-

ciated diazotrophs, the cyanobacteria, were responsible

for the majority of ARA activity at this site. The cyano-

bacteria are, however, a relatively homogenous group
with respect to their nifH gene diversity when compared

to all possible sub-surface dwelling diazotrophs. While

warming elicited change in the structure of the diazo-

troph community as a whole (both sub-surface and sur-

face dwelling organisms) it is possible that the portion of

the nifH community responsible for higher ARA rates

changed little or that any change in the community com-

position of cyanobacteria did not translate to the pres-
ence of different nifH genotypes.

Moss cover was positively correlated to ARA activity

in soil samples, and the percent moss cover was signifi-

cantly higher in samples from the OTC treatment, but

not in plots that received OTC and fertilization (possibly

a result of shading by over-story plants). This finding

suggests that plots that received warming only should

have higher rates of acetylene reduction than the control
plots. Mean ARA activity was higher in the warmed

plots (p = 0.057), but also highly spatially variable. This
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suggests that factors other than percent moss cover must

be important in determining ARA rates in our samples.

As all soil samples were saturated prior to incubation,

soil moisture, thought to be the primary limitation to

nitrogen fixation in the field [11], could not account

for this. The spatial heterogeneity of other vegetation
may have influenced ARA rates. Macro-lichens were

present in four samples from OTC plots and seven sam-

ples from control plots, and although these were not

identified to species in this study, many of the common

lichens at Alexandra Fiord such as Nephroma sp., Stere-

ocaulon sp., and Peltigera sp. have cyanobacterial sym-

bionts [11] and may have been actively producing

ethylene during incubations. Soil crusts were not identi-
fied in this study, but these have also been shown to re-

duce ethylene at low rates [35]. No free living Nostoc sp.

sheets were found in samples from the OTC experiment.

Another consideration is microsite differences in ARA

activity from moss associated diazotrophs. In a study

of nitrogen fixation associated with the mosses Callier-

gon richsonii and Sanionia uncinata at Kongsfjorden,

Svalbard ARA activity was found to be variable with
growing location of the plant [34]. Factors such as moss

health and photosynthetic rate may also have contrib-

uted to variability in ARA rates.

In general, our results agree with the prediction [11]

that rates of nitrogen fixation in the High Arctic should

increase with a future warmer climate. However, they

also indicate that a complex relationship between diazo-

trophs, mosses and vascular plants, regulates nitrogen
fixation rates in the field. As temperature increases, di-

rect temperature effects on enzyme activity may increase
Fig. 2. NMS ordination of treatment and control plots from the OTC experim

5, 2002. (b) Samples collected from July 15 to July 20, 2001. OTC treat

fertilization treatments are filled.
N-fixation in the short term, but will also lead to in-

creased decomposition and element turn-over on longer

time scales. The combination of these ‘‘new’’ N-sources

will result in vascular plant growth, shading and even-

tual decline of mosses, and a down-regulation of nitro-

gen fixation. Thus, any estimate of nitrogen inputs
from nitrogen fixation in future arctic ecosystems should

take into account the close relationship between moss

cover and nitrogen fixation rate.

We observed seasonal variation in community struc-

ture. Earlier in the season (Fig. 2(a) – 2002, (b) – 2001),

there was less differentiation between warmed and con-

trol plots. A NMS plot of sampling units in genotype-

space from the first sampling period (June 28–July 5)
(Fig. 2(a)) revealed no clear separation of nifH commu-

nities from warmed or control treatments. At the time of

sampling, the study site had been snow-free for less than

2 weeks. Axis 1, which accounts for 45% of the variation

in this 2D solution, produced after 82 iterations, indi-

cates a weak separation of warmed plots on the left side

of the axis, while control plots appear toward the right.

No discernable trend exists along axis 2, which accounts
for 37% of the variance in the dataset (cumulative

r2 = 0.82). These results must be interpreted with cau-

tion as the final stress of the ordination was somewhat

high (13.8). Mid-season in 2001, an intermediate differ-

entiation among warming treatments was observed. A

2D NMS ordination, resulting from 46 iterations, with

a final stress of 11.5, and a final instability of 6 · 10�5,

is shown in Fig. 2(b). Axis 1 describes 8.9% of the vari-
ance in the data while axis 2 accounts for 78.2 (cumula-

tive r2 = 0.87). Fig. 2(b) shows warmed plots forming a
ent in nifH genotype space. (a) Samples collected from June 28 to July

ments are represented by circles and control treatments by squares;
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loose group in the middle of the plot. Fertilized and

unfertilized control plots appear to be differentiating

on axis 2. In order to reach a stable NMS solution it

was necessary to omit one unfertilized control plot that

acted as an outlier.

The accumulation of thermal energy by soils as the
growing season progressed may have contributed to

the seasonal succession in nifH communities. Likewise,

compositional changes in microbial communities in

soils from a northern hardwood forest have been doc-

umented after incubation at elevated temperatures

[36]. Increased soil temperature may alter diazotroph

community structure in several ways. Firstly, tempera-

ture may have a direct impact on nifH community
structure by selecting for organisms with higher phys-

iological temperature optima. Change in the lipid

composition of cellular membranes is believed to be

a major strategy for acclimation of soil microbes to

different temperatures [37]. This process is metaboli-

cally expensive, and may place sufficient stress on cer-

tain members of the diazotroph community in warmed

soils to effect a change in community composition. A
second mechanism by which temperature may alter

the structure of diazotroph communities is through in-

creased mortality from grazing by soil fauna. In a

study of a heath and a fell field site in Swedish Lap-

land, warming caused an increase in the density of

bacterial and fungal-feeding nematodes [38]. Another

repercussion of increased grazing is an accelerated rate

of nutrient mineralization. In the same study, in-
creased rates of nutrient mineralization were a noted

effect of the high rates of grazing by nematodes [38].

Changes in rates of nutrient mineralization with soil

warming have been observed in many studies

[12,26,38,39].
Table 3

Characteristic differences in genotypes from T-RFLP profiles in OTC and co

OTC Controls Poss

Most abundant T-RF G324 Alph

G158 Und

G184 Alph

T-RFs that occur

significantly more

frequentlya

G108** Mem

(Rho

Beta

Firm

G158** Und

G327* Beta

G332** Und

Unique genotypesb G213 Und

G160 Und

G165 Und

G190 Alph

G288 Und

a Significance determined by v2 test with Yates correction for continuity
b Only unique genotypes that occurred two or more times in nifH comm
Despite the significantly higher rates of ARA in the

STF plots in the second sampling period of 2002, we

were unable to detect changes in diazotroph communi-

ties from fertilization treatments. NMS ordination of

nifH genotypes from the STF experiment showed no

separation of diazotroph communities due to treatment
(data not shown). This finding is in contrast with rice

rhizosphere diazotroph communities where fertilization

was found to change nifH communities within 15 days

of nitrogen application [40]. However our results agree

with those from Spartina alterniflora rhizoplane diazo-

trophs where short-term nutrient addition (N and P)

caused no detectable change in nifH DGGE profiles,

while longer-term fertilizations (treatments applied
every 2 weeks for 8 weeks) did elicit community change

[34].

3.4. Characteristic changes in nifH community structure

with warming

We identified 78 unique nifH genotypes in the OTC

and STF experiments. Although the most abundant
genotypes in the OTC experiment changed with warm-

ing treatment, the most common genotypes in both

OTC and control plots belonged to members of the

Alphaproteobacteria (Table 3). A member of the Beta-

proteobacteria occurred more frequently in the control

plots, while genotype 108, which is common to many

groups including the Nostocales occurred significantly

more frequently in the OTC plots (Table 3). This is an
interesting finding because moss cover also responded

positively to OTC treatment. Since many members of

the Nostocales live in association with mosses, it is con-

sistent that the presence of cyanobacterial genotypes

should respond to the same gradient as mosses.
ntrol plots from the second sampling period (July 23–August 3) 2002

ible taxa

aproteobacteria; Rhodospirillales (Azosprillum)

etermined

aproteobacteria (Rhizobiales – Rhodopseudomonas)

bers of Actinobacteria (Actinomycetales); Alphaproteobacteria

dospirillales, Rhodobacterales, Rhizobiales – Rhodobacter);

proteobacteria (Rhodocyclales); Cyanobacteria (Nostocales);

icutes (Bacillales)

etermined

proteobacteria (Rhodocyclales – Azoarcus)

etermined

etermined

etermined

etermined

aproteobacteria (Rhizobiales – Rhodopseudomonas)

etermined

(df = 1; **p < 0.05; *p < 0.1).

unity profiles were included.
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Although the majority of genotypes recorded occurred

in both OTC and control plots, one genotype was un-

iquely associated with warming treatments while four

genotypes occurred only in control plots (Table 3).

Our results indicate that nitrogenase activity and nifH

gene community structure are controlled by different
factors at Alexandra Fiord. While ARA activity was

spatially variable and strongly controlled by the pres-

ence of moss, nifH gene community structure was tem-

porally variable in response to warming. Seasonal

transitions in the structure of below ground diazotroph

communities may be related to changes in plant alloca-

tion patterns throughout the growing season. Warming

has been shown to increase C:N ratios in above ground
tissues of vascular plants at Alexandra Fiord, when

nutrients constrain growth [9]. Higher photosynthetic

rates in plants from OTC plots may also lead to alloca-

tion of excess carbohydrate to roots and rhizosphere

organisms. Increased exudation of labile carbon com-

pounds by plant roots may select for certain nifH geno-

types, and this mechanism may have been important in

causing structural shifts in the below ground diazotroph
community as the season progressed.

As a consequence of their greater nifH diversity,

sub-surface diazotrophs accounted for the greatest

change in nifH community structure with warming.

Although photosynthetic diazotrophs may have been

more common in warmed plots, and important con-

tributors to ARA activity, changes in their species

composition were difficult to detect using our method
of ordinations based on the presence and absence of

nifH genotypes. The poor relationship between nifH

diversity and ARA activity found in this study suggests

that considerable redundancy exists in the nifH com-

munity at Alexandra Fiord.
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