
University of New Hampshire
University of New Hampshire Scholars' Repository

Faculty Publications

6-15-2016

Longer thaw seasons increase nitrogen availability
for leaching during fall in tundra soils
Claire C. Treat
University of New Hampshire, Durham

Wilfred M. Wollheim
University of New Hampshire, Durham, wil.wollheim@unh.edu

Ruth K. Varner
University of New Hampshire, Durham, ruth.varner@unh.edu

William B. Bowden
University of Vermont

Follow this and additional works at: https://scholars.unh.edu/faculty_pubs

This Article is brought to you for free and open access by University of New Hampshire Scholars' Repository. It has been accepted for inclusion in
Faculty Publications by an authorized administrator of University of New Hampshire Scholars' Repository. For more information, please contact
nicole.hentz@unh.edu.

Recommended Citation
Treat, C., W. Wollheim, R.K. Varner, and W.B. Bowden (2016) Longer thaw seasons increase nitrogen availability for leaching during
fall in tundra soils, Environ. Res. Lett., 11, doi: 10.1088/1748-9326/11/6/064013.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by UNH Scholars' Repository

https://core.ac.uk/display/215539112?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://scholars.unh.edu?utm_source=scholars.unh.edu%2Ffaculty_pubs%2F397&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/faculty_pubs?utm_source=scholars.unh.edu%2Ffaculty_pubs%2F397&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/faculty_pubs?utm_source=scholars.unh.edu%2Ffaculty_pubs%2F397&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:nicole.hentz@unh.edu


Environmental Research Letters

LETTER • OPEN ACCESS

Longer thaw seasons increase nitrogen availability
for leaching during fall in tundra soils
To cite this article: Claire C Treat et al 2016 Environ. Res. Lett. 11 064013

 

View the article online for updates and enhancements.

Related content
Amino acid production exceeds plant
nitrogen demand in Siberian tundra
Birgit Wild, Ricardo J Eloy Alves, Jii Bárta
et al.

-

The impacts of recent permafrost thaw on
land–atmosphere greenhouse gas
exchange
Daniel J Hayes, David W Kicklighter, A
David McGuire et al.

-

21st century tundra shrubification could
enhance net carbon uptake of North
America Arctic tundra under an RCP8.5
climate trajectory
Zelalem A Mekonnen, William J Riley and
Robert F Grant

-

Recent citations
Spatially-explicit estimate of soil nitrogen
stock and its implication for land model
across Tibetan alpine permafrost region
Dan Kou et al

-

Linking permafrost thaw to shifting
biogeochemistry and food web resources
in an arctic river
Michael R. Kendrick et al

-

Below-ground plant traits influence tundra
plant acquisition of newly thawed
permafrost nitrogen
Rebecca E. Hewitt et al

-

This content was downloaded from IP address 132.177.229.130 on 20/11/2018 at 18:21

https://doi.org/10.1088/1748-9326/11/6/064013
http://iopscience.iop.org/article/10.1088/1748-9326/aaa4fa
http://iopscience.iop.org/article/10.1088/1748-9326/aaa4fa
http://iopscience.iop.org/article/10.1088/1748-9326/9/4/045005
http://iopscience.iop.org/article/10.1088/1748-9326/9/4/045005
http://iopscience.iop.org/article/10.1088/1748-9326/9/4/045005
http://iopscience.iop.org/article/10.1088/1748-9326/aabf28
http://iopscience.iop.org/article/10.1088/1748-9326/aabf28
http://iopscience.iop.org/article/10.1088/1748-9326/aabf28
http://iopscience.iop.org/article/10.1088/1748-9326/aabf28
http://dx.doi.org/10.1016/j.scitotenv.2018.09.252
http://dx.doi.org/10.1016/j.scitotenv.2018.09.252
http://dx.doi.org/10.1016/j.scitotenv.2018.09.252
http://dx.doi.org/10.1111/gcb.14448
http://dx.doi.org/10.1111/gcb.14448
http://dx.doi.org/10.1111/gcb.14448
http://dx.doi.org/10.1111/1365-2745.13062
http://dx.doi.org/10.1111/1365-2745.13062
http://dx.doi.org/10.1111/1365-2745.13062


Environ. Res. Lett. 11 (2016) 064013 doi:10.1088/1748-9326/11/6/064013

LETTER

Longer thaw seasons increase nitrogen availability for leaching
during fall in tundra soils

Claire CTreat1,5,WilfredMWollheim1,2, RuthKVarner1,3 andWilliamBBowden4

1 Earth SystemsResearchCenter, Institute for the Study of Earth,Oceans& Space, University ofNewHampshire, Durham,NH,USA
2 Department ofNatural Resources &Environment, University ofNewHampshire, Durham,NH,USA
3 Department of Earth Sciences, University of NewHampshire, Durham,NH,USA
4 Rubenstein School of Environment andNatural Resources, University of Vermont, Burlington, Vermont, USA
5 Now atUniversity of Alaska Fairbanks, Fairbanks, AK,USA.

E-mail: claire.treat@unh.edu

Keywords:nitrogen, carbon, permafrost thaw, tundra soils, changing seasonality

Supplementarymaterial for this article is available online

Abstract
Climate change has resulted inwarmer soil temperatures, earlier spring thaw and later fall freeze-up,
resulting inwarmer soil temperatures and thawing of permafrost in tundra regions.While these
changes in temperaturemetrics tend to lengthen the growing season for plants, light levels, especially
in the fall, will continue to limit plant growth and nutrient uptake.We conducted a laboratory
experiment using intact soil cores with andwithout vegetation from a tundra peatland tomeasure the
effects of late freeze and early spring thawon carbon dioxide (CO2) exchange,methane (CH4)
emissions, dissolved organic carbon (DOC) and nitrogen (N) leaching from soils.We compared soil C
exchange andNproductionwith a 30 day longer seasonal thawduring a simulated annual cycle from
spring thaw through freeze-up and thaw. Across all cores, fall N leaching accounted for∼33%of total
annualN loss despite significant increases inmicrobial biomass during this period.Nitrate -NO3( )
leachingwas highest during the fall (5.33±1.45mgNm−2 d−1) following plant senescence and
lowest during the summer (0.43±0.22mgNm−2 d−1). In the late freeze and early thaw treatment,
we found 25%higher total annual ecosystem respiration but no significant change inCH4 emissions
orDOC loss due to high variability among samples. The late freeze periodmagnifiedN leaching and
likelywas derived from root turnover andmicrobialmineralization of soil organicmatter coupled
with little demand fromplants ormicrobes. LargeN leaching during the fall will affect N cycling in
low-lying areas and streams andmay alter terrestrial and aquatic ecosystemnitrogen budgets in the
arctic.

Introduction

Permafrost soil store an estimated 1035 Pg carbon (C),
more than is currently stored in the atmosphere
(Hugelius et al 2014). Warmer air temperatures, soil
temperatures and the resulting permafrost thaw can
result in large losses of soil organic matter due to
increased decomposition (Natali et al 2011, Schuur
et al 2015). Even in tundra soils that remain very cold
throughout the year, periods outside of the traditional
‘growing season’ can be important controls of annual
carbon and nitrogen budgets (Hobbie and Cha-
pin 1996, Natali et al 2011). While C gas fluxes have

been quantified at a number of sites for periods outside
of the traditional growing season, few studies have
explicitly investigated C and N leaching outside of the
growing season and prior to fall freeze-up, especially
from tundra soils (Harms and Jones 2012). In sub-
arctic streams and rivers, higher inorganic N concen-
trations have been measured during the late growing
season and fall (Petrone et al 2006, Cai et al 2008),
suggesting that nutrient cycling and leaching during
these periods potentially play an important role in
annual nutrient export.

Climate warming has resulted in both shorter win-
ters and longer thawed periods due to an earlier spring
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onset and later fall freeze-up (Serreze et al 2000,
Euskirchen et al 2006, Barichivich et al 2012), extend-
ing the time in which heterotrophic respiration can
occur. Unlike an earlier spring thaw, extending the
thawed period into the fall has little effect on timing of
plant senescence (Oberbauer et al 1998) or rates of
photosynthesis (Starr et al 2008) because of the limited
daylight hours. However, in other nutrient-limited
ecosystems, such as moist acidic tundra and boreal
peatlands, increased heterotrophic activity associated
with later onset of freezing and warmer soil tempera-
tures resulted in both greater soil C losses and greater
N mineralization (Clein and Schimel 1995, Hobbie
and Chapin 1996, Michaelson and Ping 2003, Aerts
et al 2006). In both alpine and arctic tundra sites, N
mineralized during the spring and early summer is
assimilated into plants, while N mineralized in the fall
ismore likely to be assimilated intomicrobial biomass,
and less likely to be taken up by plants due to senes-
cence (Jaeger et al 1999, Schmidt et al 1999, Edwards
and Jefferies 2013). N mineralized during the fall can
also be leached from the soils during precipitation
events (Harms and Jones 2012). However, little data is
available specifically addressing N fluxes between soil
pools, plants pools, and soilmicrobial pools after plant
senescence and prior to spring green-up in low arctic
tundra, especially fromwet sedge tundra.

The mineralization of N during fall has important
implications for soil N retention versus leaching to
aquatic ecosystems, especially given the likelihood of
the increased duration of microbial activity due to
later freeze-up and earlier spring thaw in the future.
We hypothesized that a longer thaw season with a later
fall freeze and earlier spring thaw would increase
microbial respiration resulting in increased C and N
mineralization and subsequent ecosystem leaching
loss with precipitation events. However, nutrient
assimilation into microbial biomass has been found to
offset nutrient losses during the winter in other sites;
no data is available from riparian tundra regions.

Riparian areas are an important place for biogeo-
chemical transformations prior to terrestrial export to
aquatic ecosystems. This study focuses on a riparian
area that is classified as non-tussock sedge, dwarf
shrub, moss tundra, which covers an estimated
569 000 km2 of the arctic and is one of the most com-
mon types of tundra (Walker et al 2005). However,
nutrient cycling in this type of tundra is poorly under-
stood. While the plant species composition in these
riparian non-tussock sedge, dwarf shrub, moss tundra
is relatively similar to the more well-studied areas of
moist acidic tundra, these riparian sites are poorly
drained with mire-forming vegetation and receive
some hydrologic inputs from the surrounding areas.
Changes in C and N cycling due to decoupling of
plant-microbe interactions either within these ecosys-
tems or in the adjacent, well-drained tundra areas
could alter the long-term ecosystem productivity in
both the riparian areas and downstream ecosystems.

To assess the effects of longer thaw seasons on soil
C and N losses, we used a laboratory mesocosm
experiment to manipulate the length of the soil thaw
period by extending the date of fall freeze-up and
inducing an earlier spring thaw. Our research ques-
tionswere:

(1)Does an extended thaw lead to greater ecosystem
losses of C and N because plants do not take up
nutrientsmineralized bymicrobes?

(2) If an extended thaw leads to greater ecosystem
losses of C and N, does microbial biomass C and N
increase due to assimilation of these additional
nutrients?

We conducted a laboratory experiment to deter-
mine the effects of longer thaw duration on ecosystem
respiration (ER) and leaching of C and N by leaching
using soil mesocosms that contained intact active layer
organic soils (typic hemistel) from tundra with and
without living vegetation. We measured seasonal var-
iations in net carbon dioxide (CO2) exchange,
methane (CH4) emissions, microbial biomass C and
N, and leaching of dissolved organic carbon (DOC)
and N forms (total dissolved nitrogen (TDN), -NO ,3

+NH ,4 and dissolved organic nitrogen (DON)) from
tundra organic soils over the course of a simulated
growing season and late freeze treatment.

Methods

Site description
Soil cores were taken from a wet sedge tundra mire
(non-tussock sedge, dwarf-shrub, moss tundra)
(Walker et al 2005) near Toolik Field Station, Alaska,
USA in September 2011 (68.607 °N, 149.594 °W). The
mean annual air temperature is−10 °C and the mean
annual precipitation ranges from 200 to 400 mm,
including snow water equivalents. The snow covered
season generally lasts from September or October
through early June, with green-up occurring after
snowmelt and plant senescence occurring in mid- to
late-August (Environmental Data Center Team 2016)
The riparian site is adjacent to a beaded stream (‘Peat
Inlet’) and has been previously described (Treat
et al 2014). The soils used in this experiment have
histic epipedons, permafrost, pH ranging from 4.8 to
7.1 (table S2), C contents that ranged from 22% to
54% (table S3), and were classified mainly as typic
hemistels (Soil Survey Staff 1999). Two cores were
classified as fluvaquentic historthels because layers
within the top 30 cm had slightly lower C content
(17%–18%) and some evidence of iron oxidation.
Mean soil C/N ratios were 21±10, and ranged from
15 to 61 (table S3).

Eighteen 10 cm diameter soil cores were sampled
within a 50 m×100 m area that was dominated by
vascular vegetation and mosses including Carex spp.,
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Eriophorum spp., Sphagnum spp., scattered Betual
nana and Hylocomium species. Intact soil cores,
including surface vegetation of Carex spp. and Erio-
phorum spp., were taken in September 2011 after plant
senescence to capture the maximum extent of thaw
depth (∼30 cm) using a 10 cm diameter beveled PVC
corer. Sampling was conducted in the fall to minimize
disturbance; care was taken while sampling to avoid
compaction of the upper soil layers. After sampling,
the cores were frozen to −10 °C over two days to
simulate winter conditions, shipped and stored frozen
at the University of New Hampshire until the experi-
mentwas begun.

Laboratory setup
We conducted a laboratory experiment to determine
differences in C and N cycling due to longer thaw
durations using 18 replicate intact soil cores from
tundra. Soil cores were assigned to the ambient
treatment (normal thaw period of 129 days, n=5), to
the late freeze treatment that had later soil freezing in
the fall and earlier thaw in the spring (table 1, n=6),
or to be destructively harvested during the experiment
prior to starting the late freeze/early thaw treatment
(n=7). For the late freeze treatment, we simulated an
additional 23 days of thaw at 5 °C during the fall and 7

days of thaw during the spring based on recent
observations (Barichivich et al 2012) by using an
incubation chamber to regulate soil temperature and
light levels. During the spring, soil temperature and
daylight hours were increased in gradual steps from
−10 °C and 0 h to 10 °C and 18 h, kept at a plateau of
10 °C and 18–24 h during the summer and were
decreased in gradual steps at the end of the exper-
imental growing season to 2 °C–5 °C and 0–6 h
(table 1, figure 1). The winter season was the same for
all cores with a mean temperature of ∼−11.5 °C at
10 cm (table 1) and was similar to winter soil
temperatures in the Toolik area (Oechel et al 1997)
despite the lack of snow cover in this experiment that
would have insulated the soils from even colder air
temperatures and been a source of melt water during
the spring. The final spring period saw soil tempera-
tures gradually increase to 4 °C although the timing
was 7 days earlier in the late freeze/early thaw
treatment than the ambient treatment. All cores
received the same amount of daylight and were held at
field soil capacity. Due to disturbance effects, vegeta-
tion regeneration occurred in only ∼50% of cores
during the first experimental spring. We included
vegetation presence/absence as an additional

Table 1. Summary of experimental setup, including number of days per season, hours of daylight,mean seasonal soil temperatures at 10 cm
depth, thaw depth, daywhen leaching occurred, and number of cores harvested for destructive sampling over the course of the experiment
for both the ambient and late freeze/early thaw treatment.Mean values across cores with (standard error).

Season Days Daylight
Soil temperature (°C) Thawdepth (cm) No. cores harvested

(h d−1) Ambient Late/early Ambient Late/early Day leached Ambient Late/early

Springa 1–42 0–12 4.7 (0.3) 11 (0) 50 0

Summera 43–102 18–24 8.6 (0.2) 24 (1) 94 3

Fall 103–129 0–12 3.8 (0.5) 6.7 (0.3) 21 (1) 24 (1) 113 2 2

Late freeze 130–157 0 −10.4 (0.9) 5.2 (0.4) 0 (0) 26 (1) 140 0 2

Winter 158–176 0 −11.4 (0.1) −11.6 (0.0) 0 (0) 0 (0) NA 0 0

Early thaw 177–182 0 −12.1 (0.9) −5.0 (1.5) 4 (1) 1 (1) NA 0 0

Final spring 183–188 0 2.9 (0.4) 2.9 (0.4) 30 (1) 26 (1) 189 5 6

a Growing conditions were the same for both seasonality treatments (ambient and late/early thaw).

Figure 1.Experimental setup showing number of daylight hours (gray area), mean daily soil temperatures at 10 cm for ambient thaw
duration (solid line) and late freeze/early thaw (dashed line). The experimental seasons are labeled; vertical gray lines indicate
boundary between the experimental seasons. Leaching occurred on thefinal day of each season, with the exception of winter.
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treatment and used stratified random sampling when
assigning the cores to the late freeze treatments.

We measured above-ground plant biomass, soil C
and N pools, microbial biomass C and N pools, CO2

and CH4 fluxes, and DIN ( +NH ,4
-NO ,3 ) DON, and

DOC leaching seasonally throughout the experiment
with the exception of the end of winter. Net ecosystem
exchange (NEE) and ER were measured weekly. Mea-
surements of DOC, DIN, and DON leaching were
made before each seasonal transition using an extrac-
tion of soil porewater with a stainless steel porewater
sampler attached to a syringe following a simulated
precipitation (rainfall) event (table 1). Destructive har-
vests of a subset of cores followed the seasonal transi-
tions for determination of soil carbon stocks, nitrogen
stocks, and microbial biomass (table 1). Soil tempera-
tures at 2 cm, 10 cm were measured simultaneously
using type T thermocouples and data collected on a
datalogger (CR1000, Campbell Scientific, Logan,
Utah, USA). Thaw depth within the cores was mea-
sured concurrently with weekly flux measurements
(table 1).

Measurements of CO2 and CH4 fluxes were made
weekly using static chamber techniques (Carroll and
Crill 1997). NEE and ER used light and dark chamber
measurements of CO2 flux; gross primary productivity
(GPP) was calculated as the difference between the
measurements due to plant CO2 uptake. Concentra-
tions of CO2 in the chamber headspace weremeasured
using an infrared gas analyzer (Li-Cor Biosciences,
Lincoln, Nebraska). Methane fluxes were measured
using dark chambers for a period of ten minutes; CH4

concentrations were measured using a gas
chromatograph equipped with a flame ionization
detector (Treat et al 2007).

Seasonal measurements of DOC and N leaching
were made before each seasonal transition (table 1) by
simulating a precipitation event, with the exception of
winter as the soil was still frozen. The total leaching
approximated annual precipitation for the site
(∼300 mm). We slowly added ∼60 mm runoff (DI
water) over a period of 4–6 h and extracted the soil
pore water (‘leachate’) from the bottom of the active
layer 12 h later (Judd and Kling 2002). Soils could not
always drain freely due to presence of frozen layer at
the bottom of the core, so the leachate was extracted
until soils either stopped draining freely and no more
leachate was extractable, or an equal volume of lea-
chate was extracted. Leachate was filtered using a
0.77 μmGF/F filter and frozen until analysis for DOC,
TDN, nitrate ( -NO3 +NO2), and ammonium
( +NH .4 ) -NO3 and +NH4 were measured using col-
orimetric methods using a Smartchem Chemistry
Analyzer, and DOC and TDN were measured with
using a TOC/TN analysis system at the Water Quality
Analysis Lab at the University of New Hampshire,
Durham, NH, USA. DON was estimated by subtract-
ing DIN ( -NO3 and +NH4 ) concentrations from
TDN.All leaching values were converted tomilligrams

per m−2 based on the amount of leachate volume, lea-
chate concentration, and core area. Total leaching was
calculated by summing seasonal nutrient leaching.

Destructive harvests of soils and vegetation were
used to determine seasonal changes in above-ground
vegetation biomass, microbial biomass C and N, and
soil C and N stocks. Entire soil cores were harvested
seasonally throughout the experiment both prior to
and after the thaw-season length treatments were
established (table 1). The remaining soil cores were
harvested at the end of the experiment and compared
to determine experimental differences. Green above-
ground vegetation was removed, dried and weighed.
Soil cores were sectioned into 5 cm increments and
analyzed for bulk density, soil moisture, and C and N
content. Carbon and N content of bulk soils were
measured using an elemental analyzer (Costech Inc.,
Valencia, CA, USA). Total microbial biomass C and N
was measured in surface soils (0–15 cm) seasonally
throughout the experiment and concurrently with the
destructive harvests, using chloroform fumigation and
K2SO4 extraction (Vance et al 1987) and an extraction
efficiency for arctic soils of kEC=0.35 and kEN=0.4
(Jonasson et al 1996).

Statistical analysis
We tested for treatment effects and seasonal differ-
ences using mixed effects modeling. When testing for
seasonal treatment differences, we used mixed effects
modeling to account for repeated sampling using the
same cores, and included core as a random effect.
Correlations among variables in the mixed effects
models were fit using restricted maximum likelihood
and including core as a random effect. We used
Tukey’s Honest Significant Difference (HSD) post-
hoc tests to identify significant pair-wise differences
among means for seasons and vegetation treatments.
When testing for the seasonal effects, the vegetation
differences were considered a continuous variable that
was covariate among the cores, and thus were implicit
in the model structure and accounted for by the
random ‘core’ effect. We explicitly tested for vegeta-
tion treatment differences (with and without living
vegetation) within each season using an analysis of
variance and Tukey’s HSD post-hoc test. All statistical
analysis were done using R (R Development Core
Team 2008); mixed effects modeling was done using
the R package lme4 (Bates et al 2015).

Results and discussion

Nitrogen leaching was largest during the fall and late
freeze periods of the experiment for both treatments.
TDN leaching was >70% higher during the fall and
late freeze periods than during the summer and spring,
mostly due to elevated -NO3 and +NH4 losses
compared to the earlier seasons (figure 2, table 2). The
late freeze was an important contributor to the overall
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N budgets. Over half (53%) of total annual -NO3

leaching and 50% of total annual +NH4 leaching
occurred during the late freeze period. Nitrate was the
largest component of N leaching during the fall period
(43.0±9.5%) and accounted for 50% of total N
leaching for the season (table 2). However, differences
in cumulative N leaching were not significantly
different between the ambient and late freeze/early
thaw treatment due to high variability (table 3;
P>0.25). Field studies in sub-arctic and high arctic
streams have observed peaks in inorganic N concen-
trations in stream water during late summer and fall
(Petrone et al 2006, Cai et al 2008), as well as late

growing season -NO3 soil leachate from high arctic
tundra (Schaeffer et al 2013), highlighting the impor-
tance of late summer and fall for understanding annual
nitrogen budgets.

The fall seasons were also important for C dynam-
ics. ER was significantly higher in both the fall and the
late freeze periods than the spring and summer peri-
ods for both treatments (figure 3(a)), while GPP was
highest in the summer (figure 3(b)). However, the
magnitude of GPPwasmuch smaller in this study than
field observations, likely a result of disturbance effects
resulting from the mesocosm approach, including
potential damage to the root system. Low rates of GPP

Figure 2. Seasonal leaching of (a) dissolved organic carbon (DOC); (b) total dissolved nitrogen (TDN). Late freeze (late) and early thaw
(early) treatments include only data from the late freeze/early thaw treatment. Spring1 and Spring2 indicate the initial and final spring
measurement periods, respectively. Letters indicate significant differences between seasonalmeasurements (P<0.05).

Table 2.Mean daily production of leaching constituents for the thawduration treatments over entire 189 day experiment. Late freeze
values include only late freeze/early thaw treatment; other seasons represent both treatments. In other seasons, differences between treat-
ments were not significant (P>0.10; table S1). Superscript letters indicate significant differences (P<0.05) among seasonalmeans.

DOC

(mg C m−2 d−1)
DIN

(mg N m−2 d−1)
DON

(mg N m−2 d−1)

-NO3

(mg N m−2 d−1)

+NH4

(mg N m−2 -

d−1)

Season Mean (SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE)

Spring 34.0 (4.2)ab 1.4 (0.4)a 1.5 (0.2)ab 0.7 (0.2)a 0.8 (0.3)
Summer 41.8 (11.8)ab 1.3 (0.3)a 1.4 (0.3)ab 0.4 (0.2)a 0.8 (0.3)
Fall 75.6 (21.1)a 7.8 (1.9)b 2.9 (0.7)a 5.3 (1.4)b 2.5 (1.0)
Late Freeze 30.1 (2.1)ab 8.2 (2.3)b 1.2 (0.4)ab 5.6 (1.9)b 2.6 (1.3)
Final spring 24.0 (7.8)b 3.0 (0.7)ab 0.8 (0.3)b 1.7 (0.6)ab 1.3 (0.2)
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may have contributed to slightly lower net above-
ground primary productivity in this study
(60 g m−2 y−1) than in other wet tundra sites in Alaska
(81 g m−2 y−1) (Shaver and Chapin 1991). Methane
and DOC losses were highest during the fall season for
both treatments (figures 2(a) and 3(c)).

High N leaching during the fall may have resulted
from increased microbial decomposition of soil
organic matter due to warmer soils and deeper active
layer depths, increased root mortality, reduced micro-
bial uptake and immobilization of N, or some combi-
nation of the above. Decomposition of soil organic

matter in tundra soils is strongly positively correlated
with temperature (Hamdi et al 2013). Therefore, we
would expect the highest rates of the decomposition of
soil organicmatter to occur during thewarmest period
of summer (table 1), which has been observed in pre-
vious field studies in nearby sites (Grogan and Cha-
pin 1999, 2000). In this study, however, rates of ER
were highest during the fall for both treatments despite
cooler temperatures (figure 3). Similarly, if the thaw-
ing of N-rich soils at the interface of the active layer
and permafrost was the source of N leached from the
soils (figure S2; e.g. Petrone et al 2006, Harden

Figure 3. Seasonal patterns of (a) ecosystem respiration (ER); (b) gross primary productivity (GPP); (c)CH4fluxes. Late freeze (late)
and early thaw (early) treatments include only data from the late freeze/early thaw treatment. Spring1 and Spring2 indicate the initial
andfinal springmeasurement periods, respectively. Letters indicate significant differences between seasonalmeasurements
(P<0.05).
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et al 2012, Harms and Jones 2012, Keuper et al 2012),
wewould expect that highest rates of N leachingwould
coincided with the initial thaw during the early part of
the summer. While total TDN leaching was positively
correlated with thaw depth for all seasons using data
from the individual cores (r=0.27, F1,64=4.95,
P=0.03), the greatest seasonal leaching of TDN
occurred during the fall when thaw depths were shal-
lower than the summer (figure 2; table 1), indicating
that the source of N released during the fall was not
from deeper soils at the interface between the perma-
frost and the active layer. Results from both ER and
nitrogen leaching suggest that the decomposition of
soil organicmatter is unlikely to be the sole source of C
respired and N leached during the fall period from
either the warm and shallow soils or recently thawed,
deep active layer soils.

The decomposition of plant roots and subsequent
leaching likely contributed to high N leaching during
the fall in this experiment. In this experiment, root
mortality and decomposition likely occurred through-
out themeasurement period due to disturbance effects
of the initial sampling in comparison to field condi-
tions, especially in cores without vegetation. During
the summer season when GPP was highest, -NO3

leaching was 11 times larger from cores without plants
than with plants (1.2±0.5 and
0.1±0.05 mg Nm−2 d−1, respectively; F1,13=13.8,
P<0.01). Higher -NO3 leaching from these cores is
likely a combination of decomposition of roots that
release -NO3 (e.g. Varner et al 2003) and the absence
of -NO3 uptake by plants in these collars. However,

-NO3 leaching from cores with plants equaled and
exceeded cores without vegetation during the fall and
late freeze period. During the fall, -NO3 leaching was
similar (plants: 3.9±1.2; no plants:
3.5±3.1 mg Nm−2 d−1) and greater during the late
freeze (plants: 3.6±1.6; no plants:
2.6±1.3 mg Nm−2 d−1) from cores with plants than
without plants, respectively. The pulse of -NO3 leach-
ing following senescence in cores with plants also sug-
gests root turnover at the end of the growing season as
the largest source of -NO3 in this experiment, which
has also been found in boreal forest ecosystems (Kiel-
land et al 2006). Additional decomposition of roots

from other vegetation types or additional mineraliza-
tion of soil organic matter due to priming by root exu-
datesmay have also occurred.

During the fall, field studies in other tundra types
have observed that available N from bulk soils is
assimilated into microbial biomass, which buffers soil
N loss after plant senescence (Jaeger et al 1999,
Schmidt et al 1999, Edwards and Jefferies 2013). In this
study, microbial biomass C increased throughout the
fall, late freeze and final spring seasons (table 4), as
previously observed in organic soils from other tundra
sites (Buckeridge et al 2013, Sistla and Schimel 2013).
Microbial biomass C was significantly larger in the
final spring than during the previous summer
(table 4). Microbial biomass N was not significantly
different among the seasons (table 4; P>0.26) but
microbial C/N ratios were largest during the fall and
late freeze periods, likely due to a transition to fungal
dominated communities during the winter (e.g. Buck-
eridge et al 2013). In this experiment, leaching of N
was highest during the fall but increases in microbial
biomass N were not observed. In these organic soils
with a relatively low C/N ratio (21±10), the C lim-
itations on microbial growth, especially for fungal
communities, likely also contributed to high rates of
ammonification and subsequent leaching of +NH4

from the mineralization of organic matter (Chapin
et al 2002). While the microbial biomass was likely not
a direct source of N leached from soils, the microbial
mineralization of organic matter and the transition to
fungal communities did not immobilize N during the
fall and late freeze periods.

Measurements of fall N dynamics (leaching,miner-
alization, and denitrification) in tundra ecosystems are
rare. In this study, TDN leaching during fall period was
an important component of the annual budget and was
120% higher than spring and summer period N leach-
ing combined for both treatments (figure 2(b)), which
made the fall periodmeasurements important for accu-
rately calculating the annual N budget. Two factors in
this experiment may have led to an overestimation of
leaching from these riparian tundra systems compared
with field conditions. First, N may have been flushed
from the soils during the simulated precipitation events
(60mm rainfall, ∼15mm h−1), which is a relatively

Table 3.Mean cumulative total gaseous C,DOC, andN leaching for both the ambient and late
freeze/early thaw treatments. Standard error is given in parentheses. Results ofmixed-effects
models used to test for treatment differences ( F-statistics and p-values) are also shownhere.

Constituent Ambient

Late freeze/

early thaw F(1,9) P

ER (g C m−2) 271 (15) 339 (31) 3.46 0.10

GPP (g C m−2) 30 (12) 37 (10) 0.26 0.62

CH4 (g C m−2) 0.33 (0.22) 3.67 (2.28) 1.74 0.22

DOC (g C m−2) 7.18 (3.02) 4.21 (0.30) 1.17 0.31

TDN (mg N m−2) 542 (95) 654 (129) 0.45 0.52
-NO3 (mg N m−2) 256 (125) 307 (118) 0.09 0.77
+NH4 (mg N m−2) 113 (36) 166 (26) 1.52 0.25

DON (mg N m−2) 174 (94) 173 (21) 0 0.99
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high intensity storm. Second, disturbance effects from
using intact soil mesocosms resulted in root turnover
throughout the experiment which likely also enhanced
N leaching, especially during the summer in cores with-
out vegetation. While the magnitude of N leaching
measured in this studymust be interpretedwith caution
because of the differences between experimental meso-
cosm approach and field conditions, the consistent sea-
sonal trends anddifferences between soil coreswith and
without plants point to the importance of root turnover
in controlling the size of extractable N pools and fall N
dynamics, both factors that also likely occur in thefield.

Nitrogen mineralized during the fall period has
three potential fates that depend on soil biology and
hydrology: (1) retention in soil microbial N pools; (2)
loss as gaseous NO,N2O, or N2 via denitrification; and
(3) leaching to other landscape positions, including
streams. While nitrogen is not assimilated into plant
biomass during the fall, it can be assimilated into
microbial biomass in the fall and retained until the
spring for plant or microbial growth (Jaeger et al 1999,
Lipson et al 1999, Schmidt et al 2007, Edwards and
Jefferies 2013). In this study, microbial biomass
increased during the fall and into the final spring
(table 4), indicating the retention of N by incorpora-
tion into microbial biomass. However, net N leaching
remained high during the fall. Net N leaching
decreased in the final spring and did not differ sig-
nificantly between the first and second spring seasons
(table 2), which, combined with the increased micro-
bial biomass, suggests that net N immobilization
occurred during the fall period. However, N miner-
alization during the fall in this study outpaced the
microbial immobilization in the soil and still resulted
in large net leaching.

In conclusion, we found large leaching ofN species
following the growing season from this riparian tun-
dra site despite increases inmicrobial biomass. During
the period following the growing season, the miner-
alization of soil organic matter and plant litter excee-
ded the microbial immobilization of N, likely due to
microbial C limitation, and resulted in elevated N
leaching losses. If N leaching is sustained in situ during
the non-growing season, progressive N limitation

could develop as thaw season lengthens. In an already
nutrient limited system, long-term changes in N
leaching during the fall in arctic ecosystems, such as
the riparian tundra in this study, may result in changes
to terrestrial and aquatic N cycling, including changes
in vegetation composition, ecosystem productivity,
N2O emissions, and stream foodweb dynamics.
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