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[1] Boreal wetland carbon cycling is vulnerable to climate change in part because 
hydrology and the extent of frozen ground have strong influences on plant and microbial 
functions. We examined the response of dissolved organic carbon (DOC) and total 
dissolved nitrogen (TDN) across an experimental manipulation of water table position 
(both raised and lowered water table treatments) in a boreal-rich fen in interior Alaska. 
DOC and TDN responses to water table manipulation exhibited an interaction with 
seasonal ice dynamics. We observed consistently higher DOC and TDN concentrations 
in the lowered water table treatment (71.7 ± 6.5 and 3.0 ± 0.3 mg -L) than in both the 
control (55.6 ± 5.1 and 2.3 ± 0.2 mg -L) and raised (49.1 ± 4.3 and 1.9 ± 0.1 mg L -1, 

respectively) water table treatments. Across all plots, pore water DOC concentrations 
at 20 cm increased as the depth to water table increased (R2 

= 0.43, P < 0.001). DOC 
concentrations also increased as the seasonal thaw depth increased, with solutes increasing 
most rapidly in the drained plot (R2 

= 0.62, P < 0.001). About half of the TDN pool was 
composed of dissolved organic N (DON). Inorganic N and DON were both highly 
correlated with changes in DOC, and their respective constraints to mineralization are 
discussed. These results demonstrate that a declining water table position and dryer 
conditions affect thaw depth and peat temperatures, and interactions among these 
ecosystem properties will likely increase DOC and TDN loading and potential for export 
in these systems. 
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1. Introduction 
[2] Arctic and boreal soils serve as an important reser

voir for terrestrial carbon (C), likely containing about half 
(1672 Pg C) of the world's soil C [Tarnocai et ai., 2009]. 
The majority of soil C at high latitudes is found in wetlands, 
particularly peatlands, which accumulate deep organic soil 
layers due to anoxic conditions [Gorham, 1991; eZymo et al., 
1998; Bridgham et ai., 2006]. The formation and mainte
nance of boreal wetlands is influenced by relatively low rates 
of evaporation and the presence of perennially (i.e., perma-

frost) and seasonally frozen ground, which impedes drainage 
and also reduces organic matter decomposition [Dingman and 
Koutz, 1974; RouZet and Woo, 1986; Ford and Bedford, 1987]. 
Therefore, the fate of boreal wetland C stocks depends in part 
on the response of seasonal ice to changing climate regimes, 
and its interactive effect on water table position [Turetsky et al., 
2007; Tarnocai, 2009]. 
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[3] Alaska's arctic and boreal regions are experiencing 
substantial changes in climate that have caused longer, drier 
growing seasons [Keyser et ai., 2000; Serreze et aZ., 2000; 
Goetz et ai., 2005; Euskirchen et aZ., 2006], and degradation 
of permafrost [Osterkamp and Romanovsky, 1999; Hinzman 
et aZ., 2005]. While wetland ecosystems dominate the 
landscape of Alaska [Ford and Bedford, 1987], with peat
lands spanning over 4.2 x 107 ha [Bridgham et aI., 2006], 
continued changes in climate are likely to alter the distri
bution and functioning of these systems. Recently, water 
bodies in some wetland regions in arctic Alaska are drying 
[Yoshikawa and Hinzman, 2003], while other regions are 
becoming wetter. For example, expansion of open water in 
the Tanana Flats region is occurring due to hydrologic 
upwelling with increased meltwater from the Alaska Range 
[Osterkamp et aZ., 2000]. In other regions of Alaska, remote 
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sensing analyses indicate a significant loss of open water 
over the past 50 years [Riordan et 2006], sometimes 
accompanied by the encroachment of drier terrestrial 
systems. 

[4] Changes in boreal wetland moisture status are likely to 
influence not only the accumulation of C in peat and soil, 
but also the production, transformation, and lateral transport 
of dissolved organic C (DOC), total dissolved nitrogen 
(TDN), and other solutes to aquatic ecosystems [Kane et aL 
1 992; Moore et 1 998; Strack et 2008]. Lower water 
table position and/or thicker active layers due to 'warmer 
and drier climatic conditions generally promote aerobic 
decomposition and increased DOC production in organic 
soils [Qualls et 1 99 1 :  Oechel et ai., 1 993 ; Christensen 
et 1 99 8; Turetsky et at., 2000; Freeman et aL 2001; 
Strack et 2008]. Warmer temperatures occurring with 
the thawing of frozen ground stimulates microbial activity, 
also potentially increasing DOC production [Moore et at., 
i 998}. Though future global wanning will influence ther
mal and moisture regimes in high-latitude wetlands, the net 
eiIect on DOC concentrations is not dear because the pro
duction and transport of DOC may be atIected in opposing 
directions [e.g., Ball et 2 0 1 0]. For example, drying and 
increased peat aeration increase decomposition processes, 
but water and hydrologic connectivity are needed for 
DOC export [Moore et 1 998; Pastor et 2003; Worrall 
and Burt, 2008}. I'vforeoYer, disentangling productioni 
consumption relationships for DOC can be complicated 
because DOC is both produced by microbes [McKnight et 
ai., 1 985 ;  Bourbonniere, 1 989; Neff and Hooper, 2002] 
but also serves as a highly labile substrate for microbial 
activity [Qualls and Haines, 1 992; }vfichaelson et at, 1 998; 
Wickland et 2007: Balcarczyk et 2009J. 

[5]  While mesocosm eXperL'11ents in controlled conditions 
have suggested that warmer, drier conditions are likely to 
increase DOC generation in peatlands [Judd and Kling, 
2002; Blodau et 2004), direct measures of how such 
climate perturbations are likely to affect DOC and TON in 
boreal peatlands are rare in situ [cf Knorr et 2009). 
Strack et al. (2008] found increases in pore water [DOC ]  
following 1 1  years o f  water table draw down (induced by 
trenching) in a poor fen complex in eastern C anada. The 
increase in [DOC )  ',vas attributed to leachates associated 
with vegetation community changes, increased net primary 
production, and also increased variability in aerobic condi
tions. A similar increase in pore water [DOC]  was observed 
after 20 years of water table drawdown in a German peat
land, with the sustained increase attributed to increased 
decompositlOn rates in aerated histic soil [Holl et aI, 2009]. 
Warmer temperatures and the degradation of ice have been 
nominated as principle mechanisms for increased DOC 
export from Siberian peatlands, as measured by increased 
[DOC] in streams draining watersheds with more extensive 
peatland coverage [Frey and Smith, 2005]. DOC and TDN 
concentrations in the Yukon River basin. which drains 
��8.5 x 1 07 ha dominated by mineral wetland and peat
land complexes across the interior region of Alaska, are 
also principally derived from terrestrial sources [Guo and 
Macdonald, 2006: Spencer et at., 2008]. Recent studies have 
documented changes in interior and arctic Alaskan river 
hydrology (Hinzman et 2005; McClelland et aI. , 2007] 
and C and N concentrations [Striegl et a!., 2005; Dornblaser 

and Striegl, 2007} in response to warmer temperatures and 
changes in seasonal ice dynamics. Hovvever, direct study of 
the biological and biogeochemical processes in peatlands that 
determine the solute loads available for export into these 
stream networks in interior Alaska has received relatIvely 
little attention [Wickland et ai., 2007; Myers-Smith et aL 
2008; W:vatt et ai, 20 1 0] 

[6J In this study, we created two experimental water table 
position treatments in a moderately rich fen by facilitating 
drainage with trenches (lowered treatmem) and by active 
pumping of water (raised treatment) for four field seasons 
[TuretsA:Y et a!., 2008]. We monitored changes in water table 
and seasonal ice depth, as well as DOC, TDN, and a suite of 
anions and cations, in peat pore water in the third and fourth 
years of this study. Previous studies at this site have dem
onstrated the efficacy of the water table treatments in 
altering peat biophysical properties. For example, the 
increase in methanogenesis observed at the raised water 
table treatment likely reflected a decline in dissolved oxygen 
in peat pore water, owing to saturated conditions [Turetsky 
et aI., 2008]. Moreover, plant C uptake declined while 
peat CO2 efflux remained unchanged in the drained treat
ment, which likely reflected an increase in heterotrophic 
activity relative to the raised treatment [Chivers et aI., 
2009]. In both studies, there were strong interactive effects 
of temperature and water table position on peat minerali
zation processes. Based on these previous findings, we 
hypothesized that there would be greater accumulation of 
the water-soluble products of decomposition in the lowered 
water table treatment than in the raised water table treat
ment S ince the depth to seasonal ice not only influences 
water table position but also the temperature of the overly
ing peat layers, we expected strong interactive effects 
between ice depth and water table position in mediating 
DOC production, with the highest DOC concentrations 
cooccurring with the greatest extent of aerobic peat and 
depth to seasonal ice. We hypothesized that dissolved 
inorganic N (DIN) concentrations would increase in step 
with DOC (being higher in the lowered experimental treat
ment), as aerobic N and C mineralization processes exhibit 
similar requirements. Alternatively, anaerobic conditions 
can retard the mineralization of DON but can also stimulate 
denitrification, thereby reducing NO.3 concentrations. In this 
study, we explore how the interaction between seasonal ice 
and water table position explains variation in DOC, TDN, 
and DIN, and also discuss the likely consequences for C and 
N mineralization. 

2, Methods 

2,1, Study Region and Experimental Design 

[7} The APEX (Alaska Peatland Experiment) is located 
just outside the B onanza Creek Experimental Forest, 
approximately 35 km southeast of Fairbanks, in the interior 
region of Alaska, USA (www.lteLuafedu). Central Alaska 
has a continental climate characterized by low levels of 
precipitation (�285 rom yr-1), low humidity, and large 
annual temperature ranges (mean daily temperature of 
-24°C in January and FOC in July) [Slaughter and Viereck, 
1 986]. The rich fen study site is located within a narrmv 
alluvial plain <2 km north of the Tanana River, in the 
Middle Tanana Valley region. The Tanana River is adjoined 
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Year of study (depicted is May - Oct.) 

Figure 1. Seasonal trends in water table heights across the three manipulation treatments in interior 
Alaska (negative values indicate water table position below the surface of the peat). Inset shows standard 
deviation in mean monthly water table position across the 4 years of study (total of 1895 individual water 
table measurements). 

by a low plain 8-40 km wide that is marked by many oxbow 
wetlands [e.g., Hopkins et a!., 1955]. This site lacks trees 
and is dominated by brown moss, Sphagnum, and emergent 
vascular genera (Equisetum, Carex, and Potentilla). There is 
little microtopography at the rich fen, which has accumu
lated peat to a depth of approximately 1-1.5 m across all 
plots. Based on cores obtained from the site in winter, the 
loess and mixed alluvial mineral soil underlying the peat 
remains unfrozen all year, and therefore the extent of sea
sonally frozen ground is limited to the top I m of peat. 

[8] During early spring of2005, we established three plots 
(approximately 20 x 20 m) and assigned each to one of three 
water table treatments (raised, lowered, and a control ref
erence plot, each approximately 25 m apart), as previously 
described [Turetsky et a!., 2008; Chivers et a!., 2009]. While 
soils were still frozen, an excavator and chainsaws were 
used to dig channels facilitating water drainage from the 
lowered water table plot to a small holding trench down
slope from the plot. Throughout the growing seasons of 

2005-2008, solar powered bilge pumps were installed to 
move water into the raised water table treatment from a 
surface well located about 20 m downslope of the treatment. 
Water was added to the raised water table treatment at a rate 
of approximately 10 cm d-I. The chemistry of water addi
tions was similar to ambient pore water in the control water 
table treatment, with no significant differences in pH, elec
trical conductivity, DOC, TDN, or aromaticity [Turetsky 
et al., 2008]. Lateral groundwater flow between the plots in 
this study was negligible, owing to the near zero hydraulic 
gradient across the study sites and the slow hydraulic con
ductivity of deeper peat (Ksat of _10-6 cm s -I) [Mach eel, 

2010]. The goal of the experiment was to maintain low
ered (drained) and raised water table positions relative to the 
control without minimizing the considerable seasonal vari
ability in water table position at this site. A Campbell 
Scientific data logger communication system (Logan, Utah) 

facilitated the maintenance of natural fluctuations in water 
table levels in the experimental treatments, relative to the 
control plot conditions (Figure 1). 

[9] Our water table treatment was not replicated and thus 
location is confounded with water table plot. However, our 
baseline data suggested no differences in water table posi
tion, vegetation structure, or gas fluxes among water table 
plots prior to the manipulations [Chivers et a!., 2009]. Thus, 
although some caution is warranted due to the lack of true 
replicates, we believe that differences in our data are most 
parsimoniously interpreted as differences in experimental 
water table treatment. 

[10] While our goal was to alter mean growing season 
water table position across the experimental treatments, the 
considerable seasonal variation in water table height that is 
typical for this ecosystem continued to occur across all plots 
(Figure I). Our study period also captured large interannual 
variation. In particular, the end of the summer in 2008 was 
one of the wettest on record, with over 275 mm of precip
itation falling throughout interior Alaska between the 
months of May and October (National Atmospheric Depo
sition Program, station AKO 1). As a consequence of this, the 
region around the experimental plots became flooded in 
August- September, which was evident in the Tanana River 
gage height increasing to 8.0 m, which is approximately 3 m 
above its winter base flow (U.S. Geological Survey, gage 
15485500). Since the flooding event made it impossible to 
experimentally manipulate water table position across the 
treatment plots, we considered data collected during this 
period separately. The flooding event afforded a unique 
opportunity to quantify the effects of an extreme change in 
water table height on peat pore water chemistry. 

2.2. Water Table and Seasonal Ice Measurements 
[I J] Within each treatment plot (control, lowered, raised) 

eight wells were inserted to measure the water table posi-
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Table 1. Changes in TON, DOC, and Aromaticity in Samples Repeatedly Obtained From Three Different Piezometer Depths, Across All 
Three Treatments' 

Depth TDN DOC SUVA254b 
Plot (cm) Months (mg L-1) (mg L-1) (L mg C1 m-1) 

Control 20 May-Jun 1.86 (0.28) 31.91 (6.91) 5.56 (0040) 
20 Jul--Aug 3.09 (0.63) 61. 61 (6.02) 4.27 (0.22) 
20 Sep 2.58 (0.53) 64.96 (12.97) 4.17 (0.98) 
40 May-Jun 3.23 (0.03) 72.78 (3043) 
40 Jul-Aug 4.62 (0.75) 89.03 (8.05) 4.62 (0.24) 
40 Sep 3.19 (0.03) 78.29 (6.24) 6.03 
80 Jul-Aug 2047 (0.15) 70.59 (7.68) 4.26 (0.34) 
80 Sep 3.12 (0.13 )  60.88 (3.30) 5.29 (0.34) 

Lowered 20 May-Jun 2.95 (0.98) 46.93 (16.58) 4.72 (0.01) 
20 Jul-Aug 3.93 (0.67) 79.70 (6.87) 4.62 (0.33) 
20 Sep 3.01 (0.73) 72.60 (17.59) 3.29 
40 May-Jun 3.35 (0045) 68.19 (4.19) 
40 Jul-Aug 3.76 (0.76) 63.96 (7.11) 4.65 (0049) 
40 Sep 2.25 (0.04) 63.17 (6.06) 
80 Jul-Aug 2.62 (0.07) 56.31 (6.14) 4040 (0.29) 
80 Sep 3.06 (0.19) 56.02 (5.97) 5.12 (0042) 

Raised 20 May-Jun 1.56 (0.19) 32.29 (6.58) 5.62 
20 Jul-Aug 2.85 (0.62) 54.01 (5040) 4.26 (0.26) 
20· Sep 2.01 (0.25) 51.48 (8.92) 4043 (0.56) 
40 May-Jun 1.99 (0.05) 42.35 (1.18) 
40 Jul-Aug 3.82 (0.86) 68.26 (7.06) 4.29 (0.36) 
40 Sep 2.76 (0.09) 77.79 (4042) 5.71 (0.09) 
80 Jul-Aug 2.71 (0.l3) 62.71 (7.67) 4.01 (0.35) 
80 Sep 3.56 (0.39) 69.10 (4.24) 5.10 (0.52) 

'Standard errors of the mean values are in parentheses. Total sample n = 136 (TDN), 214 (DOC), and 95 (SUVA). 
bSpecific ultraviolet absorbance at 254 nm, relative to the DOC concentration. 

tion. Three of these wells were installed along the north and 
south sides of each plot, approximately 3 m apart and I m 
within the plot boundary, and one well was installed in the 
center of the east and west sides of each plot. Wells were 
constructed of 2.5 cm diameter polyvinyl chloride pipe that 
extended approximately 1 m into the peat, and was slotted 
the entire depth. The water table height at each well was 
measured approximately weekly throughout the growing 
season, 2005-2008 ( 1 895 individual measurements). Eigh
teen additional wells were installed and monitored in 2007-
2008 to measure changes in water table position between the 
three plots, as well as water level changes �40 m north and 
south of the plots. All water table position data were mea
sured relative to the surface of the peat, and therefore neg
ative values denote the distance of the water table beneath 
the peat surface. 

[12] Throughout the growing seasons of 2007-2008, thaw 
depth (relative to peat surface) was also measured at each 
well location with a tile probe. Continuous temperatures 
recorded at the peat surface by the Bonanza Creek Long
term Ecological Research station (L TER II; www.lter.uaf. 
edu), located in close proximity to the site in the Tanana 
River basin, were used to determine summed degree days 
(SDD), or the summed mean daily temperatures >O°C. The 
heat sum for the study site ( SDD) was used as a predictor 
variable in determining changes in the recession of seasonal 
ice across the plots for a given year [see also Wright et al., 
2 009]. Peat temperatures at the study sites were monitored 
with thermistors located 25 cm beneath the peat surface 
(6 per plot), and were recorded hourly throughout the 
growing season with Campbell CRI0x data loggers 
(Campbell Scientific, Logan, UT). When interpolation was 
not possible to gap-fill missing data (extensive flooding 
period in 2008 resulted in 46% of data missing), empirical 

relationships between surface and 25 cm depths developed 
at L TER II were used in gap filling. 

2.3. Peat Pore Water Measurements and Analysis 

[13] Peat pore water was sampled for chemical analysis 
with a group of three piezometers installed at each plot. 
Piezometers had a 20 cm slotted region centered around a 
depth of 20 ,  40, or 80 cm, which was covered with a 40 pm 
Nitex nylon mesh to prevent clogging. Samples were col
lected approximately biweekly throughout the growing 
seasons of 2007 and 2008. During the period of flooding in 
2008,  the piezometers were overtopped and therefore sam
ple collection only included surface water during that 
period. Deep piezometers could only be sampled later in the 
growing season when the depth to seasonal ice allowed 
(e.g., Tables 1 and 2). 

[ 14 ]  Prior to sampling for chemical analyses, the piezo
meters were pumped dry and allowed to recharge. The time 
required for recharge depended on depth, as hydraulic 
conductivity was much lower in the deeper peat [Macheel, 
20 I 0]. A small amount of pore water was pumped into 
the collection flask as a prerinse for sample collection in 
acid-rinsed dark polyethylene Nalgene bottles. Approxi
mately 1 50 mL of sample was collected, and then samples 
were kept on ice packs in a cooler and brought back to the 
laboratory where they could be filtered through sterile 
Whatman 0.45  pm membrane filters (less than a day from 
time of collection). After filtration, samples were then split 
into three parts: ( 1 )  50 mL was acidified (PH 2) and 
refrigerated prior to DOC and TDN analysis, (2) 50 mL was 
kept frozen prior to anion and cation analysis (in year 2007 
only), and (3) 1 0  mL was diluted ( 1 : 1 0) and its ultraviolet 
absorbance at ,\ = 254 nm was immediately determined on a 
spectrophotometer to determine relative aromaticity of 
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Table 2. Changes in Cation and Anion Pore Water ChemistIy Across the Three Water Table Treatments' 

Depth pH DOb Ca++ Mg++ NH4-N N03-N Cl-
Plot (cm) Months �ore Water2 �mg L-1) �mg L-1) �mg L-1) �mg L-1) (mg L-1) (mg L-1) 

Control 20 May-JUll 6.29 (0.23) 10.28 (0.44) 4.89 (2.42) 2.94 (0.40) 1.06 (0.11) bdl 1.07 (0.45) 
20 Jul-Aug 6.14 (0.02) 7.76 (0.44) 17.98 (0.38) 3.74 (1. 47) 0.60 (0.50) 0.73 (0.03) 0.28 

20 Sep 14.49 (1.27) 4.50 (0.33) 0.30 (0.07) 0.78 (0.001) 0.20 (0.03) 
40 Jul-Aug 6.04 (0.08) 15.53 (1.46) 3.96 (0.55) 0.35 (0.19) 0.87 (0.09) 0.29 (0.01) 
40 Sep 20.65 (1.84) 6.63 (0.67) 0.14 (0.08) 1.02 (0.02) 0.29 (0.05) 
80 Sep 11.31 (0.91) 3.44 (0.26) 1.34 (0.05) 1.00 (0.28) 0.40 (0.004) 

Lowered 20 May-Jun 6.23 0.15 11.55 (0.50) 7.05 (1.53) 2.72 (0.40) bdl bdl 0.79 (0.33) 
20 Jul-Aug 6.21 0.08 8.28 (2.32) 14.86 (6.68) 4.45 (1.39) 1.49 (0.60) 0.83 (0.17) 0.48 (0.12) 
20 Sep 18.13 (0.16) 5.60 (0.06) 0.57 (0.04) 0.91 (0.23) 0.34 (0.03) 
40 Jul-Aug 6.01 0.01 10.53 (1.00) 3.24 (0.32) 0.43 (0.10) 0.69 (0.12) 0.30 (0.07) 
40 Sep 12.64 (0.67) 2.92 (0.68) 0.69 (0.39) 0.87 (0.3) 0.21 (0.02) 
80 Sep 9.50 (2.91) 5.68 (2.04) 2.68 (0.86) 1.00 (0.12) 0.25 (0.02) 

Raised 20 May-JUll 6.27 0.13 10.16 (0.11) 2.15 (2.15) 4.32 (0.94) 1.13 (1.07) bdl 0.58 (0.26) 
20 Jul-Aug 6.27 0.02 6.61 (0.53) 10.09 (2.56) 3.76 (0.90) bdl 0.58 (0.08) 0.10 (0.05) 
20 Sep 10.92 (0.48) 3.90 (0.22) 0.08 (0.01) 0.78 (0.20) 0.08 (0.01) 
40 Jul-Aug 6.03 0.09 11.04 (2.26) 6.00 (1.76) bdl 0.59 (0.07) 0.23 (0.02) 
40 Sep 12.42 (0.39) 2.92 (0.09) 0.03 (0.03) 0.79 (0.21) 0.18 (0.005) 
80 Sep 9.29 (3.76) 3.34 (0.57) 2.31 (0.11) 0.88 (0.14) 0.19 (0.04) 

aStandard errors of the mean values are in parentheses. Total sample n = 40 for anions and cations. Sample concentrations below detection limit are 
denoted by "bdl." 

tnissolved oxygen measured in surface pore water only (above water table to 5 em depth). 

DOC. Blanks of deionized water (with and without acidi
fication) were run with all analyses (approximately one for 
every nine samples). DON and TDN were run with a TOC
V Analyzer with TDN module,  (Shimadzu Scientific 
Instruments, Columbia, MD, USA), and calcium (Cay, 
magnesium (Mg y, ammonium (NIC), nitrate (NO;) and 
chloride (CIl were determined with an ICS-2000 ion chro
matograph (Dionex Corporation, Bannockburn, IL, USA). 
Dissolved organic N (DON) was determined as the difference 
between TDN and dissolved inorganic N (DIN; NH4 -N plus 
N03 -N). We analyzed samples for ultraviolet absorption at 
.\ = 254 nm with a DU-640 Spectrophotometer (Beckman 
Coulter, Inc., Fullterton, CA, USA) in 2007 and with a UV
Mini 1 240 Spectrophotometer (Shimadzu Scientific Instru
ments, Inc., Columbia, MD, USA) in 2008. We calculated 
specific ultraviolet absorbance (SUVA) by dividing absor
bance at .\ = 254 nm by DOC concentration, and reported 
SUVA254 of DOC in units of L mg C-I m-I. A subset of 
samples run on both instruments exhibited similar absor
bance values (R2 = 0.99 ,  p = 0.0 1 ,  n = 10). While SUVA254 
could not be corrected for changes in soluble iron content 
[Weishaar et aI., 2003], seasonal fluctuations in iron are 
likely to be low owing to the high cation exchange capacity 
of deep peat, and the constancy of a pH above �6 [e . g ., 

Vitt et aI., 1 995].  
[15] Throughout the growing season of 2008, surface 

water (within 5 cm of the peat surface) across the three plots 
was analyzed for dissolved oxygen (DO) using a Hach HQ 
40d luminescent DO probe (Hach Company, Loveland, CO, 
USA); four points per plot were averaged for every sam
pling day. In July of 2008, 0.5 L of pore water (20 em 
depth) was collected from each plot and filtered as previ
ously described for use in an incubation experiment to 
determine relative differences in potential DOC and TDN 
mineralization. Initial DOC and TDN concentrations on the 
bulk samples were determined as previously described, and 
then 50 mL of filtered sample was put into 1 30 mL pre
cleaned amber glass bottles (six replicates per plot). One mL 

of common innoculum of pore water filtered through a 
1 .6 /km glass fiber filter (sequentially diluted to 1 0-3) was 
pipetted into each bottle, following methods described by 
Wickland et al. [2007]. Bottles were then gently shaken and 
incubated in the dark at 20°C for 3 0  days, acidified to pH = 
2, and then remeasured for DOC and TDN concentrations. 

2.4. Statistics and Analysis 

[16] Changes in the water table poslllon were experi
mentally manipulated at two plots, but also changed sea
sonally across  all plots. Therefore, all statistics concerning 
water table include both seasonal changes (across all plots) 
and experimental changes (at two plots). All statistical 
analyses of changes in pore water chemistry were performed 
using general linear models (GLM) in SAS 9.2 (SAS 
Institute Inc., Cary, NC, USA), with water table treatJnent 
(control, lowered, raised) as a fixed effect. Analysis of 
covariance was used to ascertain changes in the significance 
of DOC versus ice depth and DOC versus water table 
position relationships as a function of the water table 
treatJnents. S ince there is autocorrelation between the depth 
to ice and the progression of the growing season, the GLM 
procedure was used in repeated measures analysis of vari
ance tests for within subj ect effects of day of year, seasonal 
ice depth, and water table position on DOC concentrations. 
One-way analysis of variance multiple comparisons (least 
significant difference) tests were used to determine differ
ences among treatments (0: = 0 .05), and descriptive statistics 
were calculated with Analyze-It statistical module (Leeds, 
UK). 

3. Results 

3.1. Water Table and Seasonal Ice Depth 

[1 7 ]  The drained plot had a consistently lower water table 
height relative to the surface of the peat than did the refer
ence control plot, while the raised plot was consistently 
wetter throughout all 4 years of manipulation (Figure 1 ). 
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Figure 2. Mean daily peat temperatures (25 cm) increased 
as the depth to seasonal ice increased with the progression of 
the growing season. Coefficients describing the natural log
arithmic trend are (30 = -8.66 ± 2.46, .81 = 4.44 ± 0.62. 

The mean (±standard error) monthly water table position 
during the growing season for the control and drained plots 
across all 4 years of manipulation was 7.2 ± 3.2 and 1 0 .0  ± 
3.8 cm beneath the surface of the peat, respectively, whereas 
the raised water table treatment had water 0. 1 ± 2.2 cm 
above the peat surface on average. The water table position 
at the drained treatment was also more variable than at the 
control plot, whereas experimentally raising the water table 
depth relative to the peat surface at the raised plot reduced 
fluctuations in water table height within the months of June, 
July, and August (Figure 1, inset). During the flooded period 
(August-September 2008) , the mean water table height was 
2 8 . 8  ± 2.4 cm above the peat surface across  all of the plots 
(Figure I). 

[ 18 ] While the experimental treatments were effective in 
altering the water table position among the three plots, 
seasonal ice dynamics largely controlled water table changes 
throughout the growing season. The distance to water table 
relative to peat surface increased as the depth to seasonal ice 
increased with the progression of the growing season across 
all plots (R2 = 0 .3 8 , p < 0.00 1 ,  F 1,45 = 27.33 ). As the depth 
to seasonal ice increased with the progression of the grow
ing season, mean daily peat temperatures (25  cm) also 
increased (Figure 2). There was an interaction between 
water table height and mean daily peat temperatures (25  cm) 
in explaining depth to seasonal ice across all plots (FI,45 = 
7.29, P = 0.0 1 ) . 

[ 19] The thawing of seasonally frozen ground with 
increasing summed degree days (SDD, >O°C) at the peat 
surface varied across treatment plots and years (F2,54 = 6.25, 
P = 0.004) . The water table height was maintained at a 
higher position relative to the peat surface at the raised 
treatment, and the rate of ice recession with time was the 
fastest at this plot (Figure 3c). Throughout 2007 and 2008, 
the rates of ice recession with increasing heat sums (SDD) at 
the peat surface (cm of thaw per increase in SDD) were 

0.04 ± 0.006, 0.03 ± 0.006, and 0.05 ± 0.008 (cm of thaw 
per increase 

.
in SDDd for the control, lowered, and raised 

plots, respectIvely (R = 0 .75 , 0.64, and 0.68, and p < 0.00 1 ,  
respectively). 

3.2. Pore Water Composition 

[20] Throughout the growing seasons of 2007 and 2008, 
pore water DOC and TDN measured at 20 cm depth both 
increased as the growing season progressed (Figure 3 ). This 
seasonal pattern was not evident in samples obtained from 
40 and 80 cm, though the deeper pore water generally had 
higher DOC and TDN solute concentrations than the shal
lower depths (Table I). SUV A254 values recorded in the 
surface piezometers were variable throughout the growing 
season, with high values occurring early in the season fol
lowing snowmelt (Table 1 ) . When differences in year of 
sampling were accounted for, SUV A254 values increased 
with the progression of the growing season in the 40 and 
80 cm piezometers (R2 =0.30, p<O.OOI) (Table 1 ) . SUV AZ54 
increased as the water table position declined relative to the 
peat surface across all plots and measurement depths (Rz 

= 

0. 1 0, P = 0.0 1 ), with the strongest relationship occurring in 
the 40 and 8 0  cm piezometers (Rz = 0.4 1 ,  P < 0.00 1 ) . As the 
SUV AZ54 increased across  all plots, the percentage of [DIN] 
increased in pore water at all depths (r = 0.40, P = 0.04), 
while [DON] had a weak negative correlation with 
SUV A254 (r = -0 .3 6 , p = 0.06) . 

[21] Patterns of TDN concentrations closely followed 
DOC concentrations in peat pore water, mostly tracking 
changes in DON with DOC across all plots and measure-
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Figure 3. Seasonal patterns of (a) DOC, (b) TDN, and 
(c) depth to seasonal ice across the three water table treatments. 
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Figure 4. Total dissolved N (circles) and dissolved organic 
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ment depths (Figure 4). DON comprised approximately 
46% of the total TDN pool (DON = 0.3 2  ± 0.39 + TDN x 
0.46 ± 0 . l 3 ;  R2 = 0.25, P = 0.00 1 ). While N03 -N con
centrations also increased significantly with DOC con
centrations at all depths (R2 = 0.42, P < 0.00 1 ), this trend 
was driven mostly by the absence of detectable N03 -N 
early in the season (Table 2), when the depth to ice was 
shallowest. NH4 -N concentrations were not related to pore 
water DOC concentrations (F 1,39 = 0.26 ,  P = 0.62), and 
were consistently highest in the deep 80 cm piezometers 
(Table 2). Pore water concentrations of base forming cations 
(Ca ++ and Mg ++) generally increased with the progression 
of the growing season, but were consistently lowest in the 
80 cm piezometers (Table 2). In· the 20 and 40 cm piezo
meters, [Ca ++] was correlated with depth to seasonal ice 
across  all plots (r = 0.49, P = 0.00 1 ). Concentrations of CI-, 
which is thought to come solely from precipitation and 
snowfall and is biologically inert [Hayashi et at., 2004; 
Jones et al., 2005] ,  were highest early in the season fol
lowing snowmelt, but then did not change across the 
growing season (Table 2), or with depth (FI,39 = 0 . 8 5 , P = 
0.36). Mean Cl- concentrations were higher in the lowered 
plot than in the raised plot (F = 5.48, P = 0.03), but neither 
were different from the control plot. After snowmelt, there 
were no trends between Cl- and water table position mea
sured at the plots throughout the growing season. 

[22] Dissolved oxygen (DO) measured at the peat surface 
(±5 cm) declined with the recession of seasonal ice (R2 = 
0.68, p < 0.00 1 ,  n = 1 2) as the growing season progressed 
across all p lots (Table 2). The lowered water table plot 
exhibited marginally higher DO values than the control or 
raised treatment plots early in the season (F2,11 = 3 . 95 , P = 
0.06), but there were no differences in surface water DO 
across the treatments late in the season (Table 2). 

3.3. Water Table and Seasonal Ice Controls on DOC 
and TDN 

[23] Throughout the growing seasons of 2007 and 2008, 
mean monthly DOC concentrations measured at 20 cm 
depth increased as the standard deviations in mean monthly 
water table positions increased acrossplots (R2 = 0.30, p = 
0.036). Pore water DOC concentration measured at 20 cm 
depth increased as both the water table and the seasonal ice 
receded beneath the peat surface with warmer temperatures 
as the growing season progressed (Figure 5). [DOC] at 
20 cm also increased as mean daily peat temperatures at 
25 cm increased (R2 = 0.28 ,  P < 0.00 1 ) ,  as expected because 
of the high correlation among peat temperatures, heat sums,  
and seasonal ice depths (e.g., Figure 2). There was no sig
nificant difference in the DOC concentration versus water 
table height (F2,52 = 9.22, P = 0.97) relationship as a func
tion of water table treatment in analysis of covariance, and 
pore water [DOC] increased by 2.26 ± 0.37 mg L-

I 
for 

every cm of decline in water table position below the peat 
surface across all plots (Figure 5a). There were drainage 
treatment effects on the relationship between pore water 
[DOC] and seasonal ice depth (F2,45 = 3.59, P = 0.04), with 
the lowered water table plot exhibiting the greatest change in 
pore water [DOC] with changes in seasonal ice (Figure 5b). 
TDN concentrations followed patterns similar to [DOC], 
with water table position explaining 73% of the variance 
(p < 0.00 1 )  and seasonal ice depth explaining 44% of the 
variance (p = 0.002) in [TDN] at 20 cm depth across all 
plots. 

[24] As expected from the seasonal patterning of data in 
Figure 3, there were significant interactions between the 
timing of sampling and the recession of seasonal ice in 
affecting DOC concentrations throughout the growing sea
son (Table 3). As such, date of sampling was accounted for 
in determining significant environmental effects on changes 
in pore water [DOC] (Table 4). When day of year was 
considered, the significance of seasonal ice depth and peat 
temperature as predictors of [DOC] were negated (Table 4). 
However, there was a strong interactive effect between 
depth to seasonal ice and water table position in explaining 
changes in [DOC] (Table 4), and this interaction term alone 
explained 45% of the variance in DOC concentrations at 
20 cm across all plots (FI,45 = 3 5.40,  P < 0.00 1 ). S imilarly, 
the peat temperature x water table position interaction term 
explained 48% of the variance in DOC concentrations at 
20 cm across all plots (FI,45 = 40.73, P < 0.00 1 ). The decline 
in [DOC] observed with increasing water table height was 
not solely due to dilution effects, as DOC:CI- ratio trends 
between water table position and depth to seasonal ice were 
maintained (Figure 6). 

[25 ]  A seasonal hysteresis pattern in pore water [DOC] 
was evident with changes in water table position during late 
season flood (Figure 7). The increase in pore water [DOC] at 
20 cm as water table position declined in the early part of the 
year in 2008 was not significantly different from 2007 
(Table 4), but with late season flooding the DOC concen
tration was markedly higher than that measured early in the 
season at the same water table position (Figure 7). With 
early season drainage, [DOC] doubled in the month of July, 
with relatively little change in water table position but a 
large increase in the depth to seasonal ice (from 1 0  to 55 cm) 
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Figure 5. (a) Pore water [DOC] concentrations measured at 20 cm depth as a function of water table 
height (data from period of flooding in 2008  not shown). Coefficients are = 6 1 .37 ± 3.04, 3)  = 
-L26 ± 0.37. (b) Pore water [DOC] at 20 cm depth as a function of depth to season ice. Coefficients 
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was no significant difference in the DOC versus water table height (F = 9 .22 , p = 0.97) relationship as a 
function of water table treatment in analysis of covariance. Dotted lines represent a 95% confidence inter
val about the regression line. 

(Figure 7). The higher concentrations of DOC and TDN 
observed at the lowered water table plot, and lower con
centrations (relative to the control) measured at the raised 
water table plot (Table 1 )  were maintained even during the 
period of extensive flooding, with [DOC] means of 42.0 ± 
3.4 (control), 49. 1 ± 1 1  A (lowered), and 3 3.5 ± 1 1 (raised) 
mg L -I being measured at 20 em throughout August
September in 2008. 

3.4. Mineralization Potential of DOC and TDN 

[26] Pore water collected at the control,  lowered, and 
raised treatment plots for an incubation experiment differed 
in their initial DOC (5 1 . 1  ± 0.3, 8 9.8 == 0.6, and 33.4 ± 
0.3 mg L-1) and TDN ( 1 .57 ± 0.0 1 ,3.08 ± 0 .02, and 0.94 ± 
0 . 0 1  mg L-1) concentrations, respectively. Following 
30 days, the reduction in [DOC] and [TDN] owing to min
eralization was greatest at the lowered plot, \A/hich exhibited 
the highest initial solute concentrations (Figure 8). However, 
reductions in [DOC] as a percentage of initial concentrations 
were not significantly different across treatments (7.2 ± 0 .9%; 

7 = 0.78 ,  P = 0.48), which suggests that DOC quality may 
not have differed across the experimental treatments. 
Reduction in [TDN] as a percentage of initial concentration 
was significantly higher at the raised plot (4.7 ± than 
the lowered (2 . 8  ± 0 .4%) or control (3.5 ± 0 .4%) p lots 
4.33,  p = 0.04). 

[27] The depth to water table affected (he transfonnation 
of different N species in peat pore water measured across
plots (Figure 9). N03 -N was not detectable until the water 
table had receded to just below the peat surface across all 
plots. When the water table had receded to approximately 

5 em below the surface of the peat, there was a marked 
increase in NO} -N production relative to NH4 -N (Figure 9a), 
and also a marked increase in DIN concentrations (Figure 9b). 
With continued water table drawdown across plots, N03 ·-N 
concentrations declined (Figure 9a). The DlN:TDN ratio 
increased as the ,vater table position declined relative to the 
peat surface across  all plots (R2 = 0 1 5, P = 0.02); however, 
there was considerable variation within the treatments. and 
this trend was driven mainly by the lowered water table plot 
data (Figure 9b). 

4. Discussion 

4.L Interactive Controls of 'Vater Table 
and Seasonal Ice 

[28] In this study there was a significant interaction 
between water table position and depth to seasonal ice in 
explaining variance in pore water [DOC] and [TDN]. It is 
perhaps not surprising that pore water [TDN] and [DOC] 

Table 3. Results From Repeated Measured Analysis of Variance 
(General Lin e ar M o d e l )  Analyzing Changes in P ore Water 
[DOC] at 20 em Depth Across AI! Experimental Treatments, Using 
Data From All S ampling Times 

Source DF ss MS F p Vaiue 

Day of year 25146.61 25146 61 222.62 <0.0001 
Day of year )< [DOC] 227746 2277.46 20.16 <0.0001 
Day of year y deptb to ice 19698.33 19698.33 174.39 <0.0001 
Day of year x water table 0.70 0.70 0.01 0.9375 
EtTOr (day of year) 51 5760.74 112.96 
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Table 4. Results of a General Linear Model Utilizing Experimental Treatments and Environmental Parameters to Predict Changes in 
P ore Water [DOC] at 20 cm (Data From the Period of Flooding Not Included)a 

Source DF SS MS F P Value R2 

Water table treatmentb 2 6004.33 3002.17 16.10 <0.0001 
Year 1 126.88 126.88 0.68 0.4148 
Day of year 1 517.24 517.24 2.77 0 .1045 
Mean temperature at 25 cm 1 1.09 1.09 0.01 0.9395 
Depth to seasonal ice 1 6.78 6 .78 0.04 0.8499 
Mean water table position 1 256.70 256.70 1.38 0.2483 
Water table x temperature at 25 cm 1 1444.65 1444.65 7.75 0 .0085 
Water tab Ie x depth to ice I 2907.78 2907.78 15.60 0.0003 
Model 9,45 31795.76 3532.86 18.95 <0.0001 0.83 

aDF, degrees of freedom (source, model total); SS, type III sum of squares; MS, mean square error. 
bOrouped by three class variables (drained, raised, control), There was no significant difference in the DOC versus water table (F = 9.22, P = 0.97) 

relationship when water table treatment was accounted for in analysis of covariance. 

exhibited similar trends with depth-to-seasonal-ice and 
water table position (Figure 4), owing to the dominance of 
DON in the TDN pool [see also D 'Amore et aI. , 2009] . The 
increase in pore water DOC concentrations observed in the 
lowered water table treatment, as well as across all plots as 
the water table declined, was consistent with numerous other 
studies that have shown increases in the accumulation of 
water soluble products of decomposition with water table 
drawdown in peat, as the zone of aeration increases [Blodau 
and Moore, 2003 ; Blodau et al. , 2004; Strack et al. , 2008;  
Hall et  aI. , 2009] in proportion to the zone of anaerobic or 
submerged peat. Moreover, depth of seasonal thaw was 
highly correlated with peat degree-day heat sums and peat 
temperatures as expected, and its utility as a predictor of 
pore water [DOC] agrees with previous studies showing 
increased DOC production with warmer temperatures in 
boreal organic soi ls  [Moore and Dalva, 200 1 ;  Neff and 
Hooper, 2002; Prokushkin et aI. , 2005 ; Kane et aI. , 2006; 
Moore et aI. , 2008] .  Interestingly, seasonal ice depth and 
peat temperature were weak predictors of variability in pore 
water [DOC] in the raised water table treatment, but sea
sonal ice depth had strong explanatory power in the lowered 

900 
X control 

water table treatment (Figure 5b). In contrast, the effect of 
water table position was consistent across  the treatments in its 
ability to explain variation in pore water [DOC] (Figure 5a) .  
These findings suggest that water table position may be a 
more limiting factor than seasonal ice depth (or peat tem
perature) in mediating DOC concentrations [Strack et aI. , 
2008]. Notwithstanding, with combined effects of drying 
and warming or the recession of seasonally frozen peat, these 
findings suggest the potential for even greater DOC produc
tion than from just drought or thaw alone (Table 4) . 

[29]  The singular effects of changes in ice depth and water 
table position on pore water [DOC] are hard to disentangle 
throughout a growing season. For example, changes in 
water table height affect microbial activity and DOC pro
duction, but may also alter solute concentrations by dilution. 
By using the conservative ion CI- to account for changes in 
water added or removed from the treatments, we were able 
to determine if variation in water table and seasonal ice 
controls on pore water [DOC] concentrations could be 
explained by mechanisms other than dilution [Hayashi et aI. , 
2004]. DOC:CI- still increased as both the water table and the 
depth to seasonal ice declined beneath the peat surface, and 
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Figure 6. Pore water [DOC: Cl] concentrations (a) measured at 20 cm depth declined with increasing 
water table height and (b) increased as depth to seasonal ice increased across the water table treatments. 
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Figure 7. Seasonal pattern of [DOC] changed dramatically during a flooding event in 2008. (left) Pore 
water [DOC] increased with early season drainage as expected, but was much slower to decline with 
flooding, likely owing to (right) a concomitant increase in the depth to seasonal ice and warmer tempera
tures. Data are shown for the control plot only. 

responses differed by water table treatment type. While it is 
worth noting that recent research has raised questions on the 
conservative behavior of chloride in organic soil [Oberg and 
Sanden, 2005], these data indicate that the changes in pore 
water [DOC] were not due to dilution or evaporative con
centration effects alone (see discussion by Waiser [2006]). 

[30] Manipulating the water tables and altering peat 
moisture also have a secondary effect on seasonal thaw 
depth by altering the thermal conductance of the peat 
[Shan-at!, 1997; Yi et al. , 2009; O 'Donnell et aI. , 2009]. As 
such, the raised treatment plot had a more rapid rate of ice 
recession (Figure 3c). Adding to this complexity, peat water 
content at the time of freezing late in the fall largely influ
ences its ice content [Kane, 1980], which in tum influences 
peat temperatures and the perching of runoff in the fol
lowing spring season [Bonan, 1992; Wright et al. , 2009]. 
Drained experimental plots have exhibited early spring 
warming relative to control plots in previous studies 
examining mineral soil horizons [Steenhuis and Walter, 
1986; Jin et aI., 2008]. In this system, water table and 
depth to ice at the lowered and raised water table plots were 
the most distinguished from the control plot later on in the 
growing season, which likely reflected changes in peat 
thermal conductance occurring with changes in water table 
when air temperatures (and heat sums) were higher [Bonan 
et aI., 1990]. 

[3 1 ]  The experimental treatments also exhibited different 
responses in DOC concentrations with seasonal changes in 
depth to ice and water table height. The raised water table 
treatment exhibited the lowest sensitivity of [DOC] to 
changes in seasonal ice depth (Figure 5b), which suggests 
that temperature was not as large a constraint to DOC pro
duction as was the lack of oxygen, when the water table 
position was high. However, when the water table position 
was relatively low across all plots (July; Figure 7, left) pore 
water [DOC] changed rapidly in response to a relatively 
small change in water table height, likely owing to a rapid 
decline in the depth to seasonal ice also occurring when 
there was aerobic peat (Figure 7, right). In fact, pore water 
[DOC] did not exhibit any marked changes across the 

drainage treatments until the depth to seasonal ice reached 
approximately 60 cm; at this point in the growing season 
[DOC] increased sharply at the lowered treatment in both 
sampling years (Figure 3) .  These data illustrate how the 
interactive effects of water table position and seasonal ice 
depth on pore water [DOC] can change throughout the 
growing season. 

[32] Another change cooccurring with the thawing of 
seasonal ice was the increase in primary production and 
microbial respiration as the growing season progressed 
[Chivers et al., 2009]. Increased vegetation production has 
been linked to DOC generation (e.g., seasonal root leachates 
and rhizodeposition [Kang et al. , 200 I ;  Fenner et aI., 2007], 
leachates from litter production [Schiff et aI. ,  1997; Kalbitz 
et aI. , 2000; Cleveland et aI. ,  2004; Blodau et aI. , 2004], and 
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Figure 8.  The amount of DOC mineralized over a 30 day 
laboratory incubation from the three water table treatments. 
The percent of DOC mineralized was the same across the 
three treatments (7 .2  ± 0.9% loss over 30 days) . Different 
letters denote significant differences across treatments 
(one-way ANOYA between subjects). 
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moss leachate effects on pore water chemistry [Moore, 
2003 ;  Wickland et al. , 2007]) .  As such, seasonal changes 
in primary' production (cooccurring with ice recession) were 
likely significant factors affecting peat pore water chemistry 
across all plots [Harrison et a!. , 2008] ,  but changes in pri
mary production did not track changes in pore water [DOC] 
within the different experimental treatments .  In  a previous 
study, vegetation C uptake was greatest in the raised treat
ment and lowest in the drained treatment, suggesting sen
sitivity of vegetation in this system to an interaction between 
drought and temperature [Chivers et a!. , 2009] .  It is there
fore interesting that the raised treatment (with the highest 
vegetation C uptake) had the lowest pore water [DOC], 
which may suggest that DOC production was more tightly 
linked with microbial activity (particularly with increased 
aerobic activity in nonsaturated peat) than with changes in 

net primary production, at least within this  short time frame 
across treatment plots. It is also likely that enhanced vari
ability in water table position at the lowered treatment was 
more effective in DOC generation (with alternating aerobic 
and anaerobic conditions [Kalbitz et aL , 2000]) and the 
flushing of pore water DOC [see also Worrall et 2008], 
which could uncouple DOC production from patterns of 
biological activity on short timescales [Biodau and A1oore, 
2003] .  Continued study of vegetation changes across the 
treatment plots, and a better understanding of microbial 
processing of plant-derived DOC, is required to better 
understand seasonal changes in pore water DOC 

4,2. Pore Water Constituents 

[33 ]  Other pore water constituents also reflected changes 
in the depth to ice and water table position throughout the 
growing season, and across  the experimental plots . For 
example, higher SUVA values generally reflect the presence 
of higher molecular weight dissolved organic matter (DOM) 
(at 280 nm [Chin et at. , 1 994]) that is more aromatic 
[Weishaar et aL 200 3 ;  see also Novak et aI. ,  1 992] . DOC 
with higher SUVA has been shown to be less labile than 
lower molecular weight DOC [Kalbitz et al. , 2003] ,  such as 
hydrophilic OM which has lower SUVA [e .g . ,  Croue, 2004; 
Wickland et aI. , 2007] ,  though a broad range in SUVA may 
be observed within chemical fractions [Weishaar et ai. , 
2003 ] .  The SUVA of DOM has been ShO"ill to increase 
over time in incubation experiments [Chow et aI. , 2006] and 
w'ith the progression of the growing season in a field wet
land experiment [Pinney et aL , 2000). In these studies ,  more 
labile (aliphatic) DOM was preferentially mineralized and 
there was an increase in the relative proportion of aromatic 
DOM [Qualls and Haines, 1 992; Ma et ai , 200 1 ;  Kalbitz 
et ai. , 2003 ; Holl et a!. , 2009] . In our study, SUVAZ54 in 
the shallow piezometers remained relatively low, even late in 
the growing season (Table 1 ) .  The higher SUVA254 values 
observed with increasing water table drawdown acros s  the 
treatment plots likely reflects the accumulation of more 
aromatic SUV A254 and/or the mineralization of lower 
molecular weight DOC,  as suggested in previous research 
showing increased SUVA in peatland pore vvater following 
20 years of drainage [Holl et aI. , 2009] . Higher SUVA254 
also likely reflected the progTession of thaw into saprio basal 
peat which has undergone a greater degree of decomposi
tion. \\'hile perhaps not surprising, these data suggest water 
soluble products from more recent microbial activity accu
mulate in the shallow peat depths, whereas more degraded 
and more aromatic DOC accumulates deeper in the profile. 
\\lhile we have not yet observed changes in SUV A254 with 
experimental water table draw down, seasonal change in 
DOC aromaticity across the plots was apparent (Table 1 ). In 
addition, the increase in SUV A254 with depth likely reflects 
a decline in DOC bioavailability, which has implications for 
heterotrophic mineralization at different depths .  

[ 34]  The pore water [Ca++] ,  [Mg++] and pH values mea
sured at the different plots (Table 2) are consistent with 
other descriptions for rich fen ecosystems of North America 
[Glaser, 1 992;  Vitt et 1 995 ]  and northern Sweden [Sjors 
and Gunnarsson, 2002] ,  and as such, this system is influ
enced by surface runoff and groundwater. In the expanse of 
groundwater-fed wetlands in the Tanana Flats region, 
located between the plots in this  study and the Tanana River 
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to the south, Racine and Walters [ 1 994] reported high sur
face water [Ca-'-+] (43 .7  ± 2 .6  mg L-1 ), which reflected 
groundwater inputs (and connectivity with the Tanana 
River, \vhjch has a mean growing season [Ca �+l of 32 .2  ± 
1 . 7 mg L - ' ; National Stream Water Quality Network, station 
1 5 5 1 5 500; 200 1 --2005). In this study, [Ca+-{-] in the 80 em 
piezometers was consistently lower than in the shallower 
depths (Table 2), and hydraulic conductivity through the 
deeper peat was an order of magnitude lower than that 
measured at the sUlface (k = 2�3 x 1 0-2 em at 20--40 cm 
versus k = 2 x 1 0-3 cm 5-1 at 80 em [Alacheel, 20 1 0]). 
Moreover, seasonal ice prevented connectivity betvveen 
surface pore water and the underlying mineral soil for most 
of the year (e.g . ,  Figure 3). These data suggest that the 
extent of groundwater influence at this site is limited, and 
most likely ret1ects flooding events or off-site upwelling and 
lateral transport over seasonal ice early in the season 
[Hopkins et at. , 1 95 5 ;  Racine and 1 994] _ 

4.3. Mineralization Potential of DOC and TDN 

[35]  Concentrations of DOC in peat pore water are con
strained by raies of production, DOC mineralization, and 
dilution. Previous research has suggested increased aerobic 
conditions (as increases with water table drawdm.vn) should 
favor mineralization (C02 production) over the preservation 
of DOC as an end product of decomposition [Freeman 
et 2004] .  In addition, a fluctuating water table can 
increase DOC concentrations by enhanced mineralization in 
aerobic conditions and flushing of DOC and preservation in 
saturated anaerobic peat [Easthouse et 1 992;  Kalbitz 
et af , 2000; Strack et aI. , 2008] .  We observed higher 
[DOC] in the lowered water table treatment, which also had 
the greatest variability in water table position. \Vater table 
variability increases foHowing peat drainage and subsidence 
due to a decrease in specific yield and hydraulic conduc
tivity. The total amount of DOC mineralized in a 30 day 
incubation was also highest in pore water from the lowered 
treatment (Figure but this ret1ected a higher starting DOC 
concentration, as the percent DOC mineralized was not 
significantly different across  treatments, and fell within the 
range reported by Kalbitz et aZ. [2003 ] for DOM extracted 
from peat and sapric material (4-9%). There was also no 
difference in SUV A254 measured across treatments, which 
supports the incubation data. However, across all treatments 
there were changes in SUVA254 with changes in water table 
position over the course of the growing season and with 
changes in pore water depth, which suggests that the bio
degradability of DOC changes seasonally. In addition, while 
pore water DOC:CC consistently increased as the depth to 
water table beneath the peat surface increased at all plots, 
there were marked differences in the slope of this response 
across the water table treatments (Figure 6a) ,  which suggests 
differences in the mechanisms of DOC production versus 
mineralization across treatments [see also Waiser, 2006] < In 
fact, the lower DOC:Cr with changes in water table posi
tion observed for the lowered water tabie plot might suggest 
higher DOC mineralization rates occurred in this plot, 
whereas DOC preservation was higher in the raised plot 
throughout the growing season (Figure 6a) .  Clearly, more 
research is needed to detennine exactly how changes in 
drainage may affect the biodegradability of DOC throughout 
the growing season. 

[36] While there are few studies documenting changes in 
TDN over time in boreal peatlands [see Vitt et 1 995 ] ,  it 
is \vell established that ,vater table position exerts dominant 
control over DON mineralization processes and the cycling 
of OIN (as reviewed by Limpens et al [2006] and Rydin and 
Jeglum [2006]) .  \Vhen anaerobic conditions persist (satu
rated peat), decomposition and mineralization processes are 
retarded and DON accumulates;  this and cold temperatures 
account for high DON but low DIN in northern peatlands 
[Crum, 1 988 ] .  Therefore, nitrification rates are generally 
very low in peatlands ovving to anaerobic conditions . 
However. NO}" concentrations have been shown to increase 
with water table drawdown er at. , 1 993 ; 
]v[artikainen el 1 993], especially in fens or riparian 
wetlands where N mineralization rates are higher than in 
ombrotrophic systems et at. , 200 3 ;  Fellman and 
D <Amore, 2007] , and therefore can have a greater supply 
of NH� for nitrification [e.g. , Regina et a!. , 1 999;  Bragazza 
et 2003] .  Ammonification is perfOlmed by aerobic het
erotrophs, and is limited in part by the availability of a labile 
C pool [e .g . ,  Pastor et 1 987J ,  It can therefore be seen 
that optim"J conditions for TDN transformation processes 
are likely to change as the water table position (aerobic 
region) changes relative to the peat surface (carbon source) 
[see also McClain et at. , 2003 ; Mitchell and Brantlreull,  
2005l This was evident in the spike in NO} :NH4 
observed just as the water table receded below the surface of 
the peat in this study (Figure 9a). As the water table con
tinued to decline, it is likely that vegetation uptake of NO}" 
occurred more rapidly, whereas when the peat was saturated 
(high water table) denitrification would likely be favored" 
and there was little DIN (Figure 9b) [Urban et aI. , 1 988 ] .  
Moreover, the proportional increase in  DIN as  the water 
table declined beneath the peat surface observed in this 
study (Figure 9b) likely ret1ected increased mineralization as 
the extent of aerobic peat increased. In fact, the largest 
increase in the percentage of DIN (especially N03 -N) 
occurred as the water table declined in the fIrst 20 em of peat 
(Figure 9), where SUVA254 indicated DOC had relatively 
1m'll aromaticity (Table Taken together, these data sug
gest that more DON mineralization will occur with contin
ued drying, but the fonns of DIN are likely to change as 
both the proximity of water table position to the peat surface 
as well as the availability of more labile C change. There
fore, the effects of peatland drainage on the fonns of DIN 
available for primary production are likely to be highly 
variable, depending on the extent and variability of water 
table drawdown, as well as the type and quality of surface 
peat .  

4.4. Broader Implications for Solute Export 

(37) \\lhile the findings presented and discussed herem 
suggest that DOC and DIN concentrations in boreal peat
lands are likely to increase with drought or the thawing of 
seasonally frozen ground, there are conflicting accounts of 
whether the delivery of these solutes to river networks 
would likely increase or decrease in a wanner, drier climate 
[Frey alld McClelland, 2009J . In Alaska, for exampie, TDN 
export was higher in streams draining watersheds with a 
discontinuous distribution of permafrost than in streams 
with a continuous distribution of permafrost [Jones et 
2005J However, no increase in stream TDN export with 
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changes i n  pennafrost distribution was observed i n  West 
S iberia. Wanner temperatures or decreased spatial distribu
tion of pennafrost may foster nitrification in aerobic peat or 
denitrification in saturated peat, which could account for 
differences in DIN export with wanning in different boreal 
regions [Frey and McClelland, 2009) .  Enhanced DOC 
produced in wanner or more aerobic peat may increase 
DOC concentrations in runoff to rivers in some boreal 
systems [Frey and Smith, 2005 ; Strack et al. , 2008] ,  or 
infiltrate and decompose in a broadening active layer, or be 
transported in groundwater flow paths, resulting in a decline 
in [DOC] export to streams [Striegl et al. , 2005) .  C learly, 
there are complex interactions among the mechanisms of 
TDN and DOC production and mineralization (drainage, 
temperature, thaw depth and extent of perennially frozen 
ground) and the flow paths available for solute export from 
boreal peatlands. Annual flooding is common in the middle 
Tanana Valley alluvial plain, and is probable throughout the 
low alluvial terraces of the Yukon River B asin [Hopkins 
et al., 1 955 ) .  Deep peat and the presence of seasonally fro
zen ground likely inhibited the infiltration of solutes and 
export or mineralization in groundwater in this study, but 
solutes could easily be flushed during flooding events, and 
with spring snowmelt [Striegl et al. , 2007) . Moreover, peat 
subsidence occurring with drought has been shown to 
exacerbate peat decay and mineralization processes 
[Whittington and Price, 2006], which suggests that with 
continued drainage, DOC and TDN loads in these systems 
would only increase. Further research exploring how flow 
paths from peatlands to rivers might change with changes in 
the extent of seasonally and perennially frozen ground is 
necessary to better understand the fate of these increased 
solute loads. 

5. Conclusions 

[38] In this study, there was an interaction between sea
sonal ice depth and water table position in explaining vari
ance in pore water [DOC] and [TDN) .  Therefore, 
ascertaining the effects of boreal peatland drying on dis
solved C dynamics has to account for changes in seasonal 
ice depth in order to link both physical and biogeochemical 
processes. By examining changes in [DOC] during a 
flooding event when the depth to ice was greatest (i .e . ,  late 
in the season), we detennined that the controls on pore water 
[DOC] at this site changed seasonally. Moreover, experi
mental water table treatments demonstrated that the sensi
tivity of pore water [DOC] to changes in seasonal ice depth 
(and peat temperature) depends in part on water table 
position, as the lowered water table treatment exhibited the 
highest rate of [DOC] increase with seasonal thaw. The most 
significant changes in peat pore water chemistry occurred at 
relatively shallow depths (20 cm), with increases in [DOC] 
and [TDN] occurring with a lowering of the water table and 
increasing thaw depth. Together, these findings suggest that 
relatively small change in water table position and its 
interaction with seasonal ice depth and temperature can have 
significant effects on DOC and DIN concentrations in boreal 
peatland ecosystems. Relatively small changes in the 
solute loads of these boreal peatlands could have large
scale effects on ecosystem processes in Alaska, owing to the 
extensive coverage of peatland and mineral fen ecosystems 

in Alaska, their tremendous capacity to harbor C and 
nutrients, and their influence on stream water composition. 
We suggest that future research focusing on how drying 
affects DOC lability and TDN mineralization processes, as 
well as how seasonal ice dynamics affect solute flow paths 
from these peatlands, is necessary to understand con
sequences of altered hydrology for the functioning of these 
aquatic systems . 
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