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Abstract

This dissertation is a two-phase study of the hgldemical dynamics of drainage waters
at the Hubbard Brook Experimental Forest (HBERN@w Hampshire, USA, that aims to
improve understanding of changes in water qualispaiated with winter climate variation. The
first phase was an analysis of the long-term straadsoil water chemistry dataset from
Watershed 6, the biogeochemical reference watershid® HBEF. The second phase was a
series of field measurements designed to evaluataton in the chemistry and hydrology of
stream and soil water across a natural gradiewirdger climate at the HBEF.

Thirty years (1982-2011) of stream and soil watenistry data were analyzed to assess
the trends of overall recovery from acidificatias, well as a trends associated with the snowmelt
periods of the record, which are characterizeddagsnal and episodic acidification of stream
runoff. Trends varied by landscape position, batahalysis generally revealed slow increases in
the pH and acid neutralizing capacity (ANC) in atrewater that were associated with decreases
in atmospheric deposition of acid anions, sulf&@,¢{) and nitrate (N@). Trends during
snowmelt were similar to the whole-year recordluding ANC recovery. Nitrate concentrations
in streamwater during snowmelt decreased more Isaipien the whole-year record. Dissolved
organic carbon (DOC) concentrations have declingmificantly in most forest floor soil waters,
apparently driving a small overall decrease insstr@ater DOC at the base of the watershed.
The DOC concentration decreases in streamwaterm@ctprimarily in the first 15 years of the
record.

Soil water chemistry was monitored for two yea®1L(P and 2012) at a series of 20 plots
across the Hubbard Brook valley located to captar@bility in winter climate. Variables such

as maximum soil frost depth and winter soil tempegavariability were positively correlated



with increased leaching of DOC, but not NQ@uring the early growing season (May-July). The
DOC mobilization was primarily observed in the sedters draining the forest floor (Oa
horizon), and less in the mineral soil (Bs horizd¥ effect of winter soil conditions was noted
during the late growing season.

Daily streamwater sampling during snowmelt was cated in two south-facing
catchments (Watershed 3 and Watershed 6) for jfeaes (2010-2012), and in one north-facing
catchment (Watershed 7) for two years (2011-2032gamwater concentrations of @nd
DOC varied among the watersheds and among the. \ditnagte was flushed in high
concentration early in snowmelt, prior to dilutidyitrate was exported in highest concentrations
from Watershed 7 during each year, presumablydseltrof higher microbial nitrogen
mineralization and nitrification rates. The highB€d;” concentrations in each watershed
occurred during snowmelt of 2012, following a wmtath low snowpack and above average
temperatures. DOC concentrations were largely aeted by changes in hydrologic flow,
increasing during snowmelt events. The DOC conaéotr varied among the watersheds and
was highly correlated to the winter climate varesbtor each of the watersheds.

End-member mixing analysis (EMMA) revealed differes in hydrologic flowpaths
related to the presence of soil frost. Flow thropgferential flowpaths in the forest floor was
reduced during days with extensive soil frost. Bir@ntribution of snow or precipitation water
to stream flow water was not markedly increasedhgurmes when the soils were frozen,

indicating that the soil frost was likely granuéard soils retained permeability.
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1. Introduction

Upland forest ecosystems in the northeastern Uidtatks are important in the regulation
of the quantity and quality of water downstreamrtNern forest ecosystems generally have tight
biogeochemical cycles with little loss of nutrieatsd elements to runoff. Environmental
perturbations can alter the manner in which vegetatnd soils effectively work to maintain
element cycles and conserve drainage water loSked-dubbard Brook Experimental Forest
(HBEF) in the White Mountains of New Hampshire bagn the site of research for a half
century on the basic functions of the northern waiatl forest ecosystem and the effects of
disturbances to this environment. The wide-scalberapogenic disturbances impacting these
forest ecosystems include harvesting and othesftfalisturbances, acidic deposition resulting
from air pollution, and most recently global clirmathange driven by increased concentrations of
greenhouse gases.

The first documentation of acidic deposition in MoAmerica was made at the Hubbard
Brook Experimental Forest (HBEF) based on predipitacollections dating from the early
1960s (Likens et al. 1972). Acidic deposition iegional problem in the northeastern United
States and primarily results from emissions of 8@d NQ in the Midwest (Driscoll et al.

2001). The effects of acidic deposition includehbctironic acidification of stream and soil
waters and increased susceptibility to episodidification during hydrologic events such as rain
storms and especially snowmelt (Driscoll et al. 200

Climate change has been well documented and the\auschanges include a 0.75°C

increase in global mean temperatures during thelG® years, as well as shifts in precipitation

patterns (IPCC 2007). In the northeastern UnitedeSt the climatic and hydrological data are



consistent with global trends. Hayhoe et al. (2G0udhd that surface air temperature has
increased in the northeastern USA by 0.8°C dutiegtd" century, and variable changes in
annual precipitation have averaged to an increbsearly 100 mm. Future projections,
depending on which emissions scenario is follovirdicate that temperatures will continue to
increase during the ZTentury by between 2.1 and 5.3°C, with increasesnual precipitation
of 7-14% (Hayhoe et al. 2008). Coupled with a d®eli proportion of winter precipitation
falling as snow (Huntington et al. 2004), thesadisehave led to decreasing winter snowpacks
and associated shifts in hydrology (Burakowskile2@08; Campbell et al. 2010).

Ecological and biogeochemical processes in nortfeeasts are expected to change with
climate-induced changes in forest species composigrowing season length, and forest
hydrology (Campbell et al. 2009; Groffman et al12)) Tree species composition is expected to
change as cold-tolerant conifer species are redacedardwood species move their range
northward (Iverson and Prassad 1998). Species caitigyoof northern hardwood forests is an
important factor in biogeochemical cycling. For ewde, nitrification and N export from
watersheds is higher in forests dominated by songgole compared to oak or beech (Lovett et al.
2004). The growing season, as defined by the pé&ebadeen the last spring freeze to the first
hard freeze in autumn, has increased across thtedJ8tates during the last half century
(Schwartz et al. 2006) and is expected to continaeeasing in the future (Tebaldi et al. 2006).
The increased growing season length in the nortfoeest will impact ecological and
hydrological processes such as annual productmitirient uptake, evapotranspiration, soil
moisture, and stream flow (Campbell et al. 2009)xddition to the hydrological changes based
on increased water demand by vegetation, climaagdis expected to impact the quantity and

temporal distribution of precipitation. Wet-dry ¢gs in the soil can be affected by changes in



the temporal distribution of precipitation and faihevents can markedly alter the release of
solutes such as NQDOC, and Al to drainage waters (Mitchell et &08). Expected
hydrological changes also include increases inaaisnow events, which can lead to episodic
acidification (Maclean et al. 1995).

Recent research has acknowledged the importaneater ecological processes (e.g.
Campbell et al. 2005) as well as the relativelydapte of climate change during winter months
(Hayhoe et al. 2007). The changing winter tempeeaénd snow regime is hypothesized to
result in “colder soils in a warmer world” due tealeased insulation of soils with reduced
snowpacks (Groffman et al. 2001a). This patteropapanied by increases in soil frost, has
been shown to likely have effects on ecological bingeochemical processes, including root
mortality and reduced nutrient uptake during theaging season (Tierney et al. 2001, Cleavitt et
al. 2008) and consequent nutrient loss (Fitzhugil. &001). Although hypothesized to affect
microbial activity or biomass, no changes have lkacted (Groffman et al. 2001b).
Additionally, winter climate change is likely toVesignificant impacts on the timing and
magnitude of snowmelt events. Soil frost is alspdiliesized to affect the hydrologic flowpaths
of melt waters. Given that the snowmelt perioceisponsible for a large portion of annual
hydrologic and element fluxes (Likens et al. 19€Rgnges in the factors influencing the timing,
magnitude, and composition of snowmelt runoff carekpected to have consequences for the
overall biogeochemical budgets of northern hardwiooelsts. My dissertation research seeks to
assess the chemistry of drainage waters at HulBraxk in the context of historical acidic
deposition and current and projected winter clintdt@nge, with a particular focus on the

dynamics of spring snowmelt events.



2. Literature Review

2.1. Acidic deposition in the northeastern United States

Acidic deposition is the transfer of strong acuasl acid-forming materials from the
atmosphere to Earth’s surface, including ions, gjamed particles derived from gaseous
emissions of sulfur and nitrogen oxides, ammomd, @articulate emissions of acidifying
compounds (Driscoll et al. 2001). Acidic depositateveloped as an environmental issue in the
1960s and 70s. Acidic precipitation and acidificatof surface waters were initially reported at
several Swedish and other Scandinavian sites by (dd@68). The first documentation of acidic
deposition in North America was at the Hubbard BrEaperimental Forest in New Hampshire
based on precipitation collections begun in théyet60s (Likens et al. 1972). Acidic
deposition in the northeastern United States hiasapity resulted from prevailing winds
carrying SQ and NQ pollutant emissions from atmospheric source arettse Midwest
(Driscoll et al. 2001).

The ecological effects of acidic deposition arenetous and diverse (Driscoll et al.
2001). Acidic deposition has been directly linkedmidespread dieback of red spruce trees
during the 1970s and 1980s (Craig and Friedland 188d sugar maple (Duchesne et al.
2002).Strong acids can mobilize dissolved inorgahueninum from soils to surface waters,
which at elevated concentrations (>2 pmd) tan be highly toxic to fish (Baker and Schofield
1982). Additionally, acidified surface waters haeb shown to promote mercury accumulation
in fish (Driscoll et al. 1994). Deposition of antipogenic nitrogen has been shown to lead to

eutrophication of coastal waters (Jaworski et @27).



The identification of acidic deposition as an eamimental problem in the United States
led to a series of pollution controls enacted thgtotederal legislation. The amendments to the
Clean Air Act (CAAA) were passed in 1970 and wére first legal limitations on sulfur dioxide
(SO,) emissions. In 1990 the U.S. Congress enacteddiusimendments to the CAAA by
passing Title IV of the Acidic Deposition Contraldgram, which imposed further limitations on
SO, emissions and began controls on nitrogen oxid€x)XEmissions from electric utilities. In
2003 the N@Q Budget Trading Program (NBP) was passed to irittatap-and-trade approach to
controlling emissions of NCfrom power plants and other large combustion ssine the
eastern U.S. In 2005 the U.S. EPA implemented tearCAIr Interstate Rule (CAIR), which
was ultimately vacated by the U.S. District Cobrtt EPA was allowed to continue to
implement CAIR while they developed an alternativie.

The cumulative effects of the CAAA, NBP, and CAdR acidic deposition have been
substantial. At the Hubbard Brook Experimental Bgrkeikens et al. (2005) showed that the
deposition of S and NQ" are strongly related to the emissions of@6d NQ in air mass
back-trajectory source areas. Emissions of i@@hose source areas have declined steadily since
peaking in 1970 and have translated into significilines in S deposition at Hubbard
Brook (Likens et al. 2001). This trend is similar3Q? deposition declines across much of the
U.S., especially in the northeastern region (Lehmetral. 2005). Nitrate deposition, after having
shown little change between 1980 and 2000 (Baunngaret al. 2002), has decreased more

rapidly since the early 2000s (Greaver et al. 2Qik&ns and Buso 2012).



2.2. Episodic acidification

Episodic acidification is the short term decreasthe acid neutralizing capacity of
surface waters during periods of high hydrologosMl The phenomenon is widespread
throughout regions of North America and Europe (Mgtpn et al. 1990). Episodic acidification
can have deleterious effects for downstream watalitg, as the associated mobilization of
dissolved inorganic aluminum can be toxic to figkl ather aquatic biota (Baker and Schofield
1982; Baker et al. 1996).

Acidification events can result from both naturedgesses and atmospheric deposition.
Changes in hydrologic flowpaths during high-floneats can determine the nature and extent of
these acidification events. During base flow, tbenthant flowpaths are though deeper mineral
soil horizons, contributing flow from groundwatéoiage. During hydrologic events, the
flowpaths contributing most to stream water ardeduhrough shallower soil, which tend to be
more acidic because of natural processes and atggisition (Chen et al. 1984; Potter et al.
1988). Four major natural processes have been stmagntribute to acidification episodes: (1)
dilution, (2) nitrification, (3) organic acid prodtion, and (4) sea salt (Wigington et al. 1996).

The main control on episodic acidification acrosgions in the United States has been
shown to be the dilution of base cation concermrati(\Wigington et al. 1990). Additionally,
atmospheric deposition of anthropogenically derigeidls can cause or exacerbate acidification
events in surface waters. Atmospheric depositioncoentribute to episodic acidification by (1)
providing direct inputs of acids to surface waté?$,providing SG*, NOs, NH,", and H,
which accumulate in the upper soil horizons durelgtively dry periods, and (3) lowering the
chronic ANC of surface waters, which leads to elesver ANC during episodes (Galloway et al.

1987).



Pulses of increased nitrate concentrations coantiwith hydrologic events have been
noted to be especially important contributors tordased ANC values in the catchments of the
northeastern USA (Wigington et al. 1990; Sullivamle 1997). Increases in $0have been
shown to significantly contribute to acidificatiomstreams of Pennsylvania (DeWalle and
Swistock 1994) and throughout the mid-Atlantic oeg{O’Brien et al. 1993). Wellington and
Driscoll (2004) showed that organic acids can dbate significantly to acidification events in

streams with already relatively high DOC conceitre.

2.3. Trends in stream and soil water chemistry

Widespread increases of DOC concentrations irasenvaters across many parts of
Europe and North America have been reported imtedecades (Driscoll et al. 2003; Evans et
al. 2005; Skjelkvale et al. 2005). The underlyiagses of increased DOC concentrations are not
well understood. A number of studies have suggedtedeases in acidic deposition (Evans et al.
2006; Monteith et al. 2007) as the driver leadimghtreased DOC concentrations, while others
point to climate-related changes (Hongve et al4200@orrall and Burt 2007; Lepisto et al.
2008), or land management changes (Yallop andezhuttk 2009). Clark et al. (2010)
attempted to link the hypotheses while considedifigrent spatial and temporal scales.
Hubbard Brook, the site of this dissertation reseainas been shown to be somewhat of an
outlier by defying the trends of increasing DOC @amtrations in surface waters. Stream water
DOC concentration has shown a long-term declirtdudbard Brook, apparently driven by a
decrease in DOC leaching in soil waters (Palmat.&2004).

While numerous studies have published trendsriface water chemistry (e.g. Stoddard

et al. 1999; Driscoll et al. 2003; Skjelkvale et2005; Warby et al. 2005) in the context of



recovery from acidification, comparatively few sieglhave examined long-term trends in soil
water chemistry. Palmer et al. (2004) examinedwatker chemistry trends with 15 years of data
at the Hubbard Brook Experimental Forest in New Hsinire. The Swedish Throughfall
Monitoring Network (SWETHRO) monitors soil waterashistry across many sites with three
sampling times each year (Lofgren et al. 2010; Rdrlsson et al. 2011; Akselsson et al. 2013).
Akselsson et al. (2013) analyzed the trends ofvgaier chemical recovery from acidification
across nine sites in southern Sweden and foundagnglow recoveries from acidification and

sensitivity to sea salt deposition during the stpesiod 1996-2008.

2.4. Winter Climate Change

Across the northeastern United States and eaStamada, the temperatures have
increased more during winter months than summe@rgad 0.7°C, respectively) during the 20th
century (Hayhoe et al. 2007). Climate projectiamstiie northeastern U.S. suggest that during
the 21st century, the temperature could increase 1¥%.3°C, depending on the greenhouse gas
emission scenario followed (Hayhoe et al. 2008téfi precipitation projections are less
certain, but the projections indicate increases2s80%, with an increasing proportion falling as
rain instead of snow.

The Hubbard Brook Experimental Forest has a nurmbeomprehensive long-term
climatic datasets dating back as far as 1956 freatker stations located throughout the forest.
Campbell et al. (2010) reported significant longrtenean annual temperature increases across
the Hubbard Brook valley ranging from 0.017 to @U2 per year. Similar to the study by
Hayhoe et al. (2007) for the northeastern U.S.\@hae, winter temperatures increased faster at

Hubbard Brook than during other seasons, with difieweather stations across the valley



showing average winter temperate increases of G®AMD36°C per year. Ice cover duration at
Mirror Lake at the HBEF has been measured eactewiram 1968. The duration of ice cover
has been shortening by an average of approxim@i&lgays per year, and the earlier melt dates
are most correlated with warmer spring temperat(lriégens 2000).

Total annual precipitation has increased signifilyaat the majority of weather stations
located within the HBEF, including at all statiomgh more than 48 years of data (Campbell et
al. 2010). The increase in precipitation at théagans ranges from 3.5 to 6.7 cm per decade
(Campbell et al. 2007). Winter precipitation, oe tither hand, did not change at any of the
measuring stations. Regional studies have reparted is a decreasing proportion of winter
precipitation (Huntington et al. 2004; Burakowskaé 2008). This trend has not been observed
in the Hubbard Brook data, but the reporting ofvgversus rain in precipitation measurements
only dates back to 1979 (Campbell et al. 2010).

A combined lack of change in winter precipitatioldavarmer winter air temperatures
has the effect of decreasing snowpack accumulationduration. The long-term record of
weekly snowpack measurements at the HBEF, inigdlin 1959, shows that maximum snow
depth has decreased by 0.47 cm per year (0.13 cyepein snow-water equivalence), and
snow cover duration has decreased by 0.40 daygeper(Campbell et al. 2010).

Changing patterns of precipitation and snowpackicgation are altering the stream flow
dynamics at Hubbard Brook. Snowmelt is occurringi@aHamburg et al. 2013) and the peak
spring snowmelt flows are decreasing (Campbell.é2(11). The reduced winter snowpacks,
coupled with warmer temperatures, has led incressedm flow throughout the winter prior to

the peak of snowmelt (Campbell et al. 2011).



2.5. Relationship between snowpack depth and soil fiepth

Reduced snowpacks, even in the presence of waimemperatures, are hypothesized
to lead to increased instances and severity ofre@king with climate change (Isard and
Schaetzl 1998; Groffman et al. 2001a). Snow coveviges an insulation of the soils in northern
latitudes that protects them from severe freezumingd outbreaks of cold temperatures. Soil frost
depth typically varies inversely with snow depthgddack of snow and late developing
snowpacks have been correlated with deeper and peosestent soil frost compared to years in
which the snowpack developed early in winter (adt al. 1996; Shanley and Chalmers 1999).
A number of manipulation studies have shown in@eas soil frost depth with snow removal in

experimental plots (Boutin and Robitaille 1995; fhran et al. 2001a; Decker et al. 2003)

2.6. Effects of soil freezing on biogeochemical cycling

In a study using natural variation in snowdeptNistot Ridge in Colorado, Brooks et al.
(1998) found higher export of N from soils with 8be or inconsistent snow cover. Using long-
term soil water chemistry data from a Norway Sprsteeéd in southeastern Germany, Callesen
et al. (2007) found that extreme soil freezingti@thcreased concentrations of inorganic
nitrogen. This response was most pronounced imtheral soil. In a study of 16 forested
watersheds in south-central Ontario over a 16-geenod, Watmough et al. (2004) found soil
freezing to be a significant factor contributingnoreased nitrate export. In a study of
mesocosms with Swedish tundra soils, Grogan ¢2@04) found that moderate freezing had
minimal influence on the dynamics of soluble N &hgools. Results of laboratory experiments
conducted by Herrmann and Witter (2002) on Swedggicultural soils led them to conclude

that freeze-thaw cycles had little influence onuwaimN and C budgets.
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Boutin and Robitaille (1995) manipulated snow #iéptsugar maple stands in Québec
and found induced soil freezing resulted in sigaifitly elevated concentrations of N@nd
NH," in soil solutions during the following growing sea. Though they did not measure fine-
root dynamics, the authors speculated that thénlegof nutrients may have been caused by
extensive fine-root mortality and subsequent carbelack. Similarly, Fitzhugh et al. (2001)
found increased N§leaching in soil solutions from snow removal plist® sugar maple stand
at Hubbard Brook, especially solutions drainingahganic soil horizon.

At Hubbard Brook, the long term record of streaatev chemistry and soil frost survey
has been used to analyze the impact on soil frostadershed N@ runoff. Soil frost was
considered rare at the HBEF prior to 1970 (Haetle1962). Widespread soil freezing occurred
during the winters of 1969-1970 and 1973-1974 aasd kmked with episodes of high
streamwater N@ loss from watersheds during 1970 and 1974 (LikemdsBormann 1995).
Mitchell et al. (1996) observed increased NlOsses in stream water at Hubbard Brook and
several other sites across the northeastern Urgdsnowmelt in 1990 following extensive soll
freezing that developed during a severe cold oatbmre December 1989. Fitzhugh et al. (2003)
found that soil freezing was a significant predictbstream nitrate concentrations during the
period 1970-1989, explaining 47% of the short-teamability. They also noted, however, that
the relationship between soil freezing and streddg Nisappeared during later years, 1990-
1997. Hubbard Brook experienced widespread salzfrgy during the winter of 2005-2006 and
Judd et al. (2011) predicted it would lead to hBs™ runoff, but they observed that watershed
NOs export in 2006 was among the lowest on record.|&\the mobilization of N@ reported
by Fitzhugh et al. (2001) was quite large (> 25@ L), the authors did not find substantial

mobilization of DOC resulting from the induced fradgatment.
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2.7. Effects of soil freezing on hydrologic flow

The reported hydrological effects of soil frost &aried. Commonly, increased surface
runoff during snowmelt or rain events is observader conditions of frozen soil (e.g. Dunne
and Black 1971; Kane and Stein 1983). Large amaafrgarface runoff over frozen soil has
been implicated in widespread flooding events,udrig in the Sierra Nevada Mountains (Haupt
1967), and New England (Diebold 1938). A numbeotber studies, however, have shown that
infiltration can be high in frozen soil (e.g. MuntE986), or is variable (Stadler et al. 1996;
Shanley and Chalmers 1999; Bayard et al. 2005).

The hydrological effects of soil frost appear tpeled strongly on the nature and
development of the soil frost. Soil frost can bilgdzk categorized into either concrete frost or
granular frost. Concrete frost tends to develogoits in open or agricultural areas (Sartz 1957;
Pierce et al. 1958; Shanley and Chalmers 1999)dmutlso occur in forested areas (Fahey and
Lang 1975). The development of concrete soil fro$avored in higher moisture content and
finely textured soils (Kane and Stein 1983), inahgptilled soils with disrupted aggregate
structure (USDA NRCS 2009). Concrete frost has lsbenvn to reduce water infiltration and
lead to greater surface runoff. Granger et al. 41@®d Johnsson and Lundin (1991) showed that
the infiltration capacity of soils in agricultursystems was inversely related to the total soll
moisture contents at the onset of freezing. Comgrgranular frost tends to occur in
unsaturated soils (Hardy et al. 2001). Infiltrateapacity is preserved in these soils as granular
frost does not completely bridge the pore spac&AINRCS 2009).

Mid-winter climatic factors such as early melt ptgefollowed by refreezing are likely to

affect infiltration characteristics. Bayard et @005) studied the effects of frozen soil on runoff
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dynamics in southern Switzerland and found thatsnelt water infiltration was reduced to 65-
75% under conditions of deep and persistent saskfrrompared with 90-100% during the
previous season when a deeper snowpack preventetbpment of soil frost. They attributed
the reduced soil infiltration capacity to a basal sheet which formed following mid-winter melt

events.
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3. Objectivesand Hypotheses

The research for this dissertation was divided into phases. The first was an evaluation
of hydrochemical trends in stream and soil watdédwdibard Brook over the past 30 years,
including an examination of trends during snowmiBite second phase was a set of field-based
experiments to assess the variability in streamsaidvater chemistry and hydrology as they
relate to natural variability in winter climate asdowmelt conditions.

The first phase involved a data analysis of thg{tarm records of streamwater and soil
water chemistry at Watershed 6, Hubbard Brook'gé&oehemical reference watershed.
Previous research has shown a long-term trendcol/eey from acidification at this site (Palmer
et al. 2004). My data analysis was conducted terdehe whether and at what rate the recovery
from acidification has continued in the overalloat of stream and soil water chemistry. | also
conducted an additional focused analysis to dégitochemical trends only during the
snowmelt season. Snowmelt is the highest flow plesfche annual cycle and when the
watersheds are most prone to episodic acidificaibese sets of analyses allowed me to make a
comparison between the trends overall and thosaglsnowmelt, thereby determining if the
snowmelt episodic acidification is changing difietg from the overall trends.

The second phase was a series of field studiestévrdine the variability of soil water
chemistry, stream water chemistry and hydrologymdusnowmelt under differing winter
climatic conditions, especially the variabilitysnowpack and soil frost depth. This was
accomplished by setting up study sites across thi#aid Brook valley to characterize the

winter conditions along a natural climatic gradjerging variations in elevation and aspect.
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My dissertation was organized and focused by deuedpoverarching hypotheses, as

well as a set of specific objectives and hypothésesach of the phases. These are listed below.

Over arching hypotheses: The chemistry of drainage waters at the HubbareB&xperimental
Forest is recovering in response to several deaadesluced atmospheric acid deposition,
though snowmelt episodic acidification remains sev@/inter climate variation affects
hydrochemical dynamics during snowmelt, with amease prone to shallower snowpacks and
greater soil frost development experiencing thatgs leaching of NQ DOC, and overall

acidity.

Objective 1 (Phase 1): Assesstherecovery of drainage watersfrom acidic deposition,
including a deter mination if the trends during the snowmelt season, when episodic
acidification is of greatest concern, differ from the overall rate of recovery.

Hypothesis 1The recovery of stream and soil water chemistry laldiminished during the
snowmelt season relative to the overall baseflewds. Over the past three decades
atmospheric N deposition has not decreased tcatine £xtent as SO deposition, and N
becomes relatively more important to acidificattaning hydrologic events, especially
snowmelt. The decreased base status of the uppéosaons resulting from years of
chronic acidic deposition will contribute to greadidution of base cations in streamwater

associated with source waters from shallow flowpatiring hydrologic events.

Objective 2 (Phase 2): Evaluate the response of soil solution chemistry to soil frost across a

natural gradient of winter climate and associated soil frost development.
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Hypothesis 2Soil freezing will result in changes in soil sobrtichemistry that will vary by
landscape position. At plots relatively low in edéion and those with south-facing aspects,
snow depth will be lower and soils will incur mdrest during winter. During snowmelt and
into the growing season soil solutions drainingftirest floor at plots with relatively severe
soil freezing will leach more NYand DOC and be more acidic than the sites at highe
elevation and on north-facing slopes with less &ogt. The effects of soil frost on solution
chemistry will be weaker or nonexistent in the mahasoils, which have a greater capacity to

buffer acidity and retain nutrients.

Objective 3 (Phase 2): Assessthe variability of stream chemistry during snowmelt in
water sheds with differing winter climatic regimes.
Hypothesis 3Soil freezing will lead to increased flushing of N@nd DOC in watersheds
and years with more severe frost during wintertretao those with less. The chemistry of
stream runoff will vary by landscape position, wigteater flushing of N9 and DOC at
higher elevations where the soils are shallowemhlue relatively more organic matter.
However, higher elevations will be less susceptiblsoil freezing disturbance, so patterns
will be less affected by changes in winter clim&pisodic acidification will be more severe

in streams with larger increases in N€@oncentrations during snowmelt.

Objective 4 (Phase 2): Evaluate differencesin hydrologic flowpaths utilized during
snowmelt under differing soil frost conditions
Hypothesis 4Soil frost penetrating the depth of the forest fladll alter the hydrologic

flowpaths of snowmelt while the frost persists. Titwest which develops will be granular
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rather than concrete and will therefore not prewaiitration of melt waters, although
routing of runoff through preferential forest flobwwpaths will be diminished. The granular
frost will block these flowpaths and force more &ahrough deeper, slower flowpaths.
Catchments and subcatchments will vary in theirfsost characteristics based on elevation
and aspect. Deeper soil frost will develop in adswer elevation and those with south-

facing aspects, where snowpack accumulation wilebs.
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4. Trendsin recovery of stream and soil water chemistry from chronic and snowmelt

episodic acidification

4.1. Methods
4.1.1. Site Description

The Hubbard Brook Experimental Forest (HBEF) isated in the White Mountain
National Forest in central New Hampshire, USA (83%, 71°45" W). This study was
conducted in and near Watershed 6 (W6), the HBB&dauichemical reference watershed (13.2
ha, elevation 549-792 m, slope 16°, southeastepg@; Figure 4.1) The HBEF has a cool-
temperate, humid-continental climate, with meary dmd January temperatures of 18.8 and -
8.5°C respectively (at 450 m elevation). Annuatppigation averages approximately 140 cm
and is distributed nearly evenly throughout theryBaughly 30% of the annual precipitation
occurs as snow (Federer et al. 1989). The landsufape HBEF is generally covered with
glacial till derived largely from local bedrock Wit depth ranging from zero along the ridge tops
to several meters at the lower elevations (Palmnal. 2004). The most common soils are well-
drained Spodosols, primarily Haplorthods (Johngad.€2000), which contain a well-developed
organic horizon (3-15 cm; Likens et al. 1977) arelunderlain by relatively impervious bedrock
(Rangeley Formation, a pelitic schist). Higher-alian soils tend to be shallowest and soil depth
is greater at lower elevations (Lawrence et al6)98he vegetation of W6 is dominated by
northern hardwood species, including American b€Eealgus grandifoliaEhrh.), sugar maple
(Acer saccharunMarsh.), and yellow birchBetula alleghaniensiBritt.). At higher elevations,
balsam fir Abies balsameé_.) Mill), red spruce Picea rubenssarg.), and paper bircB¢tula

papyriferavar.cordifolia Marsh.) are prominent.
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4.1.2. Sampling and analysis

Soil solutions were collected monthly from tensfoge lysimeters. These lysimeters are
installed in the Oa, Bh and Bs horizons at threesdocated adjacent to W6 at elevations of
600m (low elevation hardwood zone, LH), 730m (hadgvation hardwood zone, HH), and
750m (spruce-fir-white birch zone, SFB) (Figure)4Three replicate lysimeters were installed
beneath the Oa and Bh horizons and within the Bzdmw at each elevation zone site. Samples
have been collected approximately monthly from ehgsimeters since their installation in 1983.
Stream samples were collected from six longitudsitals from the headwaters draining the SFB
zone to the gauging station at the base of therglad. Wet deposition chemistry data are
available through the National Atmospheric DepositProgram (NADP) (NHO02) (NADP
2013).

The pH of all samples was measured potentiomeliyieath a glass electrode. Calcium
(Ca), magnesium (Mg), potassium (K), and sodium) {(Nere analyzed using atomic absorption
spectroscopy (AAS) for samples prior to 2004 anithwiductively coupled plasma mass
spectrometry (ICP-MS) for samples after 2004. Tlgomanions sulfate (SO), nitrate (NQ),
and chloride (C) were analyzed using ion chromatography. Fluoffdewas analyzed using an
ion selective electrode until 2002, and ion chrargedphy for samples after 2002. Total base
cations (G; LEq L) are the sum of 2[G§+2[Mg?']+[K *]+[Na’]; total strong acid anions (C
HEq LY are the sum of 2[SA]+[NO3]+[CI]+[F]. Acid neutralizing capacity (ANC) in this
study was calculated as the difference betweesuheof base cations and the sum of strong
acid anions (ANC = gCa). DOC was measured using infrared detection of following UV-
persulfate oxidation. For samples prior to 1988ltmonomeric Al (Al) was determined by

extraction with 8-hydroxy-quinoline in methyl isaglketone (MIBK) in the field and analysis
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by graphite furnace AAS; for samples after 1989, whas determined colorimetrically following
chelation with pyrocatechol violet. Organic monoim@luminum (Al) was determined by the
same method as Al after samples passed through a resin ion exchasigen. Inorganic
monomeric aluminum (A) was calculated as the difference betwegpakd Al. | estimate
concentrations of organic anions’(As the difference in measured concentrationslotes
with positive charge and negative charge (in pEj L

Statistical trend analysis was conducted usinghtireparametric modified seasonal
Kendal Tau test (SKT, Hirsch et al. 1982; Hirscld &hack, 1984). This analysis is stronger than
simple regression models for data which exhibisegaal patterns and are autocorrelated. The
trends were analyzed for the entire dataset tesagbe overall changes in each solute’s
concentration. The trend analysis for the sprirgasnelt period was performed with a Mann-
Kendall test using a single annual value from @ra@ing that occurred most closely to the peak
snowmelt of each year. The date of stream sampiiogt closely associated with peak snowmelt
was identified from Hubbard Brook’s long-term streflow record. Hubbard Brook’s snow-
water equivalency dataset was consulted to idettighylysimeter sampling date that included the
greatest input from melting snow during the montcpding sample collection. Though not
included in statistical trend analyses, we alsegmédata as volume-weighted annual values. For
soil and stream solutions, volume-weighted solotecentrations were calculated by multiplying
each monthly concentration by the percentage arofistfeam flow occurring during a given
month. The volume-weighted concentrations in sailew of each elevation zone were
subsequently multiplied by the relative area othealevation zone (LH=0.5, HH=0.3, SFB=0.2;

Johnson et al. (2000) to calculate area-weightedexration for the whole watershed.
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4.2. Results
4.2.1. Soil solution chemistry trends

The pH of soil waters draining the Oa horizon nlid change significantly at either the
LH or HH zones, but did increase slightly at thé8Siite (0.004 units¥; p = 0.05) over the
course of the sampling record 1984-2011 (Table \thin the Bs horizon, only the soil water
of the HH zone has experienced a modest upward tnepH (0.006 units y; p = 0.02). The
ANC of soil water increased significantly in the €al water only at the SFB zone, but
increased in the Bs soil water of both the HH aR& 2ones. In the Bs soil waters that
significantly increased in ANC, thea@oncentrations declined at a faster rate tharf@ese G
declines were driven by rapidly decreasingS€oncentrations. The negative trend in,$0
concentration was more pronounced in the Bs soikbo solutions than the Oa horizon, with
more rapid decreases in the higher elevation zfrese 4.1; Table 4.2). Conversely, the
decrease in g£concentrations followed an opposite pattern waspect to elevation; faster
declines were observed at lower elevation. Thisegpecially evident in the Bs solutions, where
the Gs concentration decline in the LH zone (-2.13 pEgyl}) was relatively rapid compared to
the trends in the HH (-0.70 pEq'ly™®) and SFB (-0.92 pEqty™).

Decreasing concentrations of fl@nd DOC occurred to a greater extent in soil vgater
draining the forest floor relative to the Bs midesail. NO;™ decreased significantly in Oa soill
water in both the LH and HH zones (Table 4.1) he Bs solutions a statistically significant
decline in NQ" concentrations was detected only in the LH zond,a a rate of decline that
was lower than Oa soil solutions in the LH zone340versus -1.55 pEqLy™). The DOC
concentrations showed statistically significantloies in the Oa soil solutions of all three

elevation zones, ranging from -15.8 pmol €y in the HH zone, to -25.1 umol C'ly™* in the
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LH zone (Table 4.1; Table 4.2). For the Bs solwiamnly the HH zone soil waters had a

significant decrease in DOC (-3.68 umol € y1).

4.2.2.Overall stream chemistry trends

The streamwater of Watershed 6 at Hubbard Broskkaome less acidic over the
sampling period (1982-2011). The overall changdépH of stream water at the W6 gauging
station (site W6-7) was 0.01 units.yThe pH increased significantly at all longitudistream
sampling sites and did not decrease at any streeation during the study period (Table 4.3).
The most significant increases in pH occurred enltwer reaches of the watershed. Conversely,
the greatest increases in ANC were in the higleration reaches of W6. This resulted from
marked declines in Cconcentrations, driven by $8 relative to G trends, which were
consistently negative and did not vary appreciabtiz elevation (Table 4.3). The NO
concentrations in streamwater declined to a lessint than SE". There was not a clear
elevational pattern to the magnitude of NtPends, but the most significaqt € 0.05) declines
were observed at lower elevation sites. Monometicolkcentrations generally decreased in
streamwater, though Adnd Al, trends differed depending on elevation. At thehbgg elevation
stream sites, Aldecreased faster than; Alhile the reverse was true at the lower elevadites
(Table 4.3). The DOC concentration decreased $jigittthe watershed outlet (W6-7, Figure
4.1), but no significant trends were observed atdther five longitudinal stream sampling sites

(Table 4.3).
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4.2.3. Snowmelt streamwater chemistry trends

Streamwater in W6 during the snowmelt exhibitedegally similar trends to the overall
data record (Table 4.4). Snowmelt streamwater basrhe slightly less acidic in recent years;
the pH increased at a rate of 0.009 uflify = 0.02), and ANC increased by 0.91 pEyt* (p
< 0.01). The small increase in ANC results fromrdased concentrations of, G2.00 pEq [*
y', p<0.01) and a slightly slower decline in ¢1.21pEq [* y*, p< 0.01). The decreased C
trend resulted from a steady $Qlecline (-1.44 pEqty™ p < 0.01) and a substantial NO
decline (-0.28 pEqty*, p = 0.01). Congruent with the decreased acidity, onoeric Al
species declined, with Adlecreasing 0.25 pmol'ly™ (p < 0.01) and AJ decreasing 0.04 pmol
L't y* (p= 0.03). The DOC concentration in snowmelt streatemdid not change over the

sampling period = 0.98), though the overall trend was significant.

4.3. Discussion
4.3.1.Overall trends in soil solution and streamwater

The previous analysis of Hubbard Brook soil watezraistry trends over the period
1984-1998 by Palmer et.42004) showed that the soil water drainage wagmgdy becoming
more acidic. The current long-term analysis shdwas the previous pattern of acidification is no
longer evident and has reversed in recent yeais.chlange in the pH of soil water appears to be
consistent with an increase in stream water pH.l&\the overall rate of increase in the pH of
stream water at the W6 gauging station has bednuhifs y* from 1982-2011, much of this
increase has occurred since 1999 (Figure 4.3).étatral (2004) found no significant changes
in pH from 1982-2000 at Hubbard Brook despite othdrcators of recovery from acidification

such as increases in the ANC. The authors, howpustulated that the deprotonation of organic
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acids and the hydrolysis of aluminum were importantors buffering against increases in pH.
These effects could be expected to be temporacg@ecity for continued dissociation of organic
acids is limited and the concentration of édntinues to decrease.

| observed consistent significant decreasing trémdlse concentration of SO at all soil
water (Table 4.1; Table 4.2) and stream sampliteg iTable 4.3). The declines in stream and
soil water SGF are driven by changes atmospheric deposition dutie study period. The SO
concentration in bulk deposition peaked at Hubl&mabk in the late 1960s and has decreased
steadily since (Likens et al. 2001), including 8teyear record used in my analysis (Figure 4.2).
The rate of change in stream §@oncentration from 1982-2011 (-1.54 pE§ YY) at the base
of W6 is greater than the rate observed in wet siéipa (-0.98 pEq ' y*) during the same time
frame. This discrepancy suggests there are additfantors influencing S§” dynamics in the
watershed. Indeed, previous watershed input-olapdgets (Likens et al. 2002), and
biogeochemical modeling (Gbondo-Tugbawa et al. 20@&ve shown there is a missing source
of S at Hubbard Brook that would explain higher@xpf SQ relative to atmospheric
deposition. Mitchell et a2011) observed similar imbalances in 15 watersla@doss the
northeastern U.S. and southeastern Canada, aitiegtl them to net mineralization of organic
S that had been stored from years of chronic eX8€§s deposition. Furthermore, Mitchell and
Likens (2011) showed that the release of interrgtliyed S has become relatively more
important to streamwater $Oexport with time at Hubbard Brook, and that therall export of
SO, is shifting from control by atmospheric deposittorclimatic regulation. While the SO
concentration declines observed in stream andvadér are undoubtedly contributing to an
overall modest recovery from acidification, the sralization of legacy S pools in the soil and

release as SO are likely slowing the rate of recovery. Thiststher demonstrated in our
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analysis of SGF trends longitudinally in streamwater, which shdhat the higher elevation
portion of W6 has experienced nearly double the 06&$SQ* decline as the base of the
watershed (Table 4.3; Figure 4.4). The soil deptW6 is inversely related to elevation (Johnson
et al. 2000), suggesting that the deeper soilséridwer portion of the watershed have more
stored S available for mineralization to 0!I would expect that as this S pool decreases with
time the rate of recovery from acidification witidrease, leading to more rapid increases in pH
and ANC.

In soils with low base saturation, the depositedng} acid anions are typically
neutralized in drainage waters by a combinatiobasfe cations and Al (Figure 4.5; Cronan and
Schofield, 1990). As would be expected, the leagbiinGs has declined steadily throughout the
course of the soil water chemistry record, esplialrelation to decreasing S&ieposition.
Monomeric Al concentrations have also generallylided in stream and soil water. In the Oa
soil solutions the decreasing monomeric Al cona@itns have mostly been in the,Abrm. Al;
has actually shown a slight increase in the Oaveatiér in the LH and SFB zones. As the
solutions draining the Oa horizon are typicallyhrio DOC, it is not surprising that the decrease
in monomeric Al has been predominantly been inatfganically-complexed Alfraction.
Additionally, studies of Al dynamics in acidic sbihave suggested that formation of organic
matter-Al complexes can be more important to ovéasolubility than pH-dependent mineral
phase solubility (Berggren and Mulder 1995; Skyitp£999). Palmer et a[2004) hypothesized
that changes in organic-Al complex formation coexglain the moderate decreases in Al
concentrations of soil waters despite their unckdrg even decreasing pH.

The Al concentration in stream water has declined froravaamage of 7.6 umol't

during the first five years of monitoring (1982-B)8o 2.0 pmol [* during the five most recent
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years of our data analysis (2007-2011). The comago of Al mobilized is an important
measure of surface water quality agtfds been shown to be a primary factor affectislg ifn
acid-impacted waters (Baker and Schofield, 1982jya@ically-complexed Al (A) is
considered to be nontoxic to fish in comparisoAlto The results show that while Al
concentrations in stream water have decreaseggoitien of total monomeric Al as Ahas
increased from an average 26% during the firstye@rs of the study (1982-1986) to 69%
during the most recent five years (2007-2011). dureent low concentrations of Avould
suggest that hydrolysis of Al is not contributinganly the acidity to stream water as in past
years.

| report highly significant decreases in DOC cortcaion in the Oa soil solutions of all
elevation zones during the period 1984-2011 (T4klg as well as for the Bs soil solution in the
HH zone (Table 4.2). The DOC concentration has désweased significantly in the streamwater
measured at the base of the watershed (Site WitApugh | observed non-significant declines
at the upstream longitudinal stream sampling ¢ifable 4.3). The results are surprising
considering the widespread phenomenon of incred3®@ in surface waters across Europe and
eastern North America (Stoddard et al. 1999; Wbetadl. 2004; Skjelkvale et al. 2005; Driscoll
et al. 2007). Although fewer studies have long-temeasurements of soil water DOC
concentrations, the DOC in surface water is gehyedarived from soils so it would be expected
that soil water trends should be concurrent witfiese water trends. Indeed, increases in
streamwater DOC concentrations were linked to Bsirgy concentrations in soil waters in two
forested catchments in the western Czech ReputiticSka et al. 2009). In contrast, several
Scandinavian studies have reported trends of deiageaoil water DOC concentrations. Loéfgren

and Zetterberg (2011) analyzed DOC trends at attesss southern Sweden during the period

26



1987-2008. Using records from 68 sites with attlé@syears of data, the authors found that
DOC concentrations were decreasing at 31 sitedewidreasing at only five sites. Similarly,
Akselsson et al2013) found that DOC concentrations were decnegisi soil water at seven out
of nine Swedish sites with at least 19 years cd.datu et al. (2010) also found largely negative
trends in soil water DOC in conifer plots acrossweay during the period 1996-2006. Hubbard
Brook has characteristics—such as soil type, ciyatd historical acid deposition—similar to
the Scandinavian sites, so it may not be surprigirfgnd comparable DOC trends in Hubbard
Brook soil waters. Lofgren et al. (2010) used theckholm Humic Model to investigate DOC
solubility in soil water and concluded that DOCOnigle could be either positive or negative
depending on changes in pH, ionic strength, andA@ools. They concluded that decreasing
ionic strength was driving trends of decreasing Di®@€oil water. The Hubbard Brook charge
balance (Figure 4.5) clearly shows substantialideslin the major anions and cations in soil
water over the past three decades. Hruska etG9§2on the other hand, suggested decreasing
ionic strength led to DOC increases in soil wateaha Czech sites. Léfgren and Zetterberg
(2011) indicated that differences in soil sampldegpth could influence the DOC concentrations
and trends, as the increasing DOC reported at zeelCsites by HrusSka et §2009) were for
samples collected just beneath the forest flooilenthe decreasing DOC reported for Swedish
sites by Lofgren et al. (2010) were for samplesectdd at 50 cm depth. My results, however,
indicate that DOC in the soil water draining theeki floor has decreased at a more rapid rate
than in the mineral soil solutions. It is not cledry DOC trends in forest floor soil solutions at
Hubbard Brook would differ so markedly from thoseasured by HruSka et #2009). One
potential explanation is the elevated dissolveddcentrations in Czech sites—as reported for

streamwater—relative to values observed at HubBawdk. As the model results from Lofgren
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et al. (2010) suggest, higher concentrations afadved aluminum oxyhydroxides promote
higher DOC solubility. Laboratory studies of orgasoils show a positive relationship between
pH and DOC concentration (Tipping and Hurley 1988nnedy et al. 1996). The Hubbard
Brook dataset showed invariant pH until the lastLB0/ears, after which values have increased
significantly (see above). This timeframe appearsadincide with a tapering off of declines in
DOC concentrations. | also have not observed ise®@ soil water concentrations of organic
anions, but the marked decreases in concentraifd®€,® and NQ have increased the relative
importance of organic anions in soil solutions (fFeg4.5).

Similar to the soil waters, DOC concentrationstream water at Hubbard Brook W6
have previously been reported by Palmer et al.4p@®decrease during the period 1982-2000 (-
1.40 umol C ! y*; p= 0.02). My updated analysis of the period 1982126lows that the DOC
concentrations have continued to decline, butratieh slower overall rate (-0.53 umol C ¥™*;

p = 0.04). Over the most recent 15 years of oursdhtd 997-2011, the DOC concentration of
streamwater did not change significangly50.41). This trend in streamwater mirrors soiteva
observations (see above). Although DOC concentrati@ave leveled off in recent years, The
Hubbard Brook results still contrast with many otbiges that show increases in DOC
concentration in streams. Burns et(2006) observed significant increases in DOC
concentrations in 80% of the streams they analyzétew York’s Catskill Mountains. Similar
increases have been reported in upland streamslanB, where eight forested catchments were
monitored for 15-29 years (Sarkkola et al. 200@)widver, not all studies point to increases in
stream DOC concentrations. Worrall and Burt (2C80¥glyzed the trends in DOC concentrations
of 315 sites located across the U.K. with at l&@stontinuous years of data. They found that

while most had increasing DOC, 55 sites exhibiigdiBcant decreasing trends, primarily in
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southwestern England. Clair et al. (2008) founde®sing TOC concentrations in the streams of
two forested catchments in southwestern Nova Seotiachemistry records from 1982-2004.
Similar to my results, the authors noted that thi& bf the decrease occurred during the 1980s
before leveling off in later years. It is difficulh determine the underlying cause of the decline o
DOC concentration of W6 streamwater during the 328t 1990s, as Hubbard Brook has many
characteristics in common with other surface wsitexs that are experiencing increasing DOC
concentrations. The DOC decline in W6 streamwgipears to be driven by the changes in soil
solution chemistry described above. It is not cighether the leveling of DOC concentration |
have noted for approximately the past 15 yearsatds a long-term steady-state, or potentially
the beginning of a reversal toward the increasi@COrends experienced by many other sites.
Continued long-term measurements should answeqti@stion.

The concentrations of NOin stream water have declined in the lower porabthe
watershed (Table 4.3), apparently driven by théiqdarly pronounced decreasing B @ends
in the soil solutions of the LH zone (Table 4.1blea4.2). Atmospheric N deposition has
decreased, although | do not directly attributedeereased NOleaching in soil solutions and
stream water to decreased atmospheric depositt@dé&cline of N@ export in stream water
began in the late 1970s, relatively early in Hubldarook’s record, after having initially
increased from the early 1960s through the mid-$4B@rnhardt et al. 2005; Yanai et al. 2013).
The trend of declining stream NGs evident throughout the entire annual cycle (Fegt.7).
While concentration decreases have been most markkd winter and spring, there also has
been a distinct lengthening of low N@uring the summer-fall period. The N@oncentration
in bulk deposition was relatively constant from epgmately 1970 until 2003, after which it has

declined (Likens and Buso 2012). The decline inensdted losses of NGis puzzling, as it runs
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counter to the long-standing theories of forestetigyment and nutrient cycling, which suggest
that as biomass accumulation slows, N losses shiociidase if N inputs remain unchanged
(Vitousek and Reiners 1975). In fact, predictioagsehbeen made that continuous excess N
deposition on previously N-limited northern foregstems would lead to a state of “nitrogen
saturation,” which should be accompanied by markerkases in stream NQosses (Aber et al.
1989). Biogeochemical models employed at HubbambBhave consistently over-predicted
stream N@ compared to measured data since the early 198D#\er and Driscoll, 1997,
Gbondo-Tugbawa et al. 2001; Pourmokhtarian etGl2® Yanai et al. (2013) found that the
recent low streamwater export of N at Hubbard Breo#lative to inputs—could not be
explained by measured accumulation of N in thesfofleor or vegetation, and the watershed
mass balance indicated a missing sink for N. Thleaas suggested the N budget imbalance
could be explained by either increased gaseoughossgh denitrification, or increased storage
in the mineral soil, for which a statistically sificant change is difficult to detect. Indeed,
measurements of soil water N species do supposdupgestion that NOis being immobilized

in the mineral soil, as fluxes from the Oa horizwa significantly greater than from the Bs
horizon (Johnson et al. 2000; Dittman et al. 200ahai et al. 2013). Moreover, Bernal et al.
(2012) used isotopic evidence to suggest that digcation was an unlikely explanation of

decreases in stream NO

4.3.2. Snowmelt stream chemistry trends
My results showed very similar trends between trexall monthly sampling record and
observations for snowmelt. Increases in pH and AECremarkably similar between the

snowmelt record and the overall record. The spsimgvmelt is still markedly more acidic than
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the remainder of the year (~10 pEg; [Figure 4.6), but appears to be recovering from
acidification at the same rate as observed foettiige annual cycle. The spring season is prone
to episodic acidification as snowmelt waters aterofransported via preferential flowpaths in
the shallow organic soil where base cations ardelielative to strong acid anions (Schaefer et
al. 1990; Wigington et al. 1990). The results & Hubbard Brook trend comparison are notable
because results suggest that chronic acid depositaty not have depleted base cations in the
forest floor to an extent that makes the watergiegthanently more susceptible to severe
episodic acidification during high flow events. Hewer, the snowmelt samplings did not
necessarily coincide with the absolute highesthdisge events during snowmelt. Rather,
monthly sampling during snowmelt is assumed todreeplly representative of the seasonal
characteristics.

For most solutes, the changes in stream snowmetientrations from 1982-2011 did not
significantly differ from the trends in the overaticord (Table 4.4). The only exception we
found was for N@, which has been decreasing more rapidly duringtioevmelt period (-0.28
pumol L y*) than for the overall record (-0.03 pmot ). The relatively rapid long-term
decline in stream N©concentrations observed during snowmelt was likelyen by decreased
atmospheric deposition of NOSebestyen et.g2008) used isotopic evidence at Sleeper’s
River, Vermont to show that during baseflow cormfis, stream N@is almost exclusively
derived from nitrification in the soil, while dugrearly and peak snowmelt, atmospheric inputs
account for a considerable portion of the NiDstream water. During snowmelt, N@erived
from atmospheric deposition that had accumulatetiersnowpack can be transported directly to
the streams via overland or shallow subsurfacegtiis with little transformation. The

decreased N©Odeposition that has occurred over approximatedypidsst 10 years would be
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expected to disproportionately affect the trendrduthe snowmelt seasons, as this is the period
of the annual cycle when stream N@ most likely to be sourced most directly fronpdsition.
DOC concentrations, somewhat in contrast tasN&e decreasing overall (-0.53 umol C
Lty p = 0.04), but show no significant trend during snewmelt seasomp & 0.98). The
overall declines in DOC concentrations of streanewseem to be primarily driven by decreased
leaching of DOC from the Oa soil horizons. The wamged concentrations of DOC observed in
stream water during snowmelt are puzzling, asd alsserved highly significant declines in
DOC concentrations in Oa soil water during snowrtiet were similar in magnitude to those
observed throughout the year. Furthermore, snows#ie period of the year when the Oa
horizon would be expected to be the most hydrokldlyiconnected to the stream due to high
flows and | would therefore have anticipated thdrbghemical trends of streamwater and Oa

soil water to more closely match.

4.3.3. Future of recovery and ecosystem health

While these results suggest that base cationsr@veeen depleted from the forest floor
to such a degree as to inhibit recovery from aiddiion during the high flow (and relative
acidic) snowmelt period, it is likely that a depbet of exchangeable base cations from the soil is
slowing the overall recovery and affecting foresalth. In acid-sensitive soils, deposition of
strong acid anions displaces base cations fastarttfey can be replaced through mineral
weathering processes or atmospheric cation deposithis alteration of the soil base status has
limited recovery in surface water ANC at Hubbareé&k and across the northeastern U.S.,
despite marked reductions in acidic depositionéhtsket al. 1996; Lawrence et al. 1999; Palmer

et al. 2004). A watershed-scale calcium silicatditamh was conducted at Hubbard Brook’s
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Watershed 1 (W1) in 1999 as an experiment to besetfects of replacing Ca lost due to acidic
deposition. Indeed, this Ca manipulation at Wlreaslted in mitigation of acidification and is
supplying ANC to drainage waters (Cho et al. 2012).

Acidic deposition can permanently affect the cosifian and health of forest
ecosystems. Red spruce has been severely impactaidic deposition across the northeastern
U.S., including growth declines and mortality. Acideposition affects red spruce directly by
leaching Ca from the needles (DeHayes et al. 128@),indirectly by changing underlying soil
chemistry (Cronan and Grigal 1995). Acid-impacteiisswere found to be a factor explaining
impaired growth of sugar maple (Duchesne et al2200he highest incidences of sugar maple
dieback in Pennsylvania were found to be at sitiéis kaw supply of Ca and Mg to soil and
foliage and where stress from drought and insefctiddon was highest (Horsley et al. 2000).
Studies of sugar maple health and seedling sursivprat Hubbard Brook have shown that the
species has fared significantly better since thai@andment in W1 relative the reference W6

(Juice et al. 2006; Battles et al. 2014).

4.4. Summary and Conclusions

Drainage waters at Hubbard Brook are slowly redagefrom acidic deposition,
including small increases in pH and ANC, as welllasreases leaching of base cations and
mobilization of Al. | also observed a pattern of long-term decre@sssowmelt acidification
that were largely similar to the overall trendsdifyfogic conditions make snowmelt the most
acidic period of the annual cycle and results ssgtiat the susceptibility to high flow-driven

episodic acidification is slowly improving.
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The observed recovery has been driven in part byngs in the atmospheric deposition
of acidic compounds. Deposition of $Chas declined steadily throughout the 30 years of
monitoring due to regulations on emissions throtihghAmendments to the Clean Air Act, and
the deposition of N@ has declined over the past decade due to emisstonols put in place
through the NQBudget Trading Program. While a sustained dedfir80,> deposition and
subsequent leaching in drainage waters has occuh@adverall recovery of stream and soil
water from acidification is slowed by $0exports that exceed inputs due to mobilization of
SO, stored in the soil as a legacy of decades of ®eh@eposition. The recent decrease isNO
deposition has contributed to the decreased aadlipyecipitation and likely has further reduced
leaching of base cations, but the decline in streatier NQ concentrations began prior the trend
of lower deposition, reflecting the complex dynasni¢ nitrogen in the ecosystem that are not
completely understood. | also observed overall neg@rends in DOC concentrations, which
make Hubbard Brook somewhat of an anomaly consigenany similar systems have
experienced increased DOC concentrations. Thesdsréowever, appear to have flattened over
approximately the past 15 years and it is possitgdg will reverse to mirror the patterns seen
elsewhere. These shifts are changing the charaficsail and stream solutions at Hubbard
Brook, from waters previously dominated by strooiglanions (i.e., S§J, NOs), to solutions
increasingly dominated by naturally occurring origanatter. Continued monitoring should
provide insight into the future of DOC and Bfl@ynamics, both of which directly and indirectly
influence acid-base conditions. | also anticipatganed monitoring to resolve the rate at and
the extent to which all recovery trends continuec&ery from acidification in drainage water
could accelerate if the deposition of acidic compaicontinues to decline and the legacy’SO

stored in soil is gradually depleted.
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Table 4.1. Long-term trends in organic horizon (8a) water chemistry, 1984-2011a.

pH Cs Ca ANC Ca SO” NO;’ Al; Al DOC
Low Hardwood slope -0.003 -3.64 -3.20 -0.33 -2.05 -1.18 -1.55 +0.04 -0.20 -25.09
P 0.58 <0.01 <0.01 0.40 <0.01 <0.01 <0.01 0.07 <0.01 <0.01
High Hardwood slope +0.000 -2.51 -3.13 +0.80 -1.40 -1.54 -1.22 -0.09 -0.28 -15.81
P 0.97 <0.01 <0.01 0.16 <0.01 <0.01 <0.01 0.06 <0.01 0.02
Spruce-Fir-Birch slope +0.004 -1.80 -2.71 +0.93 -0.94 -2.25 -0.13 +0.05 -0.37 -23.79
P 0.05 <0.01 <0.01 0.01 <0.01 <0.01 0.12 0.05 <0.01 <0.01

3Slope units for G, Ca, ANC, Ca, SG, and NQ are uEq [ y™*. Units for DOC are pmol CLy™.

Table 4.2. Long-term trends in mineral horizon (Bsi] water chemistry, 1984-2011a.

pH Cs Cn ANC Ca SOf NOs Al Al, DOC
Low Hardwood slope -0.002 -2.13 -2.48  +0.43 -1.56 -1.74 -0.34 +0.01 -0.05 -0.67
P 0.56 <0.01 <0.01 0.12 <0.01 <0.01 <0.01 0.85 <0.01 0.15
High Hardwood slope +0.006 -0.70 -2.59 +2.04 -0.34 -2.37 -0.09 -0.48 -0.19 -3.68
P 0.02 <0.01 <0.01 <001 <0.01 <0.02 0.19 <0.01 <0.01 <0.01
Spruce-Fir-Birch slope +0.000 -0.92 -3.25 +2.46 -0.51 -2.97 -0.03 -0.68 -0.18  +3.33
P 0.99 <0.01 <0.01 <001 <0.01 <0.02 0.38 <0.01 <0.01 0.22

%Slope units for g, Ca, ANC, Ca, SG, and NQ are uEq [ y*. Units for DOC are pmol CLy™.
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Table 4.3. Long-term trends in stream water cheymi$082-2011

Site  Elevation (m) pH Cs C. ANC Ca SO~ NO; Al Al, DOC
W6-1 751 slope +0.004 -1.30 -2.97 +1.79 -0.50 -2.48 -0.01 -0.10 -0.37 -1.54
P 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.14 <0.01 0.79
W6-2 732 slope +0.005 -1.08 -2.86 +1.94 -0.58 -2.54 0.00 -0.22 -0.18 +1.20
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.68 <0.01 <0.01 0.54
W6-3 701 slope +0.004 -0.97 -254 +1.74 -0.58 -2.14 -0.13 -0.39 -0.10 +1.48
P 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 <0.01 <0.01 0.22
W6-4 663 slope +0.004 -0.92 -2.29 +1.48 -0.53 -1.84 -0.16 -0.40 -0.08 -0.77
P 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.18
W6-5 602 slope +0.009 -0.87 -2.18 +1.37 -0.61 -1.76 -0.08 -0.36  -0.06 -0.08
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.88
W6-7 544 slope +0.010 -1.13 -1.94 +0.88 -0.80 -1.54 -0.04 -0.19 -0.04 -0.53
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.04

3Slope units for @, Ca, ANC, Ca, SG, and NQ are uEq [ y*. Units for DOC are pmol CLy™.
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Table 4.4. Comparison between trends of overahstrchemistry record and the trends during
the snowmelt seasons, 1982-2011, at site W6-7.

Parameter Overalltrend  Snowmelt trend
pH slope +0.010 +0.009
P <0.01 0.02
Cs slope -1.13 -1.21
P <0.01 <0.01
Ca slope -1.94 -2.00
P <0.01 0.01
ANC slope +0.88 +0.91
P <0.01 <0.01
Ca slope -0.80 -0.82
P <0.01 <0.01
SO” slope -1.54 -1.44
P <0.01 <0.01
NOs slope -0.03 -0.28
P <0.01 0.01
Ali slope -0.19 -0.25
P <0.01 <0.01
Alo slope -0.04 -0.04
P <0.01 0.04
DOC slope -0.53 +0.08
P 0.04 0.98

C;SI(ine units for g, Ca, ANC, Ca, SG, and NQ are uEq [* y*. Units for DOC are umol C'L
v

37



————— Streams
~  Watershed 6
————— Elevation zone boundaries
® Stream sampling points
A Lysimeter sites
Contours (50m)

700
\
- \\
7\ 1
\ \
\ \
\ \
\ \
NN
% \ \
\ X N\
\ \- \
\ { \ i
A < A
0 125 250 500 %
Meters ~
/ N \\ } \\\
\\ \ \ ) D

Figure 4.1. Map of Watershed 6 at the Hubbard Biexgerimental Forest (43°56’N, 71°45’'W),
showing locations of lysimeter plots and stream@arg points relative to the elevation zones.
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panel), and pH (lower panel) from 1982-2011. Dagsenobtained from the National
Atmospheric Deposition Program (NH02).
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5. Leaching of nitrate and dissolved organic carbon in soil solutions across a natural

gradient of winter climate and soil freezing

5.1. Methods
5.1.1.Plot selection and characterization

Twenty individual plots were set up during thd &l2010 at Hubbard Brook along an
elevation gradient from 375 to 775 m to evaluatertie of climatic variation in controlling
NOsz and DOC leaching in soil solutions. The plots weskected to capture the variability of
winter climate across the valley and were locatethath north and south-facing slopes
throughout the elevation range (Figure 5.1). Timeate gradient encompasses a 2.0°C variation
in winter air temperature, approximately the saspradicted temperature changes due to
climate change across the northeastern U.S. dthengext 50-100 years (Hayhoe et al. 2007).
Plots were selected to have the same forest cotigpuosspecifically the presence of dominant
canopy sugar maples was chosen because previdfiesring manipulations have shown most
consistent biogeochemical responses in sugar nséantes (Fitzhugh et al. 2001; Groffman et al.
2001b, 2011). The plots were each 10 m in diansetdriocated a minimum 300 m from each

other.

5.1.2.Lysimeter installation and sampling

Of the 20 plots used in the gradient study, fad pre-existing zero tension lysimeters:
one located west of Watershed 6 (Driscoll et a8)9two located in Watershed 1 (Cho et al.
2010), and one located near the Mt. Kineo traibfdnan et al. 2011). At each of the 16 other

plots tension-free lysimeters were installed du@sgptember and October of 2010. One plot was
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moved following the spring of 2011 (Table 5.1) tgprove accessibility to the plot and expand
the elevational range on the south-facing slopgsinheter cups were constructed from angled
cross sections of 4 inch diameter PVC pipes, wtien via PVC tubing to 2-L polyethylene
reservoirs. A soil pit was excavated at each sitethe lysimeter collectors were inserted in the
upslope face of the soil pit just beneath the tditesr (Oa horizon), and within the Bs horizon.
The soil pits were backfilled to prevent water analation and to ensure thermal conditions of
the soil were not disturbed.

The tension-free lysimeters collected soil watertimually and were evacuated
approximately monthly following installation. Rouglsix months following installation were
allowed for the disturbance effects on chemistrgubside; N@ concentrations were used as an
indicator of soil disturbance. Sampling for datdemion commenced in March 2011 and
continued approximately monthly through Septeml®dr2? providing two years of data for the

snowmelt period and growing season.

5.1.3. Winter climate monitoring

Each plot was monitored approximately biweeklyhwiteasurements of snow depth and
soil frost depth during the winters of 2010-201d @011-2012. The snow depth was recorded as
the mean of three locations in each plot. Snowldapt snow-water equivalence was measured
using Federal (Mt. Rose) snow tubes. Three reglisail frost tubes were installed during the
fall of 2010 at each plot according to the methodatined by Hardy et al. (2001). These
consisted of removable PVC tubes filled with megimgd blue dye, which turns a purple color

when frozen and thus allows personnel to visualasure the depth of frozen water. Soil
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temperature and volumetric water content were oaotisly recorded at 5 cm depth with

Decagon 5TM combination probes connected to Dec&l#b0 dataloggers.

5.1.4.Laboratory analysis
Soil solution samples were measured forsNf@ncentrations using ion chromatography
(Dionex, Sunnyvale, CA). Dissolved organic carlfo@C) was analyzed through persulfate

oxidation followed by infrared C{detection (Teledyne Tekmar, Mason, OH).

5.1.5. Computative methods and statistics

Soil solution chemistry data were compared withaldes representative of the winter
climate gradient encompassed by the 20 plots fcn e&the two winters. The maximum frost
depth from the biweekly measurements was selestedh andicator of frost intensity variation.
The SDL coefficient of variation (standard deviatif log-transformed soil temperature
observations) was chosen as a measure of wintegesgerature variability and an indicator of
frequency of freeze and thaw events during theexirBnowpack variation between sites was
characterized by creatingsmowpack’variable, the area under the curve when snow dspth
plotted against time.

Regression analysis was used to explore theoekdtip between concentrations of soil
solution DOC and N© and winter climatic variables. Previous reseancisail frost effects on
soil solution chemistry have reported differingeets between early and late summer (Fitzhugh
et al. 2001; Haei et al. 2010). Therefore, the saliition chemistry data were grouped as mean

concentrations for each plot for both the earlyngng season (May through July) or late
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growing season (August and September). Paireds+ese used to compare mean DOC and

NOs concentrations between the two years of the study.

5.2. Results
5.2.1. Characterization of winter climate gradient

Across the 20 monitoring plots, snowpack accunmratvas markedly higher during the
winter of 2010-2011 compared to 2011-2012 (Figu®y, 5vhile maximum soil frost depths and
SDL of winter soil temperature were generally geealuring the winter of 2011-2012. The
relationship between snow depth and soil frost sigsificant and negative during the second

winter, but no significant relationship was obserdeiring the first winter (Figure 5.3).

5.2.2. Soil solution N@ concentrations

Soil solution N@ concentrations varied greatly among sites, buewensistently higher
in the Oa compared to the Bs horizon. Nitrate vhseasonally in both horizons, with the
highest concentrations found in the spring andevjrand a marked decrease during the summer
months (Figure 5.4). Comparison between the twosyebstudy revealed that concentrations of
NOs in Oa-horizon soil solutions during the early gihogvseason months were higher in 2011
compared to 2012(< 0.01), while the Bs solution concentrations wagher in 20124 =
0.03) (Figure 5.5).

Analysis of NQ' concentrations in soil solutions as a functiothefwinter climate
variable for snow and soil freezing revealed nmiicant relationships across the gradient of

plots (Figure 5.6, Figure 5.7). High variation weted for NQ concentrations among sites,
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with mean values in the Oa horizon ranging fromt6.245 uEq L[, and from less than 0.1 up to

29.5 pEq ! in the Bs horizon during the early growing seasb2011.

5.2.3. Soil solution DOC concentrations

In contrast to N@ concentrations, soil solution DOC was higheshegummer and
lowest in the winter. Markedly lower concentratiomsre measured in the Bs horizons compared
to the Oa horizon (Figure 5.4). The DOC concerdretiin soil solutions were similar overall
between the growing seasons of 2011 and 2012 @m®5). Mean concentrations in the Oa
horizon were modestly greater during the early gngvgeason in 2012 relative to 201~
0.11), but the Bs solutions showed no sign of diffiee p = 0.93).

Positive relationshipg(< 0.10) between DOC concentrations in soil sohgiand the
winter soil variableéSDL winter soil temperatureere found in the solutions of the Oa horizon
during May-July 2011 (Figure 5.8), and betwaesximum frost deptandSDL winter soil
temperaturan the Oa horizon solutions in 2012 (Figure 5@G¢nerally these relationships were
not found in the solutions of the Bs horizon, thoagmodest positive relationship between DOC
and soil frost depth existed in the Bs horizon nigithe early growing season of 2012 (Figure
5.9). A significant relationship also existed betwea soil water DOC ar8DL winter soil
temperatureduring the snowmelt of 2019 € 0.04). By the late growing season (August-
September) of both years, no relationship betwe®f [Boncentration in soil solution and the
previous winters’ soil freezing variables was ewid@igure 5.10 and Figure 5.11)

Soil solution DOC concentrations were generallgelated to corresponding NO

concentrations. A weak positive relationship in @ehorizon was noted for the early growing
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season of 2011, although less than 10% of theti@rian NO;” concentrations could be

explained by DOC.

5.3. Discussion

A positive relationship between maximum soil frdepth and the SDL of winter soill
temperature was observed for the winter of 2011226t not for 2010-2011. This reflects the
lower snowpack accumulation during the second winthich exposed the soil to greater
temperature variability, including greater soildzéng intensity during particularly cold days.
During the winter of 2010-2011 the snowpack waatretly deep across all sites. This insulated
the soil well throughout most of the winter, thowgrly in the winter soils were exposed to
freezing at some sites. Overall these results sighat a more pronounced soil frost gradient
would be observed during years with lower ovenativgpack accumulation, ranging from
reasonably well-insulated soils with little frosthagher elevations and on north-facing slopes to
more exposed soils with deeper frost at the lowerations and the south-facing side of the
valley. Using a natural gradient of winter climads,opposed to a snow removal manipulation,
has the advantage of capturing the dynamics of sswmMirost interactions under actual ambient

soil temperature variations.

5.3.1. DOC mobilization after soil freezing

The results presented in the chapter suggestitivpa®lationship between soil freezing
(and freeze/thaw cycles, as indicated by SDL of&visoil temperature) and the concentration of
DOC in soil solutions, especially those draining @a horizon. The relationship was much more

distinct during the second year of the study whahfost was more pronounced. This likely
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reflects the marked overall differences betweertilewinters. The winter of 2011-2012 had a
much lower average snowpack than the winter of 2010, which exposed the soil both to
greater frost depths at most sites, as well aggreasceptibility to freezing and thawing as air
temperatures changed (Figure 5.2). The result®pted here corroborate other field or
laboratory studies that link soil frost, and fredzaw cycles, to increased DOC leaching in soll
solutions (e.g. Hentschel et al. 2008; Haei e2@1.0; Campbell et al. 2014).

In a long-term soil frost manipulation experimeantorthern Sweden, Haei et al. (2010)
found that soil solution DOC concentrations dutiing spring and summer were positively
related to the duration of soil frost during thepous winter. Kalbitz et al. (2000) noted that
previous studies have shown freeze and thaw cyutesase DOC release from soils and
speculated that a physical disruption of the saitrir could make previously stabilized soil
organic matter more available for leaching. Camlpdtedl. (2014) observed a pulse of DOC in
leachate from Hubbard Brook soils treated undeesefrost (-15°C) conditions in the
laboratory and noted that the quality of DOC (adated by SUVAs,) also increased. They
speculated that the pulse of DOC could have origthffom microbial cells lysed during the
severe frost treatment. Haei et al. (2012) alsoadancreased lability of DOC leached from
laboratory freeze experiments with Swedish boredd and speculated a microbial origin.
However, in a laboratory experiment with Germare$brsoils, Hentschel et al. (2008) found a
pulse of DOC following initial freezing and thawingut they noted that the DOC quality did not
change as a treatment effect and that soil fredzigmobilized DOC with lignin content too
high to be derived from microbial lysis.

The DOC results | present here are consistentsaithfrost causing a physical disruption

of the soil matrix which results in the prolongetease of DOC for several months following
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snowmelt rather than one pronounced pulse. Furihrernthe somewhat stronger relationship
between DOC mobilization and SDL of winter soil frature compared to maximum frost
depth also suggests that higher frequency freemgigthawing of the organic soil is more
disruptive to the soil matrix than simply maximuradt intensity, though the biweekly
monitoring of frost depth may have been insuffitiencapture the true extent of maximum soil
frost depths. The lack of relationship between D&@Gcentrations and previous winter soil frost
during the later sampling dates (August-Septembdigates that the soils had stabilized after

several months or the most easily leachable DO(hbkad depleted.

5.3.2. Variable response of NOto soil freezing

The results presented here showed no clear retiijpbetween the winter climate
variables investigated and the concentrations of MQoil solutions for either winter. Previous
investigations into the response of NIBaching to soil freezing events have shown varying
results. A snowpack manipulation (reduction by shiong) study at the HBEF during the winters
of 1997-1998 and 1998-1999 showed a strong tredteftact in the N@ leaching response to
induced soil frost. Fitzhugh et al. (2001) found f\€@ncentrations in soil solutions greater than
400 umol L* during the growing season in the Oa horizon afttrent plots with sugar maple,
compared to less than 100 pmd! in the non-manipulated reference plots. They filsad
treatment effects in the Bs horizons. Boutin andifdle (1995) found similar results following
a snow removal experiment in a sugar maple sta@l#bec. However, Groffman et al. (2011)
found little treatment effect on NGOn soil solution to a snow manipulation study cocted in

sugar maple stands at the HBEF during the winte2902-2003 and 2003-2004.
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Discrepancies have also been noted when lookinghfanges in streamwater export of
NOjs following widespread soil freezing events. Fitzhug al. (2003) investigated the
deviations in streamwater chemistry in Hubbard R®&V6 long-term record and found
significantly increased annual fluxes of streamgN@llowing soil freezing events only during
the earlier years of the record, the 1970s. Ther katars (1990s) of the record showed no
conclusive relationship between soil freezing ai@k Mesponse at the watershed level.
Similarly, Judd et al. (2011) predicted widespreatl freezing during the winter of 2005-2006
would lead to increased NQunoff, but found the concentrations in 2006 at M/6e the lowest
on record. Studies at other sites have also prabivaeable results. Laboratory freeze treatments
of soil cores from a Norwegian heathland produceddased leaching of NHand decreased
leaching of N@ (Austnes and Vestgarden 2008), while severe freatment of HBEF soil
cores by Reinmann et al. (2012) led to lower losddmth NQ and NH;".

These variable and apparently contradictory resulggest that the response of NO
leaching to soil freezing is subject to more corrmentrols than simply the presence of soil
frost. The marked increases in soil solutionsN®ported by Fitzhugh et al. (2001) were
attributed to reduced growing season N uptake grsmaple fine roots, which had been
damaged by the soil freezing. Tierney et al. (2@dierved significantly increased fine-root
mortality resulting from those soil freeze treatitseif he response of NOeaching to soil
freezing events may be regulated by the degreédnichwiine roots are damaged. The soil
temperatures experienced during soil freezing evard typically not cold enough to directly kill
roots (>4°C), so a physical disruption of the sedtrix, such as frost heaving, may be
responsible for fine-root mortality. Cleavitt et €2008) however found no relationship between

measured frost heaving and fine-root mortalityhatiHubbard Brook snow manipulation plots
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studied in the winters of 2002-2003 and 2003-20@# saiggested cellular damage caused fine-
root mortality.

Groffman et al. (2011) hypothesized that the difig responses of N leaching to soil
freezing events could be driven by interactionsveenh C and N responses or interannual
variability of C and N dynamics in the forest. ledethe results | found indicated a moderate
DOC mobilization in response to soil freezing (@sgecially freezing and thawing cycles) but
no NGs response. This supports the hypothesis (Groffhah 2011) that when soil freezing
mobilizes DOC, the increased DOC availability capmess losses of NOThese results are
also consistent with soil-freezing manipulationds#s that found opposite or differing responses
of DOC. The earliest freeze treatment study at luiBrook produced marked increases in
NOjs leaching and no significant effect on DOC (Fitzheglal. 2003). In contrast, a field snow
manipulation in Norway resulted in increased DO&leng but no increases in N@Austnes et
al. 2008; Kaste et al. 2008). However, the laboyatieatments by Austnes and Vestgarden
(2008) found increased DOC and decreased Nbilization following freezing of soil cores.
These often opposing responses of DOC and Bi@ consistent with the theory that if and when
DOC is mobilized as a response to soil freezintudisnce, a corresponding response ogNO
may be prevented by increased microbial N immadtiion or denitrification as an effect of
freshly mobilized DOC becoming available as a lb#rbon source. Markved et al. (2006)
noted pulses of YO following soil freeze and thaw and attributednthi® increases in
denitrification resulting from increased availatyilof DOC to fuel microbial denitrifiers.
Experimental additions of labile DOC have been shtowdramatically reduce NOrunoff
losses through increased microbial N immobilizatorlenitrification (e.g. Bernhardt and

Likens 2002; Sobczak et al. 2003). Also, incred3ex availability has been hypothesized to
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underlie the widespread trend of decreasing M@ncentrations in streams across the

northeastern U.S. (Goodale et al. 2005).

5.3.3. Winter climate change implications

The contrasting winter conditions in the two yeairthis study, and gradients of winter
variables within the HBEF, illustrate that changesnowpack accumulation can have marked
effects on solil freezing intensity and frequencgntbell et al. (2010) have shown that the
winter climate at Hubbard Brook has been warming)thiat snowpacks have been decreasing,
especially at lower elevations and on the soutiméaside of the valley. Continued warming
should be expected to decrease winter snowpackradation further and in more widespread
areas, exposing soils to greater temperature vhtyadnd frost development. My results show
that the sites with the thinnest snow cover andtgst soil freezing are the most likely to
respond with leaching of DOC during the monthsdiwihg winter. This finding has implications
for the carbon balance of soils and nutrient cygclinder future climate scenarios, suggesting a
potential for increased loss of soil organic carbmlowing soil freezes. It also underscores the
need to investigate how climate-driven changes@€Dnobilization may be affect long-term

trends in surface water DOC concentrations.

5.4. Summary and Conclusions

The results of this chapter demonstrate that reglingilation of soil associated with
decreased winter snowpack accumulation can leattteased soil frost formation and greater
susceptibility to midwinter freeze and thaw cyclesreases in soil frost intensity and soll

freeze/thaw events can, in turn, lead to chang#seisoil solution chemistry. Increased DOC
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mobilization was found in soils most affected bgeizing. The effect persisted for several
months into the growing season before stabilizingicating a likely soil matrix disruption

which exposed more readily leachable DOC. | obgktlie strongest response in the Oa horizon,
consistent with the greater exposure of the uppéhserizons to freeze disturbance and greater
concentrations of organic matter. | found no relaghip between soil freezing measures and soil
solution NQ' concentrations. Other studies have shown confliatesponses of NOleaching

and the results presented here are consistenthvathypothesis that a mobilization of labile

DOC in soils may prevent a NOncrease by stimulating microbial N immobilizatiofhese

results are important considerations for the futfr€ and N dynamics in forest ecosystems
which are likely to experience more frequent orese\soil freezing events as climate change

results in decreased snowpack accumulation.
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Table 5.1. Winter climate gradient sites with $géimeters.

Plot Elevation (m) Aspect Experimental watershed
IL1 375 S None
IL2 401 S None
IL3 511 S None
IH1 539 N None
IH2 555 N None
IH3 595 N None

El 588 N None

E2 687 N None

E3 770 N None

E4 632 N W7

E5 724 N W7

E6 536 S W3

E7 609 S W3

E8 630 S W3

E9 670 S W3
E10 698 S w1
E11A 706 S West of W6
E11B 766 S West of W6
E12 688 S West of W6
E13 601 S West of W6
E14 487 S w1

Plot names designated with “IL” or “IH” indicatertiensive low” or “intensive high” elevation, and rgesubject to
additional research activities by collaboratorsites not presented here). Plots with designatie#i ‘are
categorized as “extensive.” Soil water lysimetdugeavas identical across all plots.

'Plots E10 and E14 were not included in study dfsaiution chemistry due to location in W1, whiclasv
experimentally treated with an addition of calcisiticate in 1999 to mitigate acidification.

%Plot E11B was added to replace E11A during summgi 2E11A is used in the 2011 analysis. E11B was irs
the 2012 analysis.
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Figure 5.1. Map of the HBEF with winter climate dient lysimeter sites indicated.

58



10000
a) *
8000 | .
0
>
V]
o
= 6000 -
6
-
8
S 4000 - . s
[e]
<
[%5]
2000 - %
[ )
0 ; i
2011 2012
20
b)
E
(3]
= 151 .
a
(] [ ]
©
w
£ 10 _‘7 1
=
(7]
E
3
E 5 -
x -
(1]
5 1
L ]
0 y ;
2011 2012
0.25
L
c) * .
(0]
S 020 T
®
[
=
§ o5 —
— [ ]
2
& 010 J_
£
E
| L ]
(] ]
2 005
0.00 . ;
2011 2012

Figure 5.2. Boxplots of 2011 and 2012 winter clienaariables across all monitoring plots, a)
snowpack, b) maximum soil frost depth, and c) SDiter soil temperature. Statistically
significant differencesp(< 0.05), as analyzed by paired t-test, are mabked

59



a) .
T 12
2
5 L ]
Q.
10 .
3 2=0.15
§ P=012
= 8 o
3 °
8 'Y { ]
. °
E s . .
£ .
= -
2 T . T
2000 4000 6000 8000 10000
Snowpack (cm-days)
16
b °
— 144 )
E
)
12
'-E_ = ~ @ [ ]
™2
g 10 ~
2 .. J
7] ~ [ ]
(o] Ty
= 8 B [ ]
= o~ -
? g o2 2=0.23
£ ° ™ P=0.04
=] P ~
E 4 ° ~
< Py e
© ~
= 2 ~ "%
. ~
0 ‘ ‘ - .
0 1000 2000 3000 4000 5000

Snowpack (cm-days)

Figure 5.3. Relationship between maximum soil foegith and th&nowpacksariable for the
winter of a) 2010-2011 and b) 2011-2012 across i2@ewclimate gradient monitoring plots.

60



200

a) T —e— Oa solution
—O— Bs solution
150
_"‘
= 100 -
o
w
=2
'
g 50
0 _
T T T T L4 ) T T

Mar-11 Jun-11 Sep-11 Dec-11 Mar-12 Jun-12 Sep-12

5000

b) —&— Qa solution
—O— Bs solution

4000 -

3000 -

2000

DOC (umol C L™

1000

0

Mar-11 Jun-11 Sep-11 Dec-11 Mar-12 Jun-12 Sep-12

Figure 5.4. Monthly mean concentrations of a)sf\N@nd b) DOC concentrations in soil
solutions. Error bars indicate standard deviations.

61



6000

5000 4

Oa horizon
DOC (umol C L™

1000 -

1000

800 4

Bs horizon
DOC (umol C L)

200 A

4000 -

3000 4

2000 4

2011

600 -

400 +

b)

T

N

+

2011

2012

NO, (uEqL™)

NO; (uEq L")

300

250 +

200 -

150 A

100 -

50 4

50

40 1

30 A

20 4

10 A

2011

d)

W

=

R

2011

2012

Figure 5.5. Boxplots of 2011 and 2012 May-July @nrations of DOC in soil solution of the a)
Oa horizon and b) Bs horizon, and N@oncentrations in soil solutions of the ¢) Oa homi and
d) Bs horizon. Statistically significant differersc < 0.05), as analyzed by paired t-test, are

marked by *.

62



300

250 A

NO3™ (uEq L)

50 4

50

40 4

NO3” (uEq L)

200 A

150 A

100 H

30 4

20 A

a)
r2=0.04
P=050
L]
i }
st s
4 6 8 10 12 14 16 18 20
Maximum soil frost depth (cm)
b)
L ]
2 =0.04
E P=0.54
[ ] [ ]
: L)
l'.'l L T T T T T
4 6 8 0 12 14 16 18 20

Maximum soil frost depth (cm)

NO3™ (uEq L")

NO3™ (uEq L)

300

c)
250 4 E
200 -
150 - 2 =0.01
] =
o P=077
100 + }
L ]
50 4 % E E
o3
0 ; . : . ; ; g -
0.04 006 008 010 012 014 016 018 0.20
SDL winter soil temperature
50
d)
40 A
30 4 .
20 - 2 =0.00
E P=0.89
10 A
[ ] E [ ]
O L T T T ‘ T E T T i l‘
004 006 008 010 012 014 016 018 020

SDL winter soil temperature

Figure 5.6. Scatterplots of soil solution concedres of NQ™ during May-July 2011 as related
to the previous winter’'s maximum soil frost deptha) Oa horizon and b) Bs horizon, and as
related to the SDL of winter soil temperature ir0g horizon and d) Bs horizon. Vertical bars
indicate standard errors.

63



300

250 4

NO3™ (uEqL™)

50 4

50

40 4

NOg™ (uEq L)

200 A

150 A

100

30 4

20 A

a)
r2 = 0.00
P=097
Bt } t
L) - L 4 Py ¢ ‘I §
5 10 15 20
Maximum soil frost depth (cm)
b) }
r? = 0.00
P=0.83
T ¥ ogn :‘.-r g - -
5 10 15 20

Maximum soil frost depth (cm)

NO3™ (uEq L")

NO3™ (uEq L™

300

c)
250 -
200 -
Ll 2 =001
P=075
100 4
50 E % E {
0 ? LE. ‘ E L .
0.12 0.14 0.16 0.18 0.20 0.22 0.24
SDL winter soil temperature
50
d)
40 A
30 4
2 =0.02
20 4 s P=062
10 A E
¢ []
01 . — 9 .
0.12 0.14 0.16 0.18 0.20 0.22 0.24

SDL winter soil temperature

Figure 5.7. Scatterplots of soil solution concedres of NQ™ during May-July 2012 as related
to the previous winter's maximum soil frost deptta) Oa horizon and b) Bs horizon, and as
related to the SDL of winter soil temperature ir0g horizon and d) Bs horizon. Vertical bars
indicate standard errors.

64



8000
a) c)
6000 -| 6000 4
s i
&) (&)
2 4000 1 £ 4000 -
3 el =021
o -3 = :
8] r“=0.00 Q P =0.09
o E P=0.99 e} E B e
a o o
2000 - 2000 - T
R, T 1, i
A s % .
0 T T T T 0 T T T T T r T T T
4 6 8 10 12 14 16 18 20 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26
Maximum soil frost depth (cm) SDL winter soil temperature
1000 1000
b) d)
800 - 800 A
L [E7
« 600 { O 600+ }
5 ol 2o
2 r“=0.00
2 . P02 5 . P=089
2] 400 A ) pre 400 -
o) o] L]
o [ ] a ]
es °* on »
200 - % e - - 200 1 2® o o
. .
® Ld L ]
] : . : : : : : : 0 : : - : - : - . : -
4 6 8 10 12 14 16 18 20 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26

Maximum soil frost depth (cm)

8000

SDL winter soil temperature

Figure 5.8. Scatterplots of soil solution concetidres of DOC during May-July 2011 as related
to the previous winter's maximum soil frost deptra) Oa horizon and b) Bs horizon, and as
related to the SDL of winter soil temperature ir0g horizon and d) Bs horizon. Vertical bars

indicate standard errors.

65



8000 8000
a) c)
6000 - __ 6000 A
by a
O &)
° ©°
4000 4000 4 —
E — = 5 - =
—
8 /,!/ 2 =0.20 8 (] i 2 =042
a] = P=0.07 A == P <0.01
2000 o 2000 j —
o 9 e b
2 % £, . b ¢ 1.
[ L] LE [} . L) i b
0 . ‘ ‘ 0 ‘ ‘ . ‘ ‘
0 5 10 15 20 0.12 0.14 0.16 0.18 0.20 0.22 0.24
Maximum soil frost depth (cm) SDL winter soil temperature
1000 1000
b) d)
800 - 800 4
"y i
© 6004 O 600
° S i< 3
— r“=0.02
E P /2/ E P=056
o5 400 4 - 2=0.19 o5 400 4
O &)
o] E B P=0.08 o) E . b
a i a [}
L L)
200 1 % T Py 200 | ' E g . 3
s, —
g® * - . *
0 . : : 0 : : . ; :
0 5 10 15 20 0.12 0.14 0.16 0.18 0.20 0.22 0.24
Maximum soil frost depth (cm) SDL winter soil temperature

Figure 5.9. Scatterplots of soil solution concedres of DOC during May-July 2012 as related
to the previous winter's maximum soil frost deptra) Oa horizon and b) Bs horizon, and as
related to the SDL of winter soil temperature ir0g horizon and d) Bs horizon. Vertical bars
indicate standard errors.

66



8000

6000 -

DOC (umol C L)

2000 -

1000

800 -

DOC (umol € L1

200 -

4000 -

(2]

o

o
L

400

8000
a) c)
6000 -
L
(@]
]
4000 -
} 2 =0.01 ‘Ea { 2=0.10
P=071 O P=0.23
o
[=]
E 2000 - E
2 &5 ' ! ; .I ti 3
= e & M ]
T T T T T T T T 0 T T T T T T T T T T
4 6 8 10 12 14 16 18 20 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26
Maximum soil frost depth (cm) SDL winter soil temperature
1000
b) d)
800 +
<
O 600 A
° E ° 2 = 0.01
2 =006 A P=0.74
P=040 O 400 -
. o - .
(] 2 °
° - ? . = = & . }
L) L [ L
e o 200 1 . .
L
T 0 T T T T T T T T T T
4 6 8 10 12 14 16 18 20 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26

Maximum soil frost depth (cm)

SDL winter soil temperature

Figure 5.10. Scatterplots of soil solution concatidns of DOC during August-September 2011
as related to the previous winter’'s maximum saistrdepth in a) Oa horizon and b) Bs horizon,
and as related to the SDL of winter soil temperatarc) Oa horizon and d) Bs horizon. Vertical
bars indicate standard errors.

67



8000
a)
__ 6000
&
(6]
g 4000 =007
= - =0.30
8 [
e 2000
] )
[ .
L)
SRS £
s ls, *
0 T T T
0 5 10 15 20
Maximum soil frost depth (cm)
1000
b)
800 -
i
o 600+
©
=
= . .
8 400 - 2=001
g - E ., P=0.78
[ ] E - [}
200 [ ] .
i []
0 : :
0 5 10 15 20

Maximum soil frost depth (cm)

DOC (umol c L)

DOC (umol C L)

8000

c)
6000 -
2= 007
4000 P=0.32
* L)
2000
1 % s )
x ¥ : ; :
L
s *
0 T T T T T
0.12 0.14 0.16 0.18 0.20 0.22 0.24
SDL winter soil temperature
1000
d)
800
r2 = 0.07
600 1 P=0.33
® [ ]
400
3 L ® E
i ™
200 4 L] &
L] )
0 : . . . .
0.12 0.14 0.16 0.18 0.20 0.22 0.24

SDL winter soil temperature

Figure 5.11. Scatterplots of soil solution concatitns of DOC during August-September 2012
as related to the previous winter’'s maximum saistrdepth in a) Oa horizon and b) Bs horizon,
and as related to the SDL of winter soil temperatarc) Oa horizon and d) Bs horizon. Vertical

bars indicate standard errors.

68



6. Dynamics of streamwater nitrate and dissolved organic carbon during snowmelt with

differing winter climatic regimes

6.1. Methods
6.1.1. Site description

This study was conducted at three gauged expetaineatersheds at the HBEF:
Watershed 3 (W3), Watershed 6 (W6), and Waterst&t).(Watershed 3 and W6 are south-
facing catchments and W7 is located on the notmépslope of the Hubbard Brook valley
(Figure 6.1). These watersheds have not underggerimental treatments. The forests are of
even age, having last been commercially loggeteretirly 20th century. Forest composition
varies across the valley (Schwarz et al. 2003)daseaspect and elevation, but is similar across
the three study watersheds. Mixed northern hardwost is the dominant pattern at lower
elevations, comprised of American beeEadus grandifoliaEhrh.), sugar mapléA¢er
saccharumMarsh.), and yellow birchBetula alleghaniensiBritt.). Balsam fir Abies balsamea
(L.) Mill), red spruce Picea rubensSarg.), and paper bircBétula papyriferavar. cordifolia
Marsh.) are prominent at the highest elevationgefits higher overall elevation and north-
facing aspect, the species composition in W7 isathtarized by greater densities of white birch,
spruce and fir at the higher elevations of the vgsiied compared to the south-facing W3 and

W6.

6.1.2. Snowmelt streamwater sampling
Streamwater was sampled during the snowmelt pefi@d10, 2011, and 2012. The sites

in the south-facing watersheds (W3-L, W3-H, and My&vere sampled in each of the three
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years, while the sites in W7 (W7-L and W7-H) weaenpled only during the snowmelts of 2011
and 2012. The 2010 snowmelt sampling was initiateen exploratory year of data collection to
gauge the variation between two watersheds anatienal differences. The snowmelt sites
were expanded in 2011 to include W7 following sttecand instrumentation of climate
gradient monitoring sites (described below). Stiater sampling was started the first week of
March each year and continued until early or midgMance the stream flow appeared to return
to baseflow conditions. Samples were collectedydasing Teledyne ISCO (Lincoln, NE) 3700
or 6712 automated samplers. The samplers weregroged to collect samples simultaneously
from each site once each day. Collections occurréice middle of the afternoon (15:00 EST or
16:00 EDT) when stream flow and air temperaturesvexpected to be highest, in order to
minimize the likelihood of sampling problems duddw flow or ice formation in the sampling
lines and/or pump mechanisms. The samples werevesdrfoom the autosamplers within 14
days from the time of collection. Samples were sghsently stored at 4°C until laboratory
analysis. Prior to removal from the ISCO autosanspline samples were at ambient field
temperatures, which were comparable to labora&fngeration, although water samples did

freeze and thaw during the early weeks of the siagnpl

6.1.3. Stream flow measurements

Continuous stream flow measurements are made authet of each watershed, by
gauging stage heights with either a V notch weiBJ\WW a V notch weir coupled with a San
Dimas flume (W6 and W7) (Reinhart and Pierce 196#eam flow is expressed in millimeters
per day, which is derived from integrating insta@aus measurements over time and

normalizing by the watershed area.
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6.1.4. Characterization of winter climatic gradient

To characterize the winter climatic variationghe study watersheds, 14 independent
monitoring plots were set up in October 2010. Ndo&s were located across the elevation range
of the south-facing watersheds to characterizelihetic gradients in W3 and W6, and five
plots were located on the north-facing slope ofvidiléey in and near W7 (Figure 6.1). Each plot
was monitored approximately biweekly for measuremehnsnow depth and soil frost depth.
The snow depth was recorded as the mean of thcaédas in each plot. Snow depth and snow
water equivalence were measured using FederaRb&e) snow tubes. Three replicate soil frost
tubes were installed during the fall of 2010 atheplot according to the methods outlined by
(Hardy et al. 2001). These consisted of removabl€ Ribes filled with methylene blue dye,
which turns a purple color when frozen and thusvadl personnel to visually measure the depth
frozen water. Soil temperature and volumetric watgrtent were continuously recorded at 5 cm

depth with Decagon 5TM combination probes connetddecagon EM50 dataloggers.

6.1.5. Laboratory analysis

Streamwater samples were measured for total ctiatiems of Mg, Na, Ca, and K with
inductively coupled plasma mass spectrometry (IC®-Merkin Elmer, Waltham, MA). These
concentrations were assumed to equal their ioniateoparts: Mg, Na', C&*, and K Anions
(F, CI, NO5, and S@) were measured using ion chromatography (Dionarngvale, CA).
Dissolved organic carbon was analyzed through Hatswoxidation followed by infrared GO

detection (Teledyne Tekmar, Mason, OH).
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6.1.6. Computational methods and statistical analyses

The acid neutralizing capacity (ANC) in this studlgs calculated as the difference
between the sum of base cations and the sum ofgsércid anions (ANC =£C,). The total
base cation concentrationgGiEq L) was calculated as the sum of
2[C&']+2[Mg?*]+[K *]+[Na']; the total strong acid anion concentration(EEq L) are the
sum of 2[SQ*T+[NO3]+[CIJ+[F]. The episodic acidification of snowmelt eventssvdzfined
as the difference between the pre-event ANC vahgetlae minimal ANC value during the event,
with the episodic acidification term A2ANC. Solute fluxes over the entire snowmelt pedod
the early (March) and later (April) snowmelt weedatilated as the product of daily solute
observations and mean daily discharge summed bgenterval of interest. Volume-weighted
concentrations were calculated by dividing sollugds by the cumulative flow over the time
period of interest. Missing daily stream chemistajues were estimated as the average of the
prior and following discrete sample values.

Concentration-discharge relationships for soldigsng snowmelt events were evaluated
by linear regression analysis. Comparisons betweanentration-discharge slopes were
conducted through general linear models includimgniehy variables to test for the interactive
effect of categorical variables, such as snownedr yr watershed, on the dependent variable
(solute concentration) in the regression modelni8aance for all analyses was determined at
<0.05

A series of variables were derived from the snaskpaoil frost, and soil temperature
measurements in order to compare the winter clifi@aters with stream hydrochemical
dynamics. The winter climate variables were gerer&d characterize snowpack and soil

conditions that varied with elevation. Linear reggien models were developed to estimate
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values for the variable at given elevations. Sépardels were developed for the north-facing

and south-facing watersheds using the monitoritgg sissociated with the study watersheds as
described above. The elevation-climate gradientetsodere applied against the mean elevation
of each of the study watersheds in order to estirtha climatic variables for each watershed for
each winter. The mean elevation for each waterslaxdicalculated from a 10-meter digital

elevation model (DEM) using ArcGIS (ESRI) spatinhbyst.

6.2. Results
6.2.1. Snowmelt hydrologic response

In each of the three years of study, snowmelt cenued in early to mid-March,
although the winter meteorological conditions re=iiin contrasting snowmelt magnitude and
duration (Figure 6.2-Figure 6.9). Both 2010 and2@&re warmer than average winters with
lower than normal snowpack accumulation (Table.@rilgontrast, the winter of 2011 was
marked by relatively cold temperatures and highwgraek accumulation. The 2011 snowmelt
was characterized by an initial large rain-on-smewent on 6-7 March 2011, followed by an
extended cold period with little melt before peakwmelt was initiated by rain events and
warmer temperatures in the middle and later perdddspril. The shallow snowpacks which had
developed in 2010 and 2012 melted over the cour2e3onveeks, with peak stream flows both
years markedly lower than the value observed in261g., Figure 6.2, Figure 6.7). The
snowmelt of 2012 proceeded quickly—concluding &/ éind March—and was followed by a
dry period of approximately three weeks with loweatn flow before rainfall events generated a

marked stream discharge response beginning 21 &qireturning to baseflow by 30 April.
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The variation in snowmelt hydrology among years weeater than among watersheds,
although flow magnitude and timing were relateddaations in the meteorological conditions
of each watershed. Watershed 3 and W6 are botkelboa the south-facing slope of the
Hubbard Brook valley with mostly overlapping elaeatranges (Table 4.1). The meteorological
conditions were similar between W3 and W6 for eaictihe three years of study. W7—on the
north-facing slope—was studied for only 2011 an@i2®Both of these snowmelt years
demonstrated differences between the north-faamdgsauth-facing aspect. Cooler temperatures

and lower solar radiation resulted in later shovwrosIW?7.

6.2.2. General snowmelt stream hydrochemistry

Stream N@ and DOC showed the greatest variation in concgotigin response to
changes in flow during snowmelt. StreamwatersN®d DOC dynamics followed a consistent
overall pattern during snowmelt in each watershetleach year of sampling. The pre-snowmelt
baseflow was characterized by low concentratiofs@f and DOC. At the onset of snowmelt
in early March, when stream discharge increaseidlsapbove baseflow conditions, the
concentrations of N©and DOC increased coincidentally with flow rat@rdughout the
snowmelt season, DOC concentrations respondedattgels in flow. In contrast NO
concentrations responded by marked increases lwithdarly during snowmelt, but increases in
NOsz became more muted as snowmelt progressed (elgeFepb).

Streamwaters during baseflow prior to snowmelt thachighest concentrations of base
cations and S§ during the sampling period (Table 6.3). The cotregions of these solutes
were subsequently diluted during snowmelt, exhigith negative correlation with increases in

stream flow.
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6.2.3. Nitrate dynamics across years and watersheds

Pre-snowmelt baseflow NCconcentrations were significantly higher in 20b2npared
to 2011 (paired t-tesp = 0.02). The lowest concentrations were found inaN@ the highest in
W7 (Table 6.3). Similar to the premelt concentnagicche N@ concentration increases
associated with the initial snowmelt pulse in Mawadre highest in W7 and lowest in W6.
During the April high-flow events—peak snowmeltd@11 and rain-on-bare ground in 2012—
W7 also had the highest N@oncentrations and the lowest were observed inTW6.April
high flow was generally associated with lower pBi&ds” concentration relative to the March
peak flow (Table 6.3).The exception was in W7 imiAp012. The N@ concentration in W7-L
streamwater on 23 April 2012 was 47.2 ©EYq the highest of any streamwater sample
measured during the study. The difference in floglaf NG;” with high flow was confirmed
through regression analysis of the concentratisatdirge relationships for each watershed
(Figure 6.10). The slope of the N@lischarge fit was significantly higher in W7 comga to
W3 or W6 0 < 0.01, Figure 6.10), although data for the dath Wwighest discharge were
missing for W7-L.

Three years of data collected in W3 and W6 andy®ars in W7 showed the interannual
variability of NO;"dynamics. N@ during snowmelt was strongly controlled by hydgyp
though not completely. The highest concentrati@tiuirge slope was found in 2012 (for W3-
L), while the lowest was for the 2010 data (FigbrEl). Both 2010 and 2012 were years of low
snowmelt; much higher flows were observed in 20 hile the volume-weighted concentrations
of NOs for the entire snowmelt were highest in 2012 tthal flux of NG;” from each of the

three watersheds was highest in 2011 (Table 6.4).
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At the W3-H sampling site, the concentrations @s;Nvere consistently higher than at
the corresponding downstream site (W3-L). The cotragon difference was typically highest
early in snowmelt, with N@ values 5-15 pEq L higher at W3-H than W3-L. As depletion of
NOjs pools progressed during snowmelt flushing, theetéhce between watershed sites
declined. By the peak snowmelt high flows in midat@ April 2011, N@ concentrations at
W3-H were only 2-3 pEqt higher than W3-L. In W7, there was almost no \aiain stream
NOjs concentrations between the upper site (W7-H) hadlbwnstream site at the weir (W7-L)
during the 2011 snowmelt. Differences were gengtalis than 2 pEqtbetween the sites.
During the 2012 snowmelt, the N@oncentrations were somewhat higher at W7-H coetptr
W?7-L during the early melt events (by 3-10 nEY knd were slightly lower during the later
dates of the March snowmelt (difference of 2-8 |LE} At the time of the 23 April rain event
the concentration increase of Bl W7-H streamwater was markedly less than what wa

observed at W7-L (21.2 pEq'ivs. 47.2 pEq ).

6.2.4.DOC dynamics across years and watersheds

Dissolved organic carbon concentrations in strear@imwere similar in each year of the
study. Fluxes and concentrations of DOC during snelvwere strongly driven by differences
in hydrology. Consequently, the volume-weighted meancentrations were similar across time
for a given watershed (Table 6.4). Among the thvatersheds, the concentrations and fluxes of
DOC were lowest in the north-facing W7. The DOCaiyics in W3 and W6 were similar.

In contrast to the patterns of N@oncentrations, DOC did not undergo a seasonal
dilution. Concentrations consistently increasedwitreases in hydrologic flow throughout the

season suggesting that the source pool of DOC widgmited, except during the high flows of

76



April 2011. (Figure 6.12), although during the véigh flow dates in late April 2011 some
dilution effect may have limited peak DOC concatitins at increases in flow above 20 mm
day™.

Dissolved organic carbon concentrations in streaiewearied by elevation to differing
degrees in the two study watersheds with highesatilen sampling sites. In W3 at site W3-H,
the streamwater DOC concentration was typicallgast 300 pmol C t greater than the
downstream site (W3-L) (Figure 6.2, Figure 6.4,Uf&6.7). At the W7-H site, DOC

concentrations in streamwater exceeded the vatud§d. by a much smaller amount, typically

50-100 pmol C [* (Figure 6.6 and Figure 6.9).

6.2.5. Snowmelt streamwater nitrate and DOC dynamics listie to winter climate variation
Across the watersheds, the volume-weighted meaamtvater DOC concentrations
during March and April were positively correlatediwthe following variables: maximum soil
frost depth, snow depth duration, and soil tempeeaariability. There was a strong positive
relationship between the maximum soil frost deptth tne corresponding mean volume-
weighted DOC concentrations (Figure 6.14).3Néncentrations showed no relationship with

any of the climatic factors analyzed.

6.2.6. Episodic acidification
Episodic acidification associated with high-floanditions during snowmelt was

observed across each of the experimental watersheadsh year. The episodic acidification—
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AANC, the change in the balance between base catimhstrong acid anions—was most
pronounced at the commencement of snowmelt whelatpest pulsed increases in NO
concentrations occurred coincident with dilutiorbake cations. The magnitudeA#NC varied
by watershed and snowmelt year (Figure 6.13). Tbst@cute episodic acidification occurred in
W7 in both years, wher®®ANC was -40.5 and -35,8Eq L in 2011 and 2012, respectively. The
magnitude oAANC was similar in both of the south-facing waterds, ranging from -12 dEq

L™ in W6 in 2011 to -23.8Eq L™ for the snowmelt of 2012 in W3. Paired t-test tessu

indicated no differences between the two yearsrim$ ofAANC (p = 0.63). Increased NO
concentrations contribute to decreases in ANC,/8WC values were negatively correlated
with the concurrent change in N@oncentrations across watersheds, althalg®; did not
significantly explain the variation inANC (p = 0.08, Figure 6.13). Increased concentrations of
DOC under high-flow conditions would be expectetheéocaccompanied by higher concentrations
of organic anions in streamwater. No relationshgs Wound however betwea&OC and

AANC (p = 0.86). The decline of Gaconcentrations during high flow was found to
significantly explain variation inANC (p = 0.02) across the watersheds during the two
sampling years. Despite the more negati®®C observed at W7 relative to W3 and W6, the
absolute ANC values did not differ markedly amorggevsheds. This reflects the higher C

concentrations in W7 during premelt conditions (€ah3).

6.3. Discussion

6.3.1. Nitrate and DOC dynamics during snowmelt
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Nitrate dynamics during snowmelt followed simiflushing patterns of accumulated soil
NOs pools as have been observed previously in norttieal. S. forested watersheds (Ohte et
al. 2004; Christopher et al. 2008; Sebestyen &X0418; Pellerin et al. 2012). | observed this
general pattern in each of the three years anddh watershed, but the patterns and
concentrations differed based on hydrological anddnchemical factors. While 2010 and 2012
were similar in terms of low snowpack development eelatively low stream discharge during
peak snowmelt, the NOconcentrations were markedly higher in 2012 thHat02 The high
concentrations likely are the result of greategsaif mineralization and nitrification in the soils
preceding snowmelt. The low snowpack also exposislt® frost development, and high
temperature variability in 2012. These factors dasplain the lack of immobilization of NO
by soil microbes during the winter of 2012. Additadly, the peak in N@ concentration during
the April rain event following several weeks of aignditions support the mechanism that soil
NO3" pools accumulated due to higher rates of nittilccaassociated with the relatively warm
spring season following snowmelt. It is not cledmviNO;” concentrations in 2010 were low
under seemingly similar conditions to 2012. Theatled climate monitoring data were not
available for the winter of 2010, but the long-temateorological data indicates it was also
warmer than average (Table 6.2). Rain on snow sv@turred several times between
December 2009 and February 2010. These eventy flkehed away soil N@ accumulations,
leaving a smaller pool at the start of the Marabvamelt compared to conditions in 2012.

Contrary to N@ dynamics over the course of the snowmelt seafdd€, did not
undergo the declining concentrations that woul@éXgected from depletion of a finite pool.
However, during the April 2011 peak snowmelt DO@aentrations did not increase with

increases in flow above approximately 20 mmtéSigure 6.12). This appears to be a
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temporary dilution effect resulting from previodgshing of DOC from the forest floor. Similar
flushing of DOC from upper soil horizons led to deasing concentrations in runoff during
prolonged snowmelt in an alpine catchment in Calor@oyer et al. 1997).

Hysteresis loops in the concentration/dischargiomship can be used to evaluate
sources of solutes during hydrologic events (Hirgbal. 1998; McGlynn and McDonnell 2003).
Over the course of several events during the 28@12812 snowmelt seasons, | observed
generally counter-clockwise hysteresis in DOC ai@ Moncentrations with flow (Table 6.5.).
Pellerin et al. (2012) found counter-clockwise Byssis relationships for chromophoric
dissolved organic matter fluorescence (FDOM, acgate for DOC) at Sleepers River,
Vermont. They hypothesized that this relationshgs whe result of delayed contributions of
DOC from surface and shallow subsurface flowpaththe hillslope. This hypothesis is
supported by previous results from Sleepers Rivar showed a counter-clockwise hysteresis
between hillslope groundwater levels and stream{léandall et al. 1999). While most of my
observed hysteretic relationships were counterkeltse, there were several exceptions. During
an early season event 16-21 March 2011, the hgsddmops were generally clockwise or non-
existent. Clockwise hysteresis can be indicativecnfrce areas that are temporarily depleted of
solutes (Hornberger et al. 1994; Boyer et al. 200R)s explanation fits well with the early 2011
snowmelt season at Hubbard Brook, when the laigeekeent (6-7 March 2011) likely flushed
available DOC and N©from the riparian areas. The snowmelt event widdpminantly
clockwise hysteresis (16-21 March 2011) was reddyigmall (maximum daily flows 5-13 mm
day* by watershed) and would have likely sourced stfeawprimarily from riparian areas.

Overall, the general similarities between the D@@ HO; hysteresis patterns indicate that not
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only are they mobilized from the shallow organid #wough preferential flowpaths, but they

also are sourced from similar areas within the vgaeds during events.

6.3.2. Episodic acidification

The patterns of snowmelt-associated acidificapisented here are notable due to the
relatively similar magnitude ofANC between the two years of intensive snowmelti\stu
despite the greater snowmelt runoff occurring du@011. Greater variation WANC among
the watersheds was found than among years, suggegiershed characteristics are more
important to patterns of snowmelt episodic acidificn than maximum discharge rates. In both
2011 and 2012, thekANC associated with snowmelt was more negative i ive north-facing
study catchment, than in the south-facing watershét8 and W6. The more acute episodic
acidification in W7 was a result of two factors—imgg flushing of N@ at a given discharge
(Figure 6.10), and greater dilution of base catitwas occurred in the south-facing watersheds.
The upper-elevation stream water in W7 (collectesita W7-H) had consistently lower ANC
values than the downstream site (W7-L). WhilesNDshes were somewhat greater in W7 than
W3 and W6, theA\NOs" coincident with episodic acidification did notlfjukexplain theAANC
differences among the watersheds.

As stream discharge shifts from low baseflow ghHiow during snowmelt events, the
relatively high concentrations of groundwater,S@re diluted by flow derived from the
snowpack or soil water. The degree of dilution 6%is substantial in each of the watersheds
studied. DeWalle and Swistock (1994) found thai“S@ncentrations increased and were
important contributors to ANC depression, in folifiee streams they studied in central

Pennsylvania in the late 1980s and early 1990sog5cthe northeastern U.S. changes ig”SO
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concentrations during hydrologic events have beand to be a significant contributor to ANC
decreases in Pennsylvania and the New York Adircksl@Vigington et al. 1996), and in Maine
(Kahl et al. 1992). In a coastal plain stream systé the mid-Atlantic U.S., O’Brien et al.
(1993) found increased stream S@oncentrations in Reedy Creek, Virginia duringaars
event. These studies were conducted at locatiothsimes with high S¢F deposition.
Therefore, high concentrations of $0n precipitation, and presumably in shallow sdis] to
high transport to surface waters during preciptagvents or snowmelt. The relative dilution of
SO, noted here in Hubbard Brook streams during snowewelnts underscores the importance
of the long-term trends of decreasing concentrat@rS5Q* in wet deposition and soil leachate.
The long-term data analysis presented in Chapstiod that during snowmelt over 30 years,
SO has been declining faster thag, @hich suggests that the greater dilution ofSelative
to Gs has reduced the severity of snowmelt episodidfazation.

Increases in stream DOC concentration during sreltyoallses did not appear to affect
the magnitude oAANC, though this may be in part because | used AlNCalculated by £
Ca rather than measured ANC. Kramer et al. (1990)vsldathat in northeastern U.S. watersheds
at high elevation (>530m), organic acids were pneidantly strongly acidic. Each of the
watersheds studied here are high enough in elevatimeet this classification. Any
acidification effects of increased mobilizationasfjanic strong acid anions during snowmelt are
masked by the more important factors of JN@nhd base cation dilution. Concentrations of DOC
are relatively low in the watershed sampled hece@ganic acids would likely play more of a
role in episodic acidification in streams with heglDOC concentrations. Among Hubbard
Brook’s north-facing experimental watersheds, Wated 9 (W9) has significantly higher DOC

concentrations (>500 pmol'Lat baseflow) than the other catchments (McDowe#i2).
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Wellington and Driscoll (2004) studied episodicdifecation during snowmelt and summer
storms at W9 and found that during the summer ganereases in organic anion concentrations
were a major contributor to short-term decreas@sNE. However, similar to the results
presented here, they found that during snowmalt® episodic acidification was dominated by
a combination of N@ mobilization and base cation dilution. Given thgortance of N@

during snowmelt, it seems likely that DOC wouldyp#alarger role in episodic acidification
associated with summer non-snowmelt hydrologic s/eten the pool of soil NDavailable

for flushing is lower, due to plant and microbietention.

6.3.3. Winter climate variability and snowmelt stream atr and DOC dynamics

The DOC concentrations measured across the tratrsheds were highly correlated
with the estimated mean maximum soil frost deptthefindividual watersheds. This result
suggests that the winter climate is strongly inficiag DOC mobilization to streamwater during
snowmelt, although it is possibly there are vagaldmong these three watersheds that covary
with the winter climate differences. That is, thattors not accounted for are influencing DOC
concentrations in streamwater differently in eacttanshed. Unfortunately there are not long-
term stream DOC concentration observations outHid6 that could be used for comparison.
However, results suggesting that DOC concentrati@ireamwater during snowmelt responds
positively with the depth of maximum soil frost chg the preceding winter are consistent with
the findings of other studies using long-term datananipulations. Haei et al. (2010) found that
colder winter soils are linked to higher DOC cortcations in boreal headwater streams in the
Nyanget subcatchment in the Krycklan watershecoahern Sweden, where a long-term soil

freezing manipulation was conducted. In the saraa,dkgren et al. (2010) also found soil frost
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duration among several variables indicative of |araid winter soil conditions that explained
increased DOC stream concentrations during snowde#tnes and Vestgarden (2008)
conducted laboratory experiments using montanéhlaest soils from Norway and found that
prolonged frost can increase leaching of DOC. Abbard Brook, a field snow manipulation
study by Groffman et al. (2011) found that indused frost promotes mobilization of DOC,
although a prior study (Fitzhugh et al. 2001) did find a treatment effect on DOC
concentrations in soil solutions from experimentaiduced soil frost.

Stream N@ concentrations during snowmelt exhibited consiolerdifferences among
years and watersheds. However, the winter climatiables used in the analysis did not explain
the variation in N@ concentrations. This finding is not necessarilypgsing given the
complexity of explaining N@ responses to soil-frost development. While sewstalies have
shown that soil frost can induce B@aching in soils (Boutin and Robitaille 1995;zZRiigh et
al. 2001), others have shown little effect (Kadtale2008). Inconsistencies have been especially
noted for studies at the catchment scale. Mitadtedll. (1996) found significantly higher than
average stream NQOconcentrations during the snowmelt of 1990 at isdweatershed across the
northeastern U.S., including W6 at Hubbard Brook] Bnked it to widespread severe soil frost
development the previous winter. Fitzhugh et 200@ analyzed the long-term chemistry record
for W6 and found soil-frost disturbance was linkedncreased N export early in the record,
during the 1970s, but had inconsistent responskgendecades. Hubbard Brook experienced a
severe soil frost event during the winter of 2006 the following annual N® export was low
(Judd et al. 2011). Watmough et al. (2004) didfimat soil frost to be a significant predictor of
stream N@ across 16 forested catchments in South CentrarfonCanada between 1982 and

1999. Finding a response of M@ soil frost during snowmelt is complicated bg tibservation
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that effects on N@ leaching often appear strongest during the groweason (Fitzhugh et al.
2001; Hentschel et al. 2009), presumably a resultduced plant uptake due to frost-damaged
fine roots (Tierney et al. 2001).

The results | present in this study indicate t@g” concentrations were highest in W7
during both snowmelt seasons. W7 is the north-taaiatershed of the study and had the deepest
winter snowpacks. Given that N@xported during snowmelt is primarily the prodatsoil
nitrification (Piatek et al. 2005; Campbell et2006; Sebestyen et al. 2008), this observation is
suggestive that W7 had higher overwinter nitrificatrates and/or lower immobilization rates
than either of the south-facing watersheds. Snokgatincreased depth and duration have been
shown to elevate microbial activity relative to btz and discontinuous snow cover (Brooks et
al. 1998; Groffman et al. 2009). At the HBEF Groffimet al. (2009) found higher rates of
nitrification at high elevation plots which had gter snow cover. The lower DOC availability in
W7 may account for lower immobilization of NOLower C:N ratios are associated with higher
N mineralization and nitrification, which can letadhigher NQ™ export (Melillo et al. 1982;

Lovett et al. 2004; Christopher et al. 2006). latting effects between DOC and N@sponses
to soil freezing, as well as interannual variapiiit C and N cycling are likely to play a role in

the degree of response to soil freezing (Groffntaad.2011).

6.4. Summary and Conclusions

Intensive sampling of streamwater revealed diffeesrin the concentrations of M@nd
DOC as well as the severity of episodic acidifioatduring snowmelt among the three
watersheds. N©concentrations were the highest in W7 during ed¢he two years it was

sampled, presumably due to higher rates of oveewmicrobial N mineralization and
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nitrification. NG;” concentrations were highest across all three slaels during the snowmelt
of 2012, a year of low snowpack with a short dwratf snowmelt. Both N9 and DOC
concentrations varied with hydrologic flow and centation-discharge hysteresis relationships
suggest they were sourced from similar areas witierwatersheds during events. WhileNO
was flushed in high concentrations during earlyanelt, DOC was less affected by dilution
throughout the snowmelt season. The DOC concemiatiid not differ much among the years
of study, but did vary among the watershed. DOCeantrations showed strong positive
correlation with the winter climate variable of aage maximum soil frost depth in each
watershed, although it was not completely cleaviifter climate was the driver of DOC
differences or if there are other covarying factbet control DOC mobilization. Overall, the
intensive sampling of streamwater during snowmet/jgled valuable information regarding the
dynamics of N@ and DOC hydrochemistry as they vary with landsgagstion and between

years of differing winter climate regimes.
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Table 6.1. Study watershed size and topographicabcteristics.

Watershed  Area (ha) Elevation (m) Slope (°) Aspect
w3 42.4 527-732 12.1 S23°W
W6 13.2 549-792 15.8 S32°E
w7 77.4 619-899 12.4 N16°W

Table 6.2. Winter climatic measures for the threarg of study and the mean of the years 1980-
2012.

Year "Mean 'Mean Max. snow Max. snow Max. soil  Max. soil
winter winter depth depth frost depth frost depth
daily temp dailytemp - Sta. 2 —Sta. 17 -Sta. 2 —Sta. 17
—Sta. 1 —Sta. 14 (cm) (cm) (cm) (cm)
(°C) (°C)
Mean (1980-2012) -6.22 -8.14 63.0 99.0 6.6 7.7
2010 -5.17 -8.14 48.5 65.3 7.6 5.1
2011 -8.02 -10.12 78.2 96.3 12.7 16.5
2012 -4.36 -6.67 41.4 56.4 12.7 14.0

Station 1 and Station 14 are long-term meteoro&lglata monitoring sites in the south-facing
and north-facing watersheds, respectively. Statiand Station 17 are long-term snow and soil
frost data monitoring sites in the south-facing andh-facing watersheds, respectively

Mean winter daily temperature in the mean of dedjues from the months December, January,
and February.
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Table 6.3. Pre-snowmelt and peak early (March)lated(April) snowmelt values by watershed

weir sampling site.

Site  Conditon  Date Flow DOC NO;  so*  c&" ANC
2011 W3-L Premelt 4 Mar 0.7 119.1 3.2 74.0 28.Z 16.5
Peak-Mar 7 Mar 35.2 260.2 211 51.2 26.z -1.9
Peak-Apr 11 Apr 54.4 243.8 12.7 48.6 23.¢ 3.6
W6-L Premelt 5 Mar 0.5 155.9 2.2 76.2 25. 5.8
Peak-Mar 6 Mar 23.0 273.2 14.9 48.6 23. -6.6
Peak-Apr 11 Apr 48.8 240.5 10.5 50.0 17.C -15.1
W7-L  Premelt 4 Mar 0.1 100.8 3.3 724 27.¢ 33.9
Peak-Mat 8 Mar 6.7 148.5 23.3 46.8 20.2 -6.6
Peak-Apr 11 Apr 36.9 210.3 19.2 476 18. -11.1
2012 W3-L Premelt 6 Mar 0.8 128.1 5.0 72.0 28.t 19.2
Peak-Mar 19 Mar 16.1 237.8 23.5 48.6 26.C 3.4
Peak-Apr 23 Apr 19.2 2194 16.1 53.8 18. 2.6
W6-L  Premelt 6 Mar 0.5 172.6 3.8 74.2 23. 7.0
Peak-Mar 19 Mar 16.7 198.9 20.4 46.4 19.¢ -10.2
Peak-Apr 23 Apr 20.5 217.0 9.4 494 16.C -3.4
W7-L Premelt 7 Mar 0.3 955 5.9 68.8 34.1 28.5
Peak-Mar 20 Mar 22.2 219.0 33.0 39.8 25.¢ -7.3
Peak-Apr 23 Apr 24.7 217.2 47.2 48.2 15.C -58.5

®Discrete sample not collected at W7-L associateH thie hydrograph peak on 7 Mar 2011.
Values presented (8 Mar 2011) are closest sampBagciation available.

PUnits for flow are mm day; units for DOC are pmol C't; units for NQ, SQ%, C&*, and

ANC are pEq L.
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Table 6.4. Summary of NOand DOC volume-weighted averages and total flinoyesnowmelt
months March and April, and totals for the two ni@ntor each sampling year.

Site Date Total flow  Vol-wt NO;  NOj flux Vol-wt DOC  DOC flux
(mm) (umol LY (mol ha') (umol LY (mol ha')
W3-L Mar 2010 222.3 5.4 12.0 203.3 451.9
Apr 2010 113.1 1.7 1.9 184.2 208.3
Total 2010 335.4 4.2 13.9 196.9 660.2
Mar 2011 173.4 12.4 21.5 208.9 362.2
Apr 2011 343.2 7.0 24.0 221.7 760.9
Total 2011 516.6 8.8 45.5 217.4 1123.1
Mar 2012 163.3 16.4 26.8 204.0 333.1
Apr 2012 86.7 7.0 6.1 174.8 151.6
Total 2012 250.0 13.1 32.9 193.9 484.7
W6-L Mar 2010 187.7 3.0 5.6 177.8 333.7
Apr 2010 120.9 0.4 0.5 166.4 201.8
Total 2010 308.6 2.0 6.1 173.3 534.9
Mar 2011 158.2 7.0 11.1 203.8 322.4
Apr 2011 368.6 3.2 11.8 199.3 734.6
Total 2011 526.8 4.3 22.9 200.7 1057.0
Mar 2012 147.1 12.0 17.7 188.0 276.5
Apr 2012 77.1 4.2 3.2 167.2 128.9
Total 2012 224.2 9.3 20.9 180.8 405.4
W7-L Mar 2011 105.7 18.4 194 152.6 161.3
Apr 2011 341.9 11.3 38.6 187.4 640.7
Total 2011 447.6 13.0 58.0 179.2 802.0
Mar 2012 154.8 26.0 40.2 171.5 265.5
Apr 2012 71.6 22.7 16.3 164.6 117.9
Total 2012 226.4 25.0 56.5 169.3 383.4
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Table 6.5. Concentration-discharge hysteresis |ém@d$O; and DOC by sampling site and

hydrologic event.

Dates Sampling site NO DOC

16-21 Mar 2011 W3-L no hysteresis clockwise
W6-L clockwise clockwise
W7-L NA NA

10-16 Apr 2011 W3-L counterclockwise counterclockevi
W6-L counterclockwise counterclockwise
W7-L counterclockwise counterclockwise

16-22 Mar 2012 W3-L counterclockwise counterclocdavi
W6-L counterclockwise clockwise
W7-L counterclockwise clockwise

20-26 Apr 2012 W3-L counterclockwise counterclockevi
W6-L counterclockwise counterclockwise
W7-L counterclockwise counterclockwise

®NA = not available because of missing data
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Watershed 3

Watershed 6

Watershed 7 ———— Streams

@ Streamwater sampling locations

€ South-facing climate monitoring
0 1 2 4
Kilometers © North-facing climate monitoring

Figure 6.1. Map of Hubbard Brook Experimental Foveith study watersheds, sampling and
monitoring sites indicated.
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Figure 6.2. Snowmelt season hydrochemical dynamivgatershed 3 based on discrete daily
samples from 1 March 2010 to 30 April 2010, witrsagam flow, b) NO3-, ¢) DOC, d) SO42-,
and e) ANC indicated. Low elevation samples cofidat the W3 weir (W3-L, 527 m). High
elevation samples collected at 635 m (site W3-H).
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Watershed 6 - 2010
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Figure 6.3. Snowmelt season hydrochemical dynamivgatershed 6 (site W6-L) based on
discrete daily samples from 1 March 2010 to 30 IAZ010, with a) stream flow, b) NQ c)
DOC, d) SQ?, and e) ANC indicated.
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Watershed 3 - 2011
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Figure 6.4. Snowmelt season hydrochemical dynamivgatershed 3 based on discrete daily
samples from 1 March 2011 to 30 April 2011, wittsgeam flow, b) N@, ¢) DOC, d) S,
and e) ANC indicated. Low elevation samples cofidat the W3 weir (W3-L, 527 m). High
elevation samples collected at 635 m (site W3-H).
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Figure 6.5. Snowmelt season hydrochemical dynamivgatershed 6 (site W6-L) based on

discrete daily samples from 1 March 2011 to 30 IAZ0@1, with a) stream flow, b) NQ c)
DOC, d) SQ%, and e) ANC indicated.
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Watershed 7 - 2011
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Figure 6.6. Snowmelt season hydrochemical dynami¥gatershed 3 based on discrete daily
samples from 1 March 2011 to 30 April 2011, wittsgeam flow, b) N@, ¢) DOC, d) S,

and e) ANC indicated. Low elevation samples cofidat the W3 weir (site W7-L, 619 m). High
elevation samples collected at 720 m (site W7-H).
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Figure 6.7. Snowmelt season hydrochemical dynami¥gatershed 3 based on discrete daily
samples from 1 March 2012 to 30 April 2012, witlsaam flow, b) N@, c) DOC, d) S,
and e) ANC indicated. Low elevation samples codldat the W3 weir (W3-L, 527 m). High
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Watershed 6 - 2012
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Figure 6.8. Snowmelt season hydrochemical dynamivgatershed 6 (site W6-L) based on

discrete daily samples from 1 March 2012 to 30 IAZ0@2, with a) stream flow, b) NQ c)
DOC, d) SQ?, and e) ANC indicated.
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Figure 6.9. Snowmelt season hydrochemical dynamivgatershed 3 based on discrete daily
samples from 1 March 2012 to 30 April 2012, wittsaam flow, b) N@, c) DOC, d) SGF,

and e) ANC indicated. Low elevation samples cofidat the W3 weir (site W7-L, 619 m). High
elevation samples collected at 720 m (site W7-H).
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7. Hydrological flowpaths during snowmelt in forested headwater catchments under

differing winter climatic and soil frost regimes

7.1. Methods
7.1.1. Watersheds for snowmelt hydrologic flowpath study

This snowmelt hydrologic study was conducted in gaaged experimental watersheds:
Watershed 3 (W3), and Watershed 6 (W6). W3 and W ®ath located on a south-facing slope
of the Hubbard Brook Valley, approximately 1.1 kpag (Figure 7.1). They currently serve as
reference watersheds at Hubbard Brook; W3 is tloedhygic reference watershed and W6 is the
biogeochemical reference watershed. Watershed@mewhat lower in elevation than W6 and
is a larger catchment (Table 7.1). Both W3 and \&Aelforest cover of similar age and
disturbance history, having been commercially labigethe early 20th century. The vegetation
composition is dominated by northern hardwood ssedncluding American beechdgus
grandifolia Ehrh.), sugar maplé\€er saccharunMarsh.), and yellow birchBetula
alleghaniensi®ritt.). At higher elevations, balsam filjies balsame@_.) Mill), red spruce
(Picea rubenssarg.), and white birctBetula papyriferavar. cordifolia Marsh.) are prominent.

Streamwater was sampled at the base of the watkrjsis¢ above the gauging station. In
W3 an upstream sampling site was added in ordevrtgoare the snowmelt hydrologic flowpath
dynamics of a higher elevation subcatchment wighwhole watershed, capturing expected
differences in winter climatic and soil frost cotiolns. Logistical constraints precluded an
upstream site for W6. The stream flow tends todse tonsistent at high elevation reaches,

making the use of automated samplers less feasible.
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7.1.2. Snowmelt streamwater sampling

Stream water sampling during the snowmelt period started the first week of March
each year and continued until early or mid-May,eotie stream flow appeared to return to
baseline conditions. Samples were collected daiygiTeledyne ISCO (Lincoln, NE) 3700 or
6712 automated samplers. The samplers were progedrtorcollect water simultaneously from
each site once per day. Collection occurred imiiuglle of the afternoon when stream flow and
air temperature were generally highest in ordenitamize the likelihood of sampling problems
due to low flow or ice formation in sampling linesd/or pump mechanisms. The samples were
removed from the autosamplers within 14 days froentime of collection. Samples were
subsequently stored at 4°C until laboratory analyBrior to removal from the ISCO
autosamplers, the samples were at ambient fielgeestures, which were comparable to
laboratory refrigeration, although it is likely thaater samples did freeze and thaw during the

early weeks of the sampling.

7.1.3. Stream flow measurements

Continuous stream flow measurements are made authet of each watershed, by
gauging stage heights with either a V notch weiBJ\WW a V notch weir coupled with a San
Dimas flume (W6) (Reinhart and Pierce 1964). Stréam is expressed in millimeters per day,
which is derived from integrating instantaneous soneaments over time and normalizing by the

watershed area.
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7.1.4. Snowpack and soil frost monitoring

| utilized nine monitoring plots, each 10 m in dieter, to characterize the winter climatic
conditions across the extent of the south-facintgrgaeds of the HBEF, with plots placed to
capture the range between high and low elevatiotiops of the watersheds (Figure 7.1). These
included four plots in W3, three plots immediatelgst of W6, and two plots located between
W3 and W6 in Watershed 1. One plot west of W6 vekscated after the spring of 2011 to a
higher elevation for the following winter. Each pleas monitored approximately biweekly. The
snow depth was recorded as the mean of three ¢osaith each plot. Snow depth and snow water
equivalence were measured using Federal (Mt. Ravemy tubes. Three replicate soil frost tubes
were installed during the fall of 2010 in each @otording to the methods outlined by Hardy et
al. (2001). These consisted of removable PVC ttibed with methylene blue dye, which turns
a purple color when frozen and thus allows persbitanégsually measure the depth frozen water.
Each monitoring plot was also equipped with repécoil temperature probes (Decagon Model

5TM) at 5 cm depth, which recorded hourly soil temgiure measurements.

7.1.5. Hydrologic flowpath determination

To quantify the sources of stream water and claae flowpaths during snowmelt, |
assumed three end-members: snowmelt (or precgdatshallow soil water (draining the Oa
horizon), and shallow groundwater (baseflow). Tieves end-member was characterized for
each watershed by taking the mean chemical coratents in snow core samples from points
near the weir stream sampling points (W6-L and W2uid the upper stream sampling point in
W3 (W3-H). The forest floor soil water end-membexsicharacterized by the mean chemical

concentrations of samples collected from lysimetepsesenting the study watersheds during
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snowmelt. For W3-L, lysimeters installed within thvatersheds (Figure 7.1) were used to
determine the soil water end-member, after weigfite values according to the watershed
areas associated with each lysimeter elevation\WE)rlysimeters just west of the watershed
which have been monitored since 1984 (see Chapiger used to characterize the forest floor
soil water end-member of stream water collectesitatW6-L. The chemistry of pre-snowmelt
baseflow stream water was assumed to be represerdthe groundwater end-member at each

stream sampling site.

7.1.6.Laboratory analysis

Concentrations of hydrologic flowpath tracers wer@asured in each sample of
snowmelt streamwater and in each of the three gegpend-members—snow, Oa soil water,
and premelt streamwater representing groundwaker concentrations of Mg, Na, and3O,
(as total Si) were measured with an inductivelypted plasma mass spectrometer (ICP-MS;
Perkin Elmer, Waltham, MA). Chloride and $Qwere measured using ion chromatography
(Dionex, Sunnyvale, CA). Water isotop8¥0 andsD, were analyzed with either a Los Gatos
(Mountain View, CA) or a Picarro (Santa Clara, Giuid water isotope analyzer using cavity
ring down spectroscopy (CRDS). Dissolved organib@a and N@ concentrations were
measured as indicators of shallow soil leachatepaddent of the flowpath tracers. The DOC
concentration was measured using persulfate oridétilowed by infrared C&detection
(Teledyne Tekmar, Mason, OH). Nitrate was measwigdion chromatography at the same

time as Cland SQ.
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7.1.7.End-member mixing analysis

Each end-member’s contribution to daily streamewdtscharge was determined through

end-member mixing analysis (EMMA), an approach tged by Christophersen and Hooper

(1992). The approach to applying EMMA was similathat outlined by Burns et al. (2001) and

Wellington and Driscoll (2004), with modificatiofsr the solutes used. The solutes selected—

Na', Mg?*, HsSiO,, and SGF—were chosen based on the appearance of conserwaitiing. A

correlation matrix (Tabl&.2) of the potential tracers demonstrates thatinelationships among

the four chosen. For the daily snowmelt stream $agpataset, | employed the EMMA using

the following steps:

1)

2)

3)

4)

5)

A dataset of daily samples with concentrationsaathetracer solute (NaMg?+, HsSiOs,
and S@*) was obtained.

The data were standardized into a correlation matrithat solutes with a greater range
of variability would not overly influence the modelative to the solutes with less
variability.

A principal components analysis (PCA) was perforrmedhe correlation matrix using all
four solutes. A two principal component model walested because it accounted for the
greatest amount of variability, which confirmeda@rend-members.

The concentrations of the three end members wanglatdized and projected into e
space defined by the PCA and the extent to whielt bounded the stream water data
throughout the course of snowmelt was examined.

Linear regression was used to compare the soluteeatrations for each sample as

predicted by the model.
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The EMMA model was then used to calculate the progaal contribution to stream flow of
each of the three end members for each daily satmp@aghout the snowmelt season. The
following mass balance equations were solved:

Ulg = Ul,f, + ULsf; + Ulyf,

U2 = U2,f, + U2sf; + U24f,

htfitfy=1

whereU1 andU2 are the first and second principal componente@PCA; the subscripi, p,
s, andg represent stream water, snow (or precipitatiargdt floor soil water, and groundwater

respectively.

7.2. Results
7.2.1.Interannual and elevational patterns of snow dept soil frost

The meteorological conditions during the winter@@11 and 2012 resulted in markedly
different soil frost regimes. A much deeper snovduaring the 2011 winter relative to 2012 (80
cm and 40 cm average depth, respectively, at 6@wation) provided greater insulation of soll
profile. The mean depth of soil frost at the begigrof March 2011 was 1 cm at 600 m
elevation, while at the beginning of March 2012 tiean soil frost depth was 5 cm at the same
elevation. Furthermore, in 2012 the snowpack deezlaelatively late and, as a result, soil frost
penetrated as deep as 14.7 cm at a monitorin@pk&R6 m elevation, representative of the
lowest reaches of the experimental watersheds20h2 soil frost depths reached a maximum in
January and declined only slightly over the subsatsix weeks, before rapidly decreasing
during the time of peak snowmelt in mid-March. Cersely, a deeper snowpack had developed

during the winter of 2011, and the soil frost ttat develop reached maximums of
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approximately 5 cm in January, before markedlydetgin late January and February, several

weeks prior to snowmelt (Figure 7.3).

7.2.2. End-member mixing analysis

Of the seven potential tracers investigated, Nay’*, SO, and HSiO, were chosen
based on their conservative mixing properties neféby linear relationships in streamwater
(Table 7.2) and their performance in analysis acsites. The first two principal components
explained 92-99% of the variation in these datasthis streamwater sites during the two
years. This high explanation of variance by twag@pal components implies a model with three
end-members is sufficient to analyze the mixingd&hristophersen and Hooper 1992). The
streamwater data were generally constrained bgribespack-precipitation, forest floor soil
water, and baseflow-groundwater end-members (Figdre although several data points—

especially for site W3-L—fell outside of the mixiegnstraints.

7.2.3.Hydrograph separation
Snowmelt 2011

The hydrograph of the 2011 snowmelt season wasciegized by low initial streamflow
at the beginning of March, before melt commencéils premelt streamwater was defined, for
purposes of the EMMA, as consisting of exclusivegeflow (groundwater), which was routed
via deep flowpaths. A large rain-on-snow event (9rBrain over 36 h) occurred March 6-7,
2011. This event produced a marked peak in tharstieydrographs (Figure 7.5). EMMA
analysis revealed that under the high flows assetiaith this event, W6 streamwater was

derived primarily from baseflow (groundwater), wahmarked contribution of water derived
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from the precipitation or snowpack. In W6, the meantribution of the precipitation or
snowpack water to the stream flow was 35% durireg#iin-on-snow event. Conversely, the
contribution of water from shallow flowpaths thrdu@a soil horizon was small, ranging from
0-10% of total flow (Figure 7.5). Two smaller peakshe hydrograph between the 10th and
20th of March—which comprised the early periodha 2011 snowmelt—had Oa soil flowpath
contributions to stream flow ranging from 15-25%thwa mean of 17%. The mean contribution
during this time of the snow end-member was 28%leddaseflow made up the remaining 55%.
Following these early snowmelt events, the hydrplgrturned to low flows (generally <2 mm
day’) dominated by baseflow from groundwater duringeeiqal of extended cold temperatures
through late March into early April. This period svimllowed by several marked peaks in the
hydrograph as snowmelt accelerated until conclubdinthe beginning of May, when streamflow
again declined toward baseline conditions. Durhng high flow period of peak snowmelt (10-27
April) the contribution of the forest floor end-mber in W6, the portion of stream flow derived
from shallow soil flowpaths, ranged from approxieiat20-44%, with a mean contribution of
33%. The W6 stream flow during this high flow firmmlowmelt period was roughly evenly
divided between the three end members.

The 2011 Watershed 3 hydrograph, as measurett&/8iL, was very similar in flow
magnitude and timing as the hydrograph observéilénThe separation of the W3 hydrograph
by EMMA revealed that the streamwater at W3-L wasegally derived more from baseflow
groundwater compared to W6, while the snow andstditeor soil water end-members
contributed relatively less. During the early 2@hbwmelt peaks (10-20 March) the mean snow
end-member contribution to stream flow was 23% fthnest floor contribution was 7%, and the

remaining 70% consisted of baseflow. During the kdason peak snowmelt (10-27 April), W3-
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L streamwater was derived from a mean of 33% fioenshow end-member, 8% from the forest
floor soil water, and 59% from baseflow. During thegest hydrograph peaks in the late
snowmelt (the 11th, 17th, and 26th of April), theeam water at W3-L was comprised of
approximately 41% from the snow end-member on eaté.

At the W3 higher elevation site (W3-H) the flowpatnalysis through EMMA for spring
2011 was similar to what was observed at W3-L calgh baseflow from groundwater
contributed less to overall stream flow. During dzly season snowmelt event (10-20 March)
the mean contributions to W3-H stream water wes&b 2rom the snow end-member, 12% from
forest floor soil water, and 65% from baseflow. Taie season peak snowmelt from 10-27 April
was characterized by higher contributions fromghew end-member. The EMMA revealed a

mean of 40% from snow, 7% from forest floor soilte&raand 53% from baseflow.

Snowmelt 2012

The 2012 snowmelt period, as marked by initiavaled stream flow above the winter
baseline, commenced at a similar calendar date 2811 (8 March and 6 March, respectively).
The 2012 spring snowmelt proceeded much fastemat\ban the previous year, and the
snowpack completely disappeared in two weeks. [@utie winter of 2012 a substantially
smaller snowpack developed compared with 2011. &prently, the melting of the snowpack
produced considerably lower stream flows than vebserved during the spring of 2011. The
results of the EMMA for the 2012 showed distinatlfferent patterns of flowpaths during early
snowmelt from 2011 observations. During the earfiesk (max. flow = 12 mm ddyin the W6
snowmelt hydrograph (10-15 March 2012), almostamtrgbution of water from shallow soll

(forest floor) flowpaths to the W6-L streamwatersisbserved. A second, larger (19 mmYay
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snowmelt peak occurred several days later, withimam flow on 18 March 2012. The EMMA
revealed modest contribution from the forest flsoil flowpaths of approximately 9% during the
rising limb of the hydrograph peak, with markedresses in forest floor flow reaching a
maximum of 60% during the receding limb (Figure)7Fhe rapid increase in forest floor soil
flowpath contributions to W6-L streamwater coinaldeith the thawing of relatively deep soil
frost (Table 7.4; Figure 7.5) during the mid-Mastfowmelt.

The pattern of minimal forest floor flowpath cdhtrtions to streamwater at W3-L was
generally similar during the early 2012 snowmelewlsoil frost was deep and widespread.
Upon the thawing of soil frost, however, only a #inmecrease was observed in streamwater
derived from the shallow forest floor soil watedemember (Figure 7.6), especially compared to
W6-L (Table 7.4). At the W3-H stream site, whiclaidis a high elevation subcatchment that
developed much shallower soil frost than the loveaches of W3, the forest floor soil water
end-member comprised a substantial portion of stwester throughout both the early and late
periods of the 2012 snowmelt (mean of 19.5% betvéegh March and 12.1% between 16-23
March).

Late in the month of April 2012, several weekeathe snowpack had disappeared, high
flow peaks in the hydrograph occurred as a resultinfall events (8.6 cm total precipitation in
W6 from 21-27 April). The results of the EMMA shoava relatively consistent flowpath
distribution, with a mean of 32.1% of W6 runoffueding via forest floor shallow soil flowpaths
between 20-30 April 2012. The groundwater baseflgwts comprised a mean of 52.7% of W6-
L stream flow, and the remaining flow was charazéeat as the precipitation end-member, either
rain falling directly into the stream channel oedand flow. The W3-L streamwater again had a

markedly higher contribution from baseflow (80%Yidg the late April rain-on-bare ground
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event, and the forest floor soil water end-membpui was 9.0%. No information was available

for the W3-H stream site due to failure of the awdtic sampler prior to the event dates.

7.3. Discussion

The meteorological conditions during the wintefr@@10-2011 and 2011-12 were
distinctly different, which provided a unique opponity to study the influence of the differing
snowpack and soil frost development on runoff dyiearduring snowmelt. A much deeper
snowpack developed during the winter of 2010-20drhmared to the winter of 2011-2012. The
deep snowpack developed relatively early in theeviacross the entire elevation range of the
Hubbard Brook experimental watersheds. Thus, tlee daowpack provided insulation of the
forest floor and soil frost development was minirmatl weakly correlated with elevation (Figure
7.2). The winter of 2011-2012, by contrast, wasabi@rized by a later developing snowpack
with maximal depths markedly shallower than thevjunes winter. The late-developing, shallow
snowpack led to relatively deep soil frost, whigrgsted from early in the winter through the
beginning stages of snowmelt (Figure 7.3). Thiskedly greater development of soil frost
during the winter of 2011-2012 occurred despitdnrgnean air temperatures. The mean daily
air temperature (at the Hubbard Brook weatheratatil) from December through February was
-8.1°C during the winter of 2010-2011, compareelt8°C during the winter of 2011-2012.
Additionally, a much stronger relationship betwseil frost depth and elevation was observed
throughout the winter of 2011-2012 (Figure 7.2)hwittle or no soil frost occurring at the
higher elevation portions of the south-facing wstteds, and extensive, relatively deep (10-15

cm) frost occurring at the lower elevation zones.
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7.3.1. Influence of soil frost on infiltration

There was no indication that soil frost signifitgmeduced infiltration of melt waters
into the soil profile and promoted surface rundtie flow proportions derived from the snow (or
precipitation) end-member were relatively similarass all hydrologic events related to
snowmelt sampled during the 2 years (27.0-33.6We&d., Table 7.4). The highest contribution
to flow from the snow-precipitation end-member &38) was observed during the heavy rain-
on-snow event of 6-7 March 2011, a time when sostfwas minimal. During that event nearly
10 cm of precipitation fell in a 36-hour period tmp of a deep snowpack. The relatively high
amount of streamflow derived from the snow-preeipiin end-member for that event can be
attributed to a high proportion of lateral flow elitly through the snowpack. The streamflow
produced by the rain-on-snow event during the tagsdvas considerably smaller than the total
precipitation, 56.8 mm vs. 99 mm at W6. The lowralleunoff ratio suggests that the rainfall
caused little melting of the snowpack. Indeed,ttean daily temperatures at the weather station
#1 were 2°C on 6 March 2011 and -5°C on 7 Marchl20idicating rainwater was only slightly
above freezing temperature. It is likely that mo¢ihe rain water was retained in the snowpack
or beneath the soil profile, recharging groundwhgeels.

Lower percentages of streamflow were derived fppetipitation that did not connect to
soil water or groundwater during the 20-30 Aprill2Gain-on-bare ground hydrologic event
(15.1% at W6-L and 11.0% at W3-L, Table 7.4). Tédwent was the result of several rainy days
during which 8.6 cm of precipitation fell over tbeurse of one week. The lower contribution
from the precipitation end-member is not surpriggngen the lower intensity of rain spread out

over several days and the lack of snowpack threughh additional flowpaths could form.
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The lack of increased runoff of snowmelt discorteédrom soil water or groundwater
flowpaths found during a time period of superfigall frost indicates that the soil retained its
permeability despite being frozen. Previous studieEh have found significantly reduced
infiltration into frozen soils (Kane and Stein 1983unholm et al. 1989; Stahli et al. 1996) have
often concentrated on agricultural soils. The tssoibserved in the forested catchments at
Hubbard Brook are comparable to other studies wineest soils retained permeability despite
frozen conditions (Shanley and Chalmers 1999; Nyle¢al. 2001; Lindstrém et al. 2002).
Lindstrom et al. (2002) analyzed long-term daténatNyanget catchment, a boreal forest site in
northern Sweden, and found no clear connectiondstthe extent of soil frost and the timing
or magnitude of snowmelt runoff. The authors atti@lal this lack of a relationship to the fact that
soils typically thawed prior to peak snowmelt. Ngdpet al. (2001), conducting hydrometric
studies at the same Swedish catchment, could mb&fiy definite evidence of flowpaths being
affected by soil frost. Laudon et al. (2004), oe dther hand, reported shifting flowpaths due to
soil frost in an analysis using water isotope traee the Svartberget Research Station, a nearby
Swedish boreal forest catchment. They found ineaserland flow during the early portion of
spring snowmelt. Shanley and Chalmers (1999) ussztderies data at the Sleepers River
Watershed in northern Vermont and found signifiyaimicreased runoff over frozen soils only
in an agricultural catchment, and not in the meslescatchment containing forested lands. They
attributed this to differences in soil frost dey@ieent and infiltration characteristics between
agricultural and forested soils and the mutingftdats at larger scales. They observed that the
forested areas developed shallower and more igefast compared to the relatively deep

impermeable frost in the open fields. Shanley et24102) found that during snowmelt when
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ground frost was widespread, the percentage ofwaer in runoff increased with increasing

percentage of open land in the drainage area.

7.3.2. Development of different types of soil frost

Differences in infiltration into frozen soil ardéély due to the occurrence of concrete
versus granular frost. Soils that are partiallyssted at the onset of freezing are likely to
develop concrete frost which is impermeable (Graegeal. 1984; Johnsson and Lundin 1991).
This relationship was demonstrated by Zhao and @@99), who developed a model for
infiltration into soils based on an analysis ofeliént studies showing that infiltration is
inversely related to the soil water content attime of freezing. By contrast, unsaturated soils
that freeze tend to retain their permeability. Toienet al. (1958) found that forested soils
developed granular frost, which retained a hightration capacity, as opposed to concrete frost
found in open areas. Upland soils at Hubbard Barekgenerally well-drained (Bailey et al.
2014) and it would be expected that they would tgvgranular soil frost and retain capacity
for infiltration.

While the results presented here are consistehtather studies that show that forested
soils tend to develop granular frost that doessigntificantly reduce permeability, there are no
known comparable studies that investigate the émibe of granular frost on subsurface
flowpaths following meltwater infiltration into th&oil profile. These results indicate that the
granular frost presumably found in Hubbard Brooikssaas the capacity to reduce the flow of
runoff through the shallow forest floor flowpatlwszero or near-zero during a period of
relatively deep frost. The typical organic horiztepth at Hubbard Brook is approximately 6.9

cm (Johnson et al. 1991). The data reported helieate that soil frost depths in early and mid-
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March 2012 would have extended to that depth atehafeeper throughout much of the
experimental watersheds, especially at the loneration sites where snowpack melting began
earlier. As evidenced in the 2012 W6-L hydrograppasation (Figure 7.5), the contribution to
streamwater from the Oa soil shallow flowpathséased dramatically approximately 17-18
March 2012 as snowmelt approached its peak anbsiage. Prior to this period the forest floor
contribution to streamflow had been zero or neael. The markedly increased contribution
from forest floor flowpaths coincides with a rapilting of the soil frost. While this rapid
melting is not evident from the frost depth moriitgrdata alone (Figure 7.3), the soil
temperature monitoring probes at 5 cm depth recbateabrupt increase around 17-20 March

2012, depending on the elevation (Figure 7.7).

7.3.3. Variability of forest floor preferential flowpathglated to soil frost depth

The hydrograph separation through EMMA revealéerasting differences in flowpath
utilization during the various hydrologic eventeothe course of the two snowmelt seasons of
sampling, which corresponded to differences inpilesence and severity of soil frost in the
study watersheds. Because of the marked differenseil frost magnitude—especially at lower
elevations—between the two winters, | was ableotadact an interannual comparison to relate
how the presence of soil frost affected flowpatireuigh the upper soil as the catchment
hydrology transitioned from winter baseflow to thigh-flow snowmelt period.

The soil frost that extended to depths greatear fltacm at the beginning of snowmelt in
2012 appears to have led to reduced flow throughash soil (forest floor) flowpaths during
early melt. A period of early snowmelt of 7-10 daysnid-March was defined for both 2011 and

2012, which were similar in magnitude of total fl¢at W6-L, 63.3 mm from 10-20 March 2011,
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46.0 mm from 8-15 March 2012). The EMMA resultsigaded that W6-L streamwater during
the early snowmelt period of 2012 contained a namhller contribution from forest floor soll
flowpaths than was observed in 2011, thus supgpttia hypothesis that preferential lateral
flowpaths in the forest floor are closed or com$t&rd when soil frost penetrates the entire depth
of the organic horizon. During the early snowmeltipd in 2012, W6 had soil frost depth
estimated, based on linear regressions of froghdeph elevation (Figure 7.2), to be up to 8.1
cm. in depth, with even deeper values in localiaezhs.

It is difficult to make direct comparisons of flpath usage between watersheds (W6-L
vs. W3-L) in this study. W3 is substantially largkan W6 and the watersheds differ in slope
and aspect as well. Nonetheless, the interannttalrpa of the forest floor flowpath contribution
for streamwater at W3-L are largely consistent witiat was observed at W6-L, with lower
forest floor flowpath contributions under the higbst conditions early during the 2012
snowmelt relative to the minimal soil frost condits throughout the 2011 snowmelt. Lower
overall forest floor flowpath contributions at W3ebmpared to W6-L are also consistent with
the less “flashy” nature of the gentler-sloping @vahed, as well as the deeper glacial till
underlying W3, which would allow for more deep gndwater flowpaths.

The strong relationship of soil frost depth witbwvation (Figure 7.2; Figure 7.3)
observed through late winter and early spring 2@t®ided the opportunity to compare the
flowpaths to streamwater at low elevation with gigant soil frost with those in a higher
elevation subcatchment with less soil frost develept. At the higher elevation site (W3-H), the
contribution of forest floor soil water was markgdigher than at the base of the watershed
(W3-L) throughout the peak of the 2012 snowmeltditidnally, the thickness of the forest floor

is typically less at lower elevation (Johnson ef8D0). At the higher elevation sites the total
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soil depth is shallower and the organic horizon goses a greater percentage of the total soil
profile. Consequently, hydrologic flow is more likéo be routed through this soil horizon

during events. Soil frost depth was relatively kivaland variable in the upper reaches of W3
(mean of approximately 3 cm) at the initiation nbwmelt. Because several centimeters of frost
is unlikely to penetrate the entire depth the oigaail horizon at high elevation, it is not
surprising that a substantial contribution of rdrnveés derived from forest floor soil water during
peak snowmelt at the upper stream sampling sitav€lsely, the lower reaches of the watershed
have shallower depths of the organic horizon—wiltimhstitute a smaller relative portion of the
total soil profile—and had markedly deeper penitradf soil frost. The data indicate that the
soil frost extended through the depth of the organil horizon during the early days of peak

snowmelt, limiting the contribution of forest flosoil water to stream runoff.

7.3.4.Dissolved organic carbon and nitrate as indicatofshifting flowpaths

Examining solutes in streamwater other than theetis used in the hydrograph
separation can provide independent evidence farmpith shifts. When high flow event water is
routed through shallow hydrologic flowpaths in tirganic soil, increased mobilization of DOC
and NQ' are typical responses (Sebestyen et al. 200&riredt al. 2012). Thus the DOC or
NOjs concentrations in streamwater can provide an atitio of flowpaths through organic soil
independent of the conservative tracers in the EMAAlysis. During the low-flow premelt
period through the earliest snowmelt peak in thehjdrograph (5-15 March 2012), when
substantial soil frost was present in the Oa horino relationship between stream discharge and
DOC concentration was evidemt£ 0.53; Figure 7.8). In contrast, the relationgbepween flow

and DOC concentration became significantly positolwing the melting of the soil frost (18-
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26 March 2012, slope = 1.94 pmol C/mm day", p < 0.01). This relationship change does not
appear to be simply a result of increased subseiffaa concurrent with lower flow through an
ablating snowpack. During the previous year’s eangwmelt period (5-20 March 2011)—when
a deeper snowpack had developed and the preseso# fvbst was minimal—the relationship
between W6 stream discharge and DOC concentratisnstvongly positive (slope = 5.00 pmol
C L'Y/mm day*, p < 0.01; Figure 7.8). The early snowmelt data f@#t2 in W3 provide similar
evidence for frost-reduced shallow soil flowpathizdation and associated DOC maobilization.
From premelt baseflow through the rising limb o thitial snowmelt hydrograph peak (6-12
March 2012), when soil frost extended beyond thghdef the Oa horizon through the lower
elevation reaches of the watershed, no signifioelationship was found between stream flow
and DOC concentration measured at site WB-E 0.37). Conversely, during the same sampling
dates at the higher elevation site (W3-H), theastr®OC concentration was significantly
correlated with the discharge measured at the dfatbe watershed (slope = 12.0 umol T L
Y/mm day*, p = 0.03).

The relationship between discharge andsN@der differing frost conditions is less clear
than for DOC (Figure 7.8). NfOconcentrations were significantly positively céated to
discharge in each circumstance. This is not egtgetprising, given that Nis sourced not
only from the forest floor (as the product of suttogen mineralization and nitrification), but
also from atmospheric deposition and therefore frlioensnowpack as well. On the other hand,
the data shown in Figure 7.8 indicate that theeskithe relationship between N@nd
discharge is lower under the condition of extensiméfrost in 2012 compared to the minimal
soil frost condition several days later. The opfmselationship would normally be expected

given that N@ is typically flushed in highest concentrationsteg onset of snowmelt with
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progressive dilution through the course of seasbiese differing relationships seem to indicate

a reduced contribution of forest floor-derived N@uring the time of extensive soil frost.

7.3.5. Proposed mechanism of soil frost effect on orgaaitflowpaths

The data presented here indicate reduced flowgtrehe shallow soil forest floor
flowpaths—as detected by EMMA—under conditionsxikasive soil frost through the depth of
the Oa horizon. The soil frost appears to have éofin granular form under unsaturated
conditions as there was no evidence of signifigamtiuced infiltration into the soil profile. Two
proposed conceptual models explain how the grarfidat prohibits the movement of meltwater
(or its detection) through Oa preferential flowma(Rigure 7.9). One possible mechanisim is that
granules of ice fill many of the Oa soil pore sga@specially in the preferential flowpaths.
While these are not of sufficient size and quartbtprevent infiltration into the soil from above,
they appear to have the net effect of lessening floough preferential flowpaths and
effectively forcing water to use deeper mineral #owpaths, where the chemical signature
more resembles baseflow. An alternative model d/tedve open the possibility that a
substantial portion of flow still is routed throutire Oa preferential flowpaths, but because of
the frozen condition of the soil, possibly becaokie coatings on the soil matrix, the water
does not undergo normal chemical exchange witlhdinizon and therefore does not take on the

chemical signature that would be detected througiME.

7.3.6. Implications of climate change for flowpaths angam chemistry
The long-term record at Hubbard Brook indicatexrel@sed snowpacks (Campbell et al.

2010) and earlier snowmelts (Campbell et al. 2@iLE) to winter climate change. Model
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projections indicate greater warming over the fmi€xf.00 years (Hayhoe et al. 2007), which
would lead to shallower and later developing snakpathus more often exposing the soil more
often to freezing during cold spells. My resultdyoshowed a relatively short duration of soll
frost affecting hydrologic flowpaths. However,stwithin reason that greater development of
frost, coupled with a rapid snowmelt, such as tiibéeen by large rain-on-snow events, could
have marked effects on hydrologic flowpaths andseguently runoff chemistry. Moreover,
more frequent mid-winter melt events could potdiytsaturate the soil leading to more concrete
frost upon refreezing. In a Swiss forest site vdffodosol soils, Stadler et al. (1996) found that
surface runoff was greatly increased during a sgécoelt event relative to the first, due to
greater ice content in in the soil following thestimelt event. This scenario would be expected
to result in markedly different hydrological dynasiand resulting stream chemistry in
headwater catchments during early snowmelt, withngtimplications for runoff quantity and

water quality downstream.

7.4. Summary and Conclusions

The results presented in this chapter indicatedbaelopment of soil frost varies across
the landscape and is inversely related to snowhd&svelopment of granular frost in the soils
of the HBEF appears to maintain the infiltratiopaeity of the soils, thus not appreciably
increasing surface runoff. | observed a decreasattibution of forest floor flowpaths to stream
flow during snowmelt at a time when soil frost veagensive and relatively deep. These results
indicate that the granular soil frost can effedgivdock flow through the most preferential of the
forest floor flowpaths thereby promoting deepeiitirsition and longer flowpaths. While the

effect of reduced forest floor flowpaths was onbged for a relatively short period before it
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thawed, it has the potential to alter the chemisfrgtreamwater runoff. Analysis of
concentration-discharge relationships indicatetl E@C and N@ concentrations would be
reduced as soil frost prevents flow through thegofloor, although they would be available to

be leached during high flow after the soil thaws.
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Table 7.1. Catchment and subcatchment informatoedch snowmelt stream sampling site at
the Hubbard Brook Experimental Forest, NH.

Stream Sampling site Catchment  Catchment Catchment  Catchment
sampling  elevation area elevation range mean elevation  slope
stename  (m) (ha) (m) (m) §)
W6-L 549 13.2 549-792 679 15.8
W3-L 527 42.4 527-732 631 121
W3-H 635 2.8 635-693 660 135

Table 7.2. Correlation matrix of potential hydralofowpath tracers.

cr SQ” Na' Mg?* H4SiO, 8D 80
cr 1.00 0.45 0.26 0.10 0.08 0.21 -0.38
SO” 0.45 1.00 0.82 0.50 0.57 0.59 -0.08
Na* 0.26 0.82 1.00 0.65 0.71 0.49 0.00
Mg?* 0.10 0.50 0.65 1.00 0.35 0.46 0.08
H.SiOs 0.08 0.57 0.71 0.35 1.00 0.41 0.41
8D 0.21 0.59 0.49 0.46 0.41 1.00 0.21
50 -0.38 -0.08 0.00 0.08 0.41 0.21 1.00

Table 7.3. Mean concentration values of potentydrblogic flowpath tracers in each end-
member. Units for C| SQ?, Na', Mg**, and HSiO, are umol [*. Units forsD ands*®0O are %o.
Standard deviations are indicated in parentheses.

cr SO* Na' Mg H,SiO, 3D 3'%0

Snow 6.1(1.9) 3.2(15 7.2(25 10(1.3)  3.0(1.9) 130.7(15.9) -17.9(2.5)
Forestfloor 9.6 (2.5) 24.6(8.7) 32.1(8.6) 4.8(25) 72.0032. -75.8(4.3) -12.3(1.0)
Baseflow  12.1(0.4) 38.1(1.6) 44.4(1.4) 12.1(1.0) 90.3)2 -63.3(0.2) -9.8(0.1)
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Table 7.4. Hydrological events during the sprin@@11 and 2012. End-member flow
contributions for snow-precipitation, forest flogiF) soil water, and baseflow-groundwater are
estimated through EMMA. Values in parentheses tamdsrd deviations. Soil frost depths are
estimated through the linear regression model ibfrest and elevation.

a) 6-7 Mar 2011 - Rain-on-snow

Total flow (mm) Snow-precip (%)  FF (%) Baseflow)X% Soil frost (cm)
W6-L 56.8 33.6 (9.1) 6.1 (8.7) 60.3 (0.4) 0-2.0
W3-L 55.3 30.8 (0.9) 0 (0) 69.1 (0.9) 0-2.2
W3-H NA NA NA NA 0-1.3
b) 10-20 Mar 2011 - Early snowmelt
Total flow (mm) Snow-precip (%)  FF (%) Baseflow)% Soil frost (cm)
W6-L 63.3 28.0 (5.6) 17.0 (8.4) 55.0 (6.4) 0-1.4
W3-L 72.4 23.6 (5.0) 6.8 (6.1) 69.6 (4.4) 0-1.6
W3-H NA 23.1 (5.2) 12.3(7.7) 64.6 (6.5) 0-0.6
c) 10-27 Apr 2011 - Peak snowmelt
Total flow (mm) Snow-precip (%)  FF (%) Baseflow)X% Soil frost (cm)
W6-L 306.3 32.2 (4.1) 32.9(10.2) 34.9(10.7) ghigible*
W3-L 289.3 33.6 (5.5) 7.8 (8.0) 58.6 (4.1) Ngiie*
W3-H NA 40.5 (6.5) 6.7 (6.7) 52.7 (6.9) Negligib
d) 8-15Mar 2012 - Early snowmelt
Total flow (mm) Snow-precip (%)  FF (%) Baseflow)% Soil frost (cm)
W6-L 46.0 27.0 (7.6) 1.8 (4.5) 71.2 (9.4) 0-8.1
W3-L 53.4 20.0 (4.7) 1.3(2.9) 78.6 (3.9) 0-9.0
W3-H NA 12.0 (5.2) 19.5(9.8) 68.5 (5.7) 0-4.6
e) 16-23Mar 2012 - Late snowmelt
Total flow (mm) Snow-precip (%)  FF (%) Baseflow)% Soil frost (cm)
W6-L 78.0 28.0 (8.5) 24.9 (19.4) 47.1(13.9) Negble*
W3-L 81.7 23.9 (4.9) 3.6 (6.2) 72.5 (5.5) Neiig*
W3-H NA 26.1 (6.8) 12.1 (7.8) 61.8 (9.3) Negligible*
f) 20-30 Apr 2012 - Rain-on-bare ground
Total flow (mm) Snow-precip (%)  FF (%) Baseflow)X% Soil frost (cm)
W6-L 54.8 15.1 (7.3) 32.1(13.7) 52.7(7.9) 0
W3-L 61.1 11.0 (6.8) 9.0 (6.9) 80.0 (6.7) 0
W3-H NA NA NA NA 0

*Assumed based on soil temperature increases pinmefrost measurement
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8. Synthesisand I ntegration

8.1. Overall summary of results

| used a two phase approach to study the hydroda¢hlynamics of stream and soill
water at Hubbard Brook. Phase | was an evaluafityydrochemical trends over 30 years to
characterize the changes in the chemistry of stsairsoil water in response to continued
decreases in atmospheric acid deposition to thesforincluded an analysis of the trends during
snowmelt because it is the most important periagims of annual hydrologic flow and solute
losses from the watershed. Historically the snowpetiod is among the most acute times for
episodic acidification, so an evaluation of theatle during this time was critical for a more
comprehensive understanding of changing water tyyaditterns. Phase Il was a series of field
investigations with the goal of better understagdhre variation in hydrological and
biogeochemical dynamics as related to differenceagimter climate. These experiments were
conducted using the natural gradient of winter ateracross the Hubbard Brook valley.

The results of Phase I, presented in Chapterotyeth that drainage waters at Hubbard
Brook are slowly but steadily recovering from chiooacidification, with measurable increases
in ANC and pH, and reduced leaching of base catmalsmobilization of Al The trends
assessed during the snowmelt periods of the redwmaed that snowmelt waters, while still
more acidic than the whole-year baseline, are @og at a very similar rate as noted in the
overall trends. This finding was contrary to mygimal hypothesis that snowmelt acidification
would be more marked relative to the overall trdod to a cumulative depletion of base cations
from the forest floor resulting from long-term acldposition, where snowmelt runoff is often

routed. Additionally, | hypothesized that becaug@;Meposition had not declined to the extent
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that SQ* had over the 30 year record, that snowmelt acitifin would be relatively more
severe because NUs flushed in high concentrations during snowmleltfact, the trend
analysis showed that NOconcentrations in stream and soil water declihedughout the entire
record, prior to deposition decreases. Moreoverdicreases in stream p@uring the
snowmelt period were more rapid than observationgiie whole-year record. This highlights
the importance of better understanding controlgitnegen cycling during the winter preceding
snowmelt.

The results of the Phase Il winter climate fielgperiments are presented in Chapters 5-7.
Chapter 5 was an investigation of how soil watemistry may change under differing winter
climate regimes. | used a set of 20 plots to captioe range of winter climate conditions
experienced across the Hubbard Brook valley. Tdnge is also analogous to projections of
future scenarios of continued winter warming. llaaged patterns of NDand DOC leaching in
soil solutions as they related to winter climatetdas that are hypothesized to be sensitive to
climate change, increases in soil freezing intgnamd freeze/thaw cycles due to reduced
snowpack insulation. Two years of data at thess sihowed that DOC responses appear to be
particularly sensitive to soil freezing. | obsenredreased DOC leaching from spring through
July, primarily in the Oa soil horizons, followirsgil freezing that occurred during the preceding
winter. This effect was more prominent during teead year of my study, when the preceding
winter was characterized by a lower snowpack thpoged the soil at many plots to greater soil
frost development and more freeze/thaw cyclesd hdit observe a consistent Bl@aching
response, which was contrary to my original hypsithéhat N@ leaching in soil solutions
would increase along the gradient where soil fdestelopment was greater. This expectation

was based on earlier soil freezing experiments ected at Hubbard Brook (Fitzhugh et al.
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2001) and elsewhere, which showed sugar maple Ipdotisig high N@ losses following soil
freezing events. The response of DOC but nog Nincreased soil freezing is consistent with
other studies (Groffman et al. 2011) and may inditiaat mobilization of DOC can effectively
inhibit a NO;” response.

In Chapter 6 | assessed the dynamics of ld@d DOC in streamwater during snowmelt,
using an intensive sampling regime across diffewagersheds and at differing elevations to
capture the variation in winter climate and relaite watershed export patterns. | found higher
NOs concentrations and fluxes and lower concentratmusfluxes of DOC in the stream water
of W7 relative to the W3 and W6. W7 is the nortbifg watershed, and it experienced generally
higher snow accumulations and lower intensitiesailffrost. While it is difficult to elucidate the
precise effects of winter climate variations withlyotwo years of snowmelt for all the sites, and
limitations in long-term datasets that could bedue® comparison, the results match the basic
patterns implied by the soil solution analysis dia@ter 5. Dissolved organic carbon was leached
at higher concentrations at the sites with lesgeptmn from a deep snowpack, and NO
concentrations were not correlated with the seghing parameters investigated.

The final research component of the Phase |l S&ldies was the hydrological flowpath
analysis presented in Chapter 7. This work wasvatgd by concern that soil frost present at the
time of snowmelt may alter the hydrologic flowpathghe soil and may help to resolve
inconsistencies between soil freezing effects dntsdeaching observed at the plot scale (e.qg.
Fitzhugh et al. 2001) and those observed at tfagant scale (e.g. Judd et al. 2011). |
hypothesized that soil frost presence in the fdtest during snowmelt would decrease the
contributions of shallow soil flowpaths to totalestm runoff due to the constricting effects of

granular frost in the preferential flowpaths. Theults | observed support this hypothesis. The
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analysis showed a distinct lack of forest floomffmth contribution to streamwater in locations
and times with deeper penetration of soil froste €ffect was most pronounced during the early
snowmelt of 2012 when soil frost was relatively esgread. After several days of reduced flow
through the forest floor preferential flowpaths,ltimg snow and rising soil temperatures thawed
the remaining soil frost and | observed markedaases in streamwater derived from these
shallow soil flowpaths. While the altered flowpathd appear to have an effect on
concentrations of stream N@nd DOC it is difficult to determine to what exteoil frost-
induced changes in hydrologic flowpaths would haveverall watershed export during
snowmelt. This effect would be expected to be sihtile soil frost persisted for a short time
during snowmelt. On the other hand, effects coeldnore pronounced if frost persisted longer
or more concrete frost developed which could limfdtration of melt waters into the soil profile
to a greater degree than granular frost.

The set of studies | presented highlight the cempélationship between winter climate
variability and drainage water hydrochemistry. Quiater biogeochemical processes are an
important component of the annual cycle (Camphledl.€2005) and winter climate change is an
important factor influencing these cycles in wags completely understood. Because snowmelt
is such an important hydrological event of the ahmycle in upland watersheds, understanding
controls on runoff chemistry is critical to wateraljty concerns downstream. My studies
emphasize the importance long-term trends whidecethanges in water quality, as well as the

influence of interannual climate variations.
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8.2. Recommendations for future studies
Based on the results | found in this dissertati@an recommend several important
research priorities.

» Soil freezing disturbance effects are not well ustt®d in soils. Despite unclear results
from past experiments, controlled laboratory inigggtons can provide insight into the
dynamics of hydrochemical responses to soil fregZBpecific experiments should be
designed to evaluate the DOC response varyingsitiesiand frequencies of freeze/thaw
cycles.

* The interaction of DOC and NQOresponses to winter climate and soil freezingalality
needs further investigation. Controlled additioh8/®3; and DOC of differing quality
could help to determine the mechanisms promoting MSs responses or
immobilization.

« DOC is an important factor in biogeochemical cygland water quality. More
monitoring of DOC should be conducted to betterarsthnd the variation in headwater
catchmentsln situ sensors provide a great opportunity to learn mbit DOC as it
varies with hydrology.

* Increases in DOC concentrations are a widespreadgohenon in surface waters and
have implications for water quality. Conductingdeterm sampling from various
watersheds and including analysis of DOC qualityehsas fluorescence spectra—can
provide insight about sources of DOC is derived emusequently the controls on its

mobilization.
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