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Chaptlenrt rlooducti on and Scope

Background and Previous Work

Earth has three major forests bionflesreal, temperate, and tropical), which are
distributed by latitude (light and growing seasemgth) and rainfall distributiorfUlIrich
et al. 2016) These different foresthiave significantly different canomharacteristics,
root structuresand soil characteristiqgdackson et al. 1996; Ulrich et al. 2016; Fan et al.
2019)that influence the storage of carbon in biomass or soils. Boreal forest soils are
important carbon sinks, storing large amounts of soil organic carbon and mineral carbon
(e.g.Angstmann et al2012; Scharlemann et al. 2Q,14hich affects global climate
regulation. Understanding how these foreand associated soils will respond to climate
change requires that we understand the connections among climate, forest ptgductivi
hydrological processes, and soil characteristiisor research at maritime boreal sites
along a nortksouth climate gradient has indicated thait organic carbonSOQ stocks
currently remain constant as net ecosystem production replaces S®i@ lost
decomposition and dissolved organic carbon (DOC) fl{Xegler et al. 2017) High
soil water content near the surface can limit organic matter decompositionpbement
of water through organic layers can transport carbon to the atmosphereiretices
(COz, CHy), toadjacent aquatic systems, or to mineral soil stobggeansforming
carbon to solid phaségiegler et al. 2017; Bowering et al. 2020)/ater fluxes can
remove carbon from carbaich soilsin dissolved or particulate formBQC or POC)
mobilizedcarboncan then be transferred laterally to aquatic systems or infiltrated
vertically into soils where carbon can be stored in aggregates or on mineral surfaces

(Lehmann and Kleber 2015)



Global warming is predicted to lead to a warmet slightly wetter climate in the
boreal region of Atlantic Canad#/ang et al. 2014) The effects of these changes on
boreal forest transpiration, productivity, and soil carbon storage are not yet defined.
Lengthening of growing seasons may lead to higrest productivity; however, higher
transpiration and warmer temperatures may leacatenimitations, which could limit
carbon storagé D6 Or a n g e v i | Huhermdre, iacteasesan(pre@pjtation could
increase carbon transport. Water flsbe soils aresensitive to climate via
evapotranspiration (ET), the duration of snow cover, and the precipitaiiahfference,
which can seasonally adjust water tables and affect fluxes to first order streams. Water
below the rooting depth of plantsnst available for ET, and it recharges local
groundwateand contributes to stream baseflomo@dwater can move laterally
towards loweelevationregions (e.g. riparian zones) where it can again be available for
ET. Therefore, rooting depths in hitbgles and riparian zones can affect the distribution
of groundwater levels in landscag&an et al. 2017)In forested regiongjillslopeecc
hydrologicalprocesseskely govern variations in streamflow from catchments; therefore,
the effects of seasonariations in processes should be evaluated at both hillslope and
catchment scales. Climate change in boreal regions will likely affect the timing and
amount of snowmeltRulliainen et al. 2017)and also the timing and amount of
evapotranspiration. Chges in evapotranspiration will affect biomass production,
groundwater levels, streamflow, and soil carbon storage. The interactions among
evapotranspiration, soil characteristics, and hydrological processes have not been

examined in maritime boreal fotssand are thus the focus of this investigation.



Forest vegetation exerts significant ttofs on hydrological processdgsees
transport water vigranspiration fronrootsin the soil into the atmosphetierough
stomata in leave®(g. Reich et al. 2018)n most forested regions evapotranspiration is
the major water loss term in annuater balancehowever, boreal forests have short
growing seasons, which reduces annual ET compared to temperate(fnesterth et
al. 2007 Brantley et al. 2017)Treesand their rootgre continually modifying the soils
in which they grow viadditiors of organic cavoon through leaf litter and root
contributions enharced chemical weathering by root exudairdphysical weathering
by roots, and enhanced soil stresshat increase soil and saprolite hydraulic conductivity
(Brantley et al. 2017; Billings et al. 2018¢T links tree and soil characteristics directly
to the hydrological cycle.

Plants have adapted to a wide range of moisture conditions includingaeason
dryness and shallow or deep groundwater tables. Many tree species experience root rot
with shallow groundwater depths, while extending deep roots to take advantage of deep
groundwater. Trees generally concentrate their root growth at the shalloptsivtiere
water is readily available (Brantley et al. 2017; Fan et al. 2017). Water availability is
reliant on the balance of water fluxes and therefore the amount and timing of
precipitation and ET. Observational data dispkagsrong correlation betwa rooting
depth and water table degffan et al. 2017) However correlationis not evidence of
causationrooting depths and associated ET also cause water table declines, water tables
are seasonally variable (not static), and stnee rootcanexterd far belowaverage and
even minimunwater tabls (Pierret et al. 2016)Most studies of rooting depths do not

include all roots, often usindpta sets where excavations of deep tree roots were



iter mi nat ed a (Piereetabd Laconabe 3018ResqaitchHers ldave also
suggested that because ET removes stored water, groundwater depth may be a
consequence, not a cause of, rooting deigriet et al. 2016)Increases in temperature
caused by global warming may increase maximum daily ET demextésd growing
seasons, or both. These changes in seasonal ET could affect water availability, water
table depth, and the suitability of existing and invading tree species to the changed
environment. Although identification of rooting depth and watdetdbpth preferences
(or limitations) for tree species may be simplistic, this may provide an initial
approximation for identifying hydrological ranges of species and how they might respond
to climate change. Understanding the details, however, requiesaaination of the
interactions among plant transpirative demand, soil characteristics, ET, and water table
depth in climatesensitive biomes.

The approach of this research is to evaluate the water balance and interactions
between biological and physidaydrological processes at both the catchment and
hillslope scals. Water balances quantify the fate of precipitation (PPT) through storage
and losses due tonoff and evapotranspiraton PPT = ET + Runof f +
1). At thehillslope or plotscale, precipitation and groundwater data caditsetly
measured to quantifghange in storagegtorage, runoff is calculated from
groundwater data, and ET is estimated from other parameters. At the catchment scale,
streamflow runoff (a catchmeitegrated quantity) is quantified, but change in
groundwater storags estimated from other water balance componénggi(el).
Seasonal variations in temperature and evapotranspirative demand can drive seasonality

in groundwater table minima. Water talshinima can result from groundwater drainage



without recovery, or from rates of groundwater withdrawal via ET that astegréhan

precipitation rates.

Scope of Study

This studyexamines boreal forest warm season hydrological processes at the
hillslope and catchment scales. In this study, | integlate on tree rooting depth, soll
characteristics, groundwater depdindET estimates at the hillslope scadad| use
stream deptdischargeET estimatesand stream conductivity evaluatehydrologic
processesat the cathment scaleThe thesis presents this research in two results csapter
Chapter Ancludes the results dield and modeling studiesn the hillslope scale,
quantifying the water balance lmgingfield-basednstrumentation to measuRPT, ET,
and groundwatefFigure 2) Field data ortree rooting depthand their relationship to
soil characteristics, groundwater levels, and ET were evaluated to identifyddelyes
of water for tree transpirationChapter 3 focuses drydrological processes at the
catchment scajen this chapter, link the timing of annual streamflow minima with
hillslope groundwater minimal examine the cause observedsteadyincreagsin
stream electricatonductivityby comparingconductivitywith cumulative hillslope ET|
also identify strong diurnal patterns in both stream discharge and conductivity. | evaluate
thetiming of the coincidenstreamflow and electrical conductivityaximato determine
whether these variations indicatieirnalchanges in streamwater sows.cdhe thesis

concludes with a discussion of the overall results and implications of this research.
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Introdudion

Boreal forest soils are important carbon sinks, storing carbon in organic and
mineral soil horizongAngstmann et al. 2012; Scharlemann et al. 2014; Ziegler et al.
2017) These carbon stores may be sensitive to global climate change: warming and
extension of the growing season may increase primary productititgh may increase
carbon storage. Increasesnarm seasopvapotranspiratiomaylead to increased depth
or duration ofsoil drying which may lead to increasedidation of organic mattear
higher likelihood of forest fire6 D6 Or an g e v i | Dryng & surfazd soils rBay 1 8 )
push root developent to greater depths, which may lead to storage of organic matter
(Pierret et al. 2016)A wetter boreal climate would likely lead to higher ratesatier
fluxes through organic horizomsd removal obrganic carbon in dissolved phases
(Tranvik et al. 2009Senar et al. 2018)Therefore, research on relationships among soil
characteristics, rooting depths, ET, and groundwater |&v@fgportant to understand
how these processes might change in a warmer, wetter cliffate researchithe
boreal forests of Atlantic Canadath plots established along a noghuth climate
gradientindicate a southerly increase in ET and associated biomass productivity (Ziegler
et al. 2017). This association among ET, productivity, and carbon stomgee
responsible for the observatitmat currently SOC stocksae not changing, suggesting
thatnet ecosystem production replaces SOC lost via decomposition and dissolved organic

carbonfluxes(Ziegler et al. 2017) High soil water content near the fawe can limit

8



organic matter decomposition, but water movement through these shallow horizons can
facilitate carbon loss to the atmosphere via respiration, to adjacent aquatic systems, or to
mineral soil storage via vertical infiltration and sorpt{@nanvik et al. 2009Bowering et
al. 2020) Recent research indicates that water fluxes can remove carbon as DOC from
carbonrich borealsoils; soil water flow carthentransfer this mobilized DO@terally b
aquatic systems or infiltratevertically intosoils wherehe carbon can be stored in
aggregates or on mineral surfa¢eshmann and Kleber 2015)n wet boreal climates,
the spring and fall periods that occur prior to and after the ET season can be times of high
soil water content and significargiswater and carbon fluxes. Bowering et al. (2020)
showed that the DOC concentration in soil water is high in the fall. Precipitation as
rainfall after transpiration shutdown can cause an increase in soil water and carbon fluxes
(Bowering et al. 2020)This suggests that the amount and seasonal duration of ET can
influence biomass production and carbon storage, and cessation of ET can trigger time
intervals of significant DOC fluxes.

Boreal forests are located in high latitudes and therefore havegsbwaihg
seasons, which prade seasonal limits on ET rat@sngstmann et al. 2012Both
temperature anlight limitations of borealtranspiratiorcan affect annudT and biomass
production

The relationship betweeawoting depths and ET demand Imat been examined
in detail ineastern Canadiamaritime boreal forests, bttie presence of a shallow water
table suggests shallow rootidgpthg(Fan et al. 2017, 2019Evapotranspiration then
moves that shallow water vertically into the atmosphere, decreasing soil moisture and

lowering groundwater tables herefore, determining seasonal and annual water balances



and how they are affected bynd influencesoil propertiesT, and plant rooting depths
will improve our understanding of hydrological processes in this environment and
contribute to an understanding how these boreal forest ecosymtdmnassociated carbon
storage reservoinsill respond to climate change.

Although ET is difficult to measure directly, consequences of transpiration can be
observed as changes in soil and groundwater. ET demand catacgeseasonal
fluctuationsin groundwater storage. This seasonal variatiowisalwayscharacterized
in studes thatlink groundwater levetio rooting depth or other phenomejeag.Fan et al.
2017) That is one reason why this study aims to develop a method of accurately and
succinctly representing the depth of the groundwater table, withousmwuplifying it to
an annual average.

Previous work indicates that although precipitatiothe maritime boreal fores
not seasonal, groundwater exhibits two anmuiaima: a)during winter when
precipitation is stored asow whichinsulates thaoll, limiting groundwater recharge
but maintaining groundwater drainage through the unfrozen soil; athatibplate
summer as cumulative ET demand utilizes available water stocks. However, it is unclear
whether trees influence the summer groundwater level by diredthcérg
groundwater, or by intercepting precipitation and preventing groundwater recharge. In
general, shallow roots are grown to intercept rainwatesaihdvaterflows
(throughflow), whereagleep roots allow trees to obtain nutrients and groundweser t
are mordlifficult to access but are often more reliaffleerret et al. 2016)Trees
generally grow roots only to the depth required to reliably obtain water and nutrients, as

deeper roots are more eneifigiensive to grow (Brantley et al. 2017)ree rooting depth

10



appears to be closely linked with tree species and depth to water table, with boreal genera
such aficeahavingrelatively shallow (mean = 0.74 m) rooting depths across compiled
data (Fan et al. 2017 herefore, investigating the treeoting depth andoot structure

in relationship to the groundwater table and ET dentat be used to identifiyhere

the trees draw their water.

Hypotheses

H1: Picea mariangblack spruce) trees in the wet boreal forests of western
Newfoundland can receive most of their water requirements from infiltrating water, and
therefore theyave very shallow root systems.

H2: Seasonal variations in groundwater levels can lqteelfrom the water
balance:

GW st or aHy e DrainageP The local water balance generates groundwater
minima in late summer and variations in groundwater depth between upslope and
downslope positions.

H3: Root densitydistributionswill be inverselycorrelated with summer

groundwater level probability distributions.

Study Site and Methods

Horseshoe Creek Study Site

The boreal forest field site is Horseshoe Creek watershed in Newfoundland,
CanadgFigure2), a 13.34 kricatchment that is also an expmental watershed for the

NewfoundlandLabrador Boreal Ecosystem Latitudinal Transect-B&LT) study sites,
11



which were selected to encompass a 500 mm southerly increase in mean annual

precipitation and a 5.2°C increase in mean annual temperature dagtugfe. The

Horseshoe Creek study area includes forested and harvested plots instrumented with

groundwater wells, piezometers, and throughflow pits; and two stream gauges that

monitor stage, temperature, and conductivithe study plots are located a straight

hillslope with minimal curvaturérigure2). Harvested plots were cleant in 2003 and

have since been left to reco\®foroni et al. 2009) Wells were placed in upslope and

downslope locations in both forested and harvested plotgorRéers were aligned to

give upslope, midslope,ral downslope replicates forested and harvested transects.
Vegetationon theforestedhillslope study plot islominated by black spruce

(Picea mariand and mossegMoroni et al. 2009 The site has a shallomater table

depth, mean annual precipitation 1095 mm, and mean annual temperature 3.6°C. The

precipitation is norseasonal, but ET demand (475 mm annually, 43% of MAP) and snow

storage fluctuate throughout the year based on light availability and aetature.

Other characteristics of the site are listedablel. The rooting depth for theicea

dominated forest is expected to be shallow, but this species based estimate is not well

constrained, as is showmFigure3 (Fan et al. 2017)

Field DataCollection

Data for this investigation was obtained from field surveys, solil pits, and
hydrological monitoring equipment installed on the field site in Horseshoe catchment
(Figure4). Piezometers and wells were previously installed at upslope and dpenslo

positions at the field site. Field characterization of vegetation and the establishment of

12



soil pits to collect soil and root charaastics were conducted in Auguad19. These
field procedures included the following: a) vegetation characteriz@tioss depths, tree
diameter, tree density) at the upslope and downslope positions; and b) soll
characterization (bulk density, water content, root content).

The soil pit data relies primarily on using-seite measurements to characterize
vegetation, rootand soil properties. As the focus is on forest processes, and in order to
account for the influence of hillslope processes like lateral flow, all the soil pits were dug
in the completelyforested plots (whitdracketed ared&igure2), with 3 pits upslopand
3 downslope in order to give 3 replicates of each. The upslope and downslope pits were
situated along two transects perpendicular to the hillslope, and the pits were evenly
spaced so that each upslope pit was aligned with a downslope pit alongeatt@arallel
to the hillslope, resulting in a 2x3 grid of soil pits.

During the field season in Augu®019, | was primarily responsible for collecting
and analyzing tree diameter, tree density, rooting depth, and root size (length, diameter,
and volumepata. Root data and soil samples were obtained fromitothpt were dug
by acombinedUniversity ofMaryland and Memorial Universitgf Newfoundland
research team. | will use soil properties obtained from these samples along with
hydrological data from the experimental field site and other sources to evaluat®soil
relationships and rodtydrology relationships. Below | describe the field dhtd tvere
collected in August 2019.

1. Tree surveys:

Tree properties (species, tree diameter, tree-@@s$onal area) were determined

by identifying each tree to the species level and measuring theheplestiameter of

13



each tree within six 7 x 7 m plotsthe Newfoundland site, each centered on a sampled
soil pit. These data were used to evaluate overall tree density of each pl&ti m
species composition, and species richness.

2. Microtopography and moss thickness:

Changes in topography and maélsgkness were measured by taking transects
across the hillslope, parallel to the soil pit transects. The transects were created by setting
a level reference line approximately 1 meter above the ground surface, then walking
along the line and stopping eye).25 meters to take a measurement of the distance from
the ground surface to the reference line. Moss and organic horizon thicknesses were
measured by cutting a slit in the moss carpet using a soil knife, then opening it to measure
the thickness of thieve moss, dead moss, and organic horizons. As measuring the moss
thickness was slightly more invasitiean the topographic measuremetiteckness
measurements were taken every 1 meter. Microtopography and thickness transects were
adjacent and paralléb the soil pit transects, described below.

3. Soil sampling and analyses:

Two transects were laid out perpendicular to the hillslope, one upslope and one
downslope, and 3 soil pits were dug along each transect. Vertical soil profiles were
obtained from saipits and used to obtain samples for soil and root characteristics. Each
vertical soil profile was measured by digging a soil pit 1 x 1 m in footprint and
approximately0.7 to 1 m deep (or as far assnaeeded to reach the base of the C horizon
or watertable). Pictures of these pits are showhkigure4. Soil sampling was
conducted by horizon. Two samples were taken from each horizon and were analyzed

for bulk density and moisture content by Zach@ates of Memorial University of
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Newfoundland Sampes of known volume were weighed, thenaiired (for at least 1.5
weeks), overdried (at 40 °C for 4.2 hours), and reweighed to calculate moisture
content.

4. Root sampling, measurement, and analysis:

Procedures for root analysis were developed in Newfaumadio obtain samples
directly from the 1 rhexcavated soil pits. Although this method was lahtensive and
it was difficult to obtain fine root sampléslaeght et al. 2013jt provided a direct
measurement of the volume of roots per soil horizore dritire 1 x 1 m area of the pit
was used to sample |l arge roots (00.1 cm di
large number of small roots, three 20 x 20 cm subsamples were collected in each soil
horizon to sample mediwto-fine roots (<0.1 cmidmeter). The volume of these roots
was then normalized to the entire soil horizon. Roots finer than 0.1 cm diameter broke
too easily to separate from the soil matfigUre4, bottom right).

All the root samples were weighed, dried (at approximatel 66r at least 8
hours), and reweighed; and for large roots, we measured the length and diameter of each
root in order to determin@otweight per unit volumewhich could then be applied to the

small root weights in order to determine total root volume.

Groundwater Monitoring

Groundwater table elevation data have been acquired using HOBO waler leve
loggers which were placed inrBeter deep wells and maintained for about 4 years. Well
8 is located downslope of the soil pits and was the source of dgyensiater table data.

Figure 6 shows most of the WY 2018 annual cycle at this locationetér deep
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piezometers were also placed throughout the study site; piezometer 5 is located upslope
of the soil pits and was the source of upslope water table Begaipitation data is

available for the site from local project data and NASA global satellite observations.

Analysis of Hydrological Data

1. Evaluation of ET from MODIS data

8-day ET estimates were calculated for the period ZIIB by Devin Simmons
usingdat a from NASADO s(Sikimobd 2819)&Gimsans cerhparedt e
estimates of ET based on MODIS data with flux tower measurements of ET at sites
located throughout boreal forests in Canada. He found that there is strong agreément (R
= 0.77 to 0.89) between flux towers and the MODIS calculations, indicating that the
MODIS calculations are a relatively accurate estimate of Hlese MODIS calculations
were performed on a spatial scal@d&m? plots

2. Calculation of hillslope water bahce to obtain changes@W storage

| created a simple model for seasonal change in groundwater storage based on the
water balance method of groundwater determination. The water balance method assumes
that the change in water storage is equal to the miparecipitation minus the outputs of
ET and runoff Figurel) . The Acatchmentd model was USE
in groundwater storage for the hillslope study siteilbyy i n g @ GHEVT, assurfiig Tio
storage as snow and no runoff or drainage.

First, average precipitation and evapotranspiration were calculatealfyr 8
periods over multiple years (202014 for ET, 201&019 for PPT). These years were
selected because they were the most recent years withggabty data available;

MODIS da# is not yet available for recent years, and precipitation data was directly
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measured at the site starting in 2016. Multiple years were averaged in order to minimize
variability caused by using different time periods for the ET data and PPTIdasais
likely fair becaus&T demand is dependent on factors sucanasunt of incoming
radiation and vegetation density which have little variation from year to gedr
MODIS calculations are for a large spatial scale (8, kammpared to the.01 kn?
hillslope plot) However, a precipitation data is only available for 4 years, a large storm
during one year can create a peak for that timefrdmelculated a simple estimate of
change in hillslope groundwater storage over time by subtracting ET demandhéom t
precipitation input. This model of groundwater storage is intended to represent the
hillslope as a whole, as there is lateral flow from the top of the hillslope to the bottom
which this calculation does not incorporate.

3. Conversion of changes (BW storage to changes BW level

Water balance considerations evaluagedhange in groundwater storagen
model the corresponding change inwgrdwater table elevatiogroundwatedrainage
and specific yieldproportion of total soil volume occupied by water tisatot tightly
held and can be released from the)seére incorporatethto the water balance equation
pGW = i(EF)PSY i Drainage.
In a first approximation, | usea specific yield of 0.44 anal constant &lay drainagéoss
of 2.4 cm. This specific yieldras obtained froomeasured specific yields for peaty soil
(Morris and Johnson 1967pPeatlike soil is areasonablassumption for the first 15 cm
below the ground surface, which is rich inga@nd organic material§.he predicted
groundwater tablewhich ismodeled fothe downslope sit@nly drops undet5 cm

below the surfacéor 3.5 months, from midune to late Octobetn addition, bwer soil
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layers havdower hydraulic conductivitygowering et al. 2020) angimilarly high
porosity(Table 2)compared to the organic horizao although the assumgptiof a
peaty soil does not holhd the 0.44 specific yield value is likely not appropritte top
of the water table only occupies tisisace for a short period of timEhe 8day drainage
was calculated based on measureathyinfiltration of 3 mm, which was multiplied to
match the &lay period of ET and precipitation.
4. Seasonal separation of time series and identification of seasonal minima
Groundwater minima were visually identified on a plot of the WY 2018 data, then
confirmed in the raw data by finding the minimum value within a certain time range.
Seasons were dentated to align with changes in groundwater behavior (visible in
Figureb) : A wi n-2/28) i®whénBhrdundwater levels rise and fall in sudden,
relatively symmetr i &/&81)iswhenlthe gses;andifalecane me | t 0
mor e r o u n(@1eRB0) is thétimeé period where there is a diurnal pattern of a
sharp decrease in groundwater level during the day and a more slight decrease overnight;
and nf alll/B0yis whinlthe Water table rises in sudden pulses and falls more
gradually, ceating an asymmetrical pattern of rise and fall.
5. Groundwater depth exceedance probability distributions
As the groundwater level varies on the daily timescale and on seasonal timescales,
listing the average or mean groundwater level would not accurapesent the pattern
of groundwater variation. Therefore, groundwater depth probability distributions were
developed for the top and bottom of the hillslope for WY 2Fi§ure6). These
distributions were created by dividing data into seasons (as datatiove), then

calculating the cumulative percent of the season that each depth is saturated. The
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resulting graph shows the percent of time that the top of the water table is at or above the
given depth, making it possible to determine how frequentlgifferent soil horizons

are saturated.

Results

Tree and Moss Characteristics

Trees are prevalent at the site, and they are relatively uniform in trunk size
(Figure7), with 91% of trees having a diameter between 2.5 cm and 17.5 cm. Their thin
trunks andvide spacing result inlaw treedensity, ranging from 0.0069 to 0.0088
m?/m? at the measured plot$gble2). The cumulative trearea covertess than 19%f
the ground area. Furthermotege trunk size and tree density did not vary significantly
amory the sites of the 6 sqailits or between the upslope and downslope transects,
therefore,soil characteristics were measured at locations betweerattddheyare
assumed to represent the majority of the hillslope subsurface.

The live moss layer formedtdanket of relatively uniform thickness across the
hillslope, with thicknesses from the upper and lower transects displaying no significant
difference (5.6 + 1.6 cm at the upper, 4.9 £ 1.2 cm at the lower). Microtopography
measurements showed high topgaric roughness and variation in local elevation
(Figure8). Moss thickness and microtopography nivafjuencehillslope hydrology, as
topographic roughness provides places for water to drain or pond, which may promote

lateral flow through the permeabi®sses.
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Soil Characteristics

The soils at the Horseshoe Creek site are developed on till, which contains a range
of grains sizes from clayo bouldes. Somesignificant layers of loose rockgere
observedat the surface and below theh@rizon. Most othese rocks were somewhat
flat and oriented parallel to the soil horizons (with the shortest axis of the rock
perpendicular to the soil horizons). Examples of these rock are shown in the-bigltbm
panel ofFigure4 and inFigure9. The total soil thikness averaged 58 cm across all the
soil pits,measuredrom the base of the live moss layer to thyeof the Ghorizon.

Soil horizons wersimilar between the upslope and downslope sites, with the
primary difference being thatvo downslope sites lackeoh Aehorizon, resulng in the
average downslope Ameing only 3 cm cmpared to the average upslopetBiekness of
8.3 cm(Figure10). TheAe horizon in downslope pit £1 was measured at 9 cm, which
is comparable to the measurked horizons upslope. ®other horizon had a significant
difference in thickness between the upslope and downslope pits. ThelsmilzOns
(including dead moss and humus) were on average 12.3+2.5 cm thick upslope and
14.7+2.3 cm downslope; the B1 horizons averaged 9.3+12hd.0.0+1.7 cm; the B2
horizons averaged 9.3+3.2 cm and 11+3.2 cm; the B3 horizons averaged 6.7+1.2 cm and
9.74£3.1 cm; and the C horizons averaged 9.0£1.0 cm and 12.0+4.3 cm.-hbhiz@ns
also include 5.1+1.3 cm of live moss which was not includedarsoil layer
measurements.

Soil porosity for all layers atll sites was measured at-85%, with standard
deviations of 510% resulting in no significant difference in soil porosity among different

soil layers or between the upslope and downslope losa{l@ble?2).
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Soil water content was measured in samples obtained between August 13 and
August 18, 2019, when the water tableswear its annual minimunwhich occurred on
August 29(Figure5). Therewereno significant differences in water content between the
upslope and downslope sites except in the B2 layer, which has a higher water content
upslope. The measured soil water content likely represents the distribution of soil
moisturenear the annual mimum, illustratingthe effects of cumulative

evapotranspation over the summer months.

Rooting Depths and Densities

Roots were measured in each of the soil horizons. To evaluate completeness of
the root data, plotted the root diameter versus cumulatemegth Figurell), which
exhibiteda power function relationshipPower function relationships tend to be
indicaive ofroot andstream networks. These power functions could be tgsestimate
the cumulative length ghevery fine roots (which we assie we undesampled due to
the difficulty of extracting fine roots from the soil matrix) ahe fewvery thick roots
(which we purposely undesampled due to our selection of soil pit sites far from the
bases of tre@s The largest roots adjacent to tteenks were not sampled so tlat
coulddig thesoil pits by hand antb avoid permanently damaging the trees.

In all the soll pits, the largest volume of roataslocated in the €nhorizon Table
2, Figure12). In this horizon, ballow roots were found to primarily run horizontally,
with smaller rootlets extending upwards into the lower moss lajee.few roots that
extended to deep depthvere often foundjrowingin and throughractures otocks

present in the soilAlthough there are few significant differences in root content between
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the upslope and downslope sites, root content appears to take up more of the total soil
volume at the upslope sites compared to the downslope Bigesg12), with the

upslope B layes containing significantly more roots than the downslope B layers. The
upslope B layers likely contain more roots than the downslope B layers because the
upslope water table is at or below the top of the B1 layer (21 cm depth) for almost the
entire recordf water year 2018WVY 2018,defined aOctober 1, 2017 September 30,
2018) while the downslope water table remains above the top of the B1 layer (18 cm
depth) for about 50% of the ET season and almost 100% of the other J&agores).
Because shi@w groundwater is readily available downslope, the downslopes tan

use that water to fulfiET demand by concentrating their roots in the upper soil layers.
These trees also develop some roots in the B1 layer to access groundwater when the
water tale is in the B1 layer (30% of the ET season), but they likely supplement that
with soil water, infiltrating rainwater, and shallow lateral flow. For the remaining 20% of
the ET season, when the water table drops below the tree rooting depth, the ttdes wou
rely completely on these three shallow water sources. Upslope trees likely rely primarily
on these sources, indicated by the higher concentration of roots in theA@ hodzons

and the oftennaccessible water table which iscatbelow the top oftte C horizon (48

cm depth) and the deepest observed tree rooting depth for 70% of the ET season. The
upslope trees have more deep roots than the downslope trees so that they have a chance
of accessing deep groundwater when infiltration and lateral flemairavailable, but

even those deep roots could only reach the water table for 30% of the 2018 ET season.
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Hydrological Analyses

Although themainET season is defined in this paper as running from June
through September, some ET is active before andtattemain seasorET begins to
rise in early Marchvhen it overlaps with the snowmelt seasopgidks during late June
to July, andt falls bad to neafzero by late OctobeF{gurel3). This supports the
hypothesis that ET drives the GW recessionughout the summeiPredicted storagat
the downslopédocationis only negative from early June through rsidptember, and it
can be positive during this time frame due to storms, when rainfall is higher than average.

Predicted positivehanges igroundwaterstorage can result in groundwater
recharge or snow accumulation, and this model does not differentiate between the two.
Predicted groundwater tatfigr the downslope sitdhased on PRPET with constant
specific yield(0.44) and drainagé2.4 cm/8 days)generally matches the downslope well
data, with the table dropping from early May through September, stabilizing for a month,
then rising from October through Ap(frigure14). A comparison of actual and
predicted groundwater level fromay 1 through September 29 is showrrigure15
(predicted = 1.03*actual, &= 0.77).

The predictedlownslopegroundwater table elevation is above the soil surface
from December through the end of the model in early May, which implies snow storage
duringparts of this timenterval As this model does not incorporate any surface runoff
or seasonal variations in drainage, it does not account for large snowmelt events which
typically occur feginning in March and continuatil the snow has completely meadte

As groundwater table elevations on the hillslope are generally shallow but vary

over time, a chart showing how often given soil depths are saturated is more
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representative of the water table than a simple average. The observed downslope
groundwater tde is generally shallower than the upslope groundwater table, but they
follow similar patterns for most of the year. At each site, winter and snowmelt seasons
overlap greatlyKigure6). They also show no preferred depth, which would be evident

in the goundwater depth exceedance probability distributions as a horizontal line

segment, indicating that the top of the groundwater table occupies that elevation for a
significantpercentage of the season. The fall season shows a preferred depth at both sites
(0.25 m upslope, 0.05 m downslope) where the top of the water table is located for the
majority (about 60%) of the season. The minimum groundwater table elevation is

deepest during the ET season. At the upslope site, there is a maximum depth (0.68 m)
thatthe groundwater table occupies for 50% of the season and does not fall below, but
the downsl ope sitebds water table does not

remains above 0.45 m for the entirety of the season.

Discussion

The measured rangé Bicearooting depths at the Newfoundland field site,
where the highest root density was at <10 cm depth and the majority of the root mass
(>99.9%) was found within 30 cm of the surface, is similar to prior research findings
(Jackson et al. 199@)at boeal forests generally have shallow rooting profiles with 80
90% of roots located within 30 cm of the surface. The findings of my study and Jackson
et al. (1996) are somewhat different from recent research which indicates icesn
rooting depth of 74 with a standard deviation of 47 ¢fan et al. 2017) These

differences indicate that species is not the sole determinant of tree rooting depth, and that
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there is some variability due to environmental conditions, resultiRiceatrees at
Horseshoe Creek developing very shallow root systems.

In the ame studyFan et al(2017)found a relatively strong &= 0.7)1:1
relationship between tree rooting depth and water table depth across different tree species
and biomes, whichfuiter emphasi zes the strength of th
on tree rooting depth. The Newfoundl and s
equal to the water table depth, as expected, at certain times of the year, but the water table
elevation varies by about 40 cm over the course offfeseasoriFigure6) so it is
misleading in this case to state that the tree rooting depth is equal to the water table depth.

The water balance calculation, which incorporates precipitation, ET, drainage,
ard soil specific yield, is a good predictor of groundwater level throughout the ET season
(Figurel5). This implies that ET, as the only seasonally variable factor, is the driving
force causing the summer groundwater minimum. Prior studies indicatéelticantbe
the primary factor driving groundwater behavior during summer months in other
locations(Gribovszki et al. 2010; Mutzner et al. 201&)rther supporting this finding.

Root content isot significantly correlated with water contérigure12). Any
relationships primarily influenced by the two labeled data points with the highest and
lowest water contenh Figurel6. In other studiesow soil water content has been
shown to induce stomatal closure and limit tree(E&ich et al. 2018)0 tres may
concentrate their roots in wetter soil layers to maximize ET and avoid the drier conditions
that force them to close their stomata.

The Newfoundland treenight maintainshallow roots because there is usually

sufficient precipitation to meet ET denasby intercepting infiltration near the surface.
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There isonly a short period of time during the summer months when ET demand is
greater than precipitation, and during this timervaltrees can supplement infiltrating
precipitation with water stored in tlmeossor organidayers, accessible vighar upward
growing rootles. War mi ng may i ncrease the duration o
PPT)or limit moss growth, both of which wadillimit ET. Therefore, even as the climate
warms and the growing season lengthens, ET may remain relatively constant due to the
limited water available. Alternatively, trees may grow deeper roots to access deeper
groundwaterbut this would be a signifamt departue in current root architecturd.his

could put the nativliceaat a competitive disadvantage witivading treesnore

adapted to warmer climates, as Bieeadedicate more energy to accessing water and

less to ougrowing and oushading corpetition. Thus, climate warming could result in
largescale change in tree species diversity, and in the disappearanc® wethieoreal

forests.

Conclusions

1. As hypothesized, blaclpsuce trees at this site have very shallow rooting
depths with virtually all roots (>99.9%¥oundwithin 30 cm of the ground surface
Rooting depths varied slightly with hillslope position, with upslope trees having more
roots and a greater proportion of roots extending below the O horT4wmse shallow
rooting depths sugest that the trees rely on two sources of water for transpiration: a)
interception of infiltrating water that is temporarily stored in the live moss and organic
horizons, and b) shallow groundwater that declines seasonally.

2. The groundwater table position was described using seasonally separated

exceedance probability distributionBuring the summer months when ET is highest, the
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downslope groundwater table is within 30 cm of the surface for 85% of the season,
indicatingthat trees could draw water from groundwater or from shallow lateral flow.
The upslope groundwater table is only within 30 cm of the surface for 5% of the ET
season, so those trees likely rely on infiltrating rainwater and shallow lateral flow as
water sairces.

3. The seasonal variation in groundwater level was modeled with a simple
water balance model where changes in groundwater storage were driRBifB&y, and
the change in storage term was converted to a groundwater depth term by fitting
estimated valugof specific yield(0.44) and drainagé€3 mm/day) The predicted water
table depthmatchedbbserved depth@igurel5, R? = 0.77). Although soil hydraulic
characteristics change significantly with depth, the simple model that uses properties of
the mos and organic horizons for specific yield and observed drainage rates fits the data
well. This suggests that the properties of the shallow soil and moss horizons regulate
much of the current relationship between ET demand and water table depth. This may
change in the future if ET demand significantly lowers the water table below the moss
and organic horizons.

4. The agreement between the model and observedidaiaplies that ET
and lateral flow are major influences on the groundwater table duririgjlteeason,
supporting most of theecond hypothesis. | predicted that trees would take up
groundwater directly, but based on their shallow root systems and the greater depth to
groundwater at the upslope site, it is more likely that ET forces the groundaaeer
decline by intercepting infiltrating water before it can recharge groundwater storage

rather than directly removing water from groundwater stor&@geause this mechanism
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relies on precipitation artdansient soil water, this source of water wel éxhausted by

an extension of the growing season with global warming. It may especially impact the
downslope site, as upslope trees intercept a greater proportion of shallow lateral flow
before it can reach the downslope trees. The downslope treastigunssse shallower
roots and it will be more difficult for them to adapt to deeper water tables.

5. Root content and soil water content were weakly correlated, with greater
water content generally being associated with greater root content. Soil butly dedsi
porosity did not significantly change among different soil layers, se#ud factors
cannot show any relationship with the root and water content. The water and root
contents may exhibit only a weak correlation because water contents wereauéasu
August, at the annual groundwater minimum and after trees have been taking up water
for ET for months. Further research could measure soil water content over time,
especially at the beginning and middle of the ET season, in order to better determin

relationships between root content and soil water content.
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Tablel. Characteristics of Newfoundland study site.

Horseshoe Creek Watershed,
Newfoundland, Canada
Hydrologic Location Hillslope
Elevation (m) 300
Dominant Tree Species Black spruce
Soil Description Leached podzol, recently glaciated
O-horizon Thickness (cm) 21+6
Tree Density (nf/m?) 0.0079 £ 0.0007
Mean Annual Temperature (°C) 3.6
Mean Annual Precipitation (mm) 1095
Mean Annual ET Demand (mm) 475 (43% of MAP)

Eo0.01 -

Picea

Rooting Depth (m)

@ Mean rooting depth
100 -| N =829/2200

| | | | | |
5 10 15 20 25 30
Genera

Figure3. Tree rooting depths by genus. From Fan et al. (2017), with colors changed to

highlight the genu®iceg which is the dominant genus at the study site.
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Figure4. Photos of soil pits and roots in Nei/vfc;unland. Top left, the: sbil S
removing the live moss layer. Top right, collaborator Zachary Gates standing i an in
process pit (photo by Susan Ziegler). Bottom left, the face of-fiitnith soil horizons

and roots visible. Bottom right, fine roots attached to a rock withralardsize Sharpie

for scale.
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Depth to Water Table at Upslope Piezometer
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Depth to Water Table at Downslope Well
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Figure5. The depth to the water table at the upsiopeometeand downslope&vell for
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January 1, 2018 through September 30, 2018. Note the overall decline in water table
elevation throughout the warmer ntbs (May through August), and the annual minimum

in late August.
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Downslope Forested

Upslope Forested
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Figure6. Groundwater depth distributions for WY 2018 for upslope and downslope locations at the study site. The depth
distributions are by season, with seasons genatadiyt er mi ned by t he pr eg/28hwaeemingéir snow (i
temperatures with snow pr-bs8th), bwar mehtrngemfienatvmebs owi 8

9/30), and falling air tempoédl#a3O)ur es with no snow present
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Table2. Data collected from soil pits in Horseshoe Creek Watershed, Newfoundland, Canada.
Some measurements were made for each layer in each soil pit (layer thickness, root content,
water content, porosity), and some measurements wereanadeer pit (mossjer thickness
tree density).Note that pits B2 and D3 had ndAe layer.

*Moss thicknesses reported here are the measurements made once at each pit; more moss

thickness measurements were made along transectseanot aeported ithis table.

Soil Pit, |Layer Root Content | Water Content | Porosity Live Moss Tree Density
Layer | Thickness (cm) | (% total vol.) (% total vol.) (% total vol.) | Thickness (cm) | (m%m?)
U-1 4 0.404
O |15 2.0 20.0 -
Ae |7 4.6 23.0 66.3
B1 |10 2.6 36.1 79.7
B2 |13 0 34.1 82.6
B3 |8 0 28.4 64.4
C |9 0 23.9 68.2
U-2 4 0.420
(@) 12 5.2 20.0 -
Ae |8 2.0 27.6 84.7
Bl |8 2.9 34.3 84.4
B2 |7 0 40.0 88.9
B3 |6 0 26.2 87.6
C 10 0 24.2 87.7
U-3 6 0.441
O 10 11.4 20.0 -
Ae |10 2.9 36.8 78.3
B1 |10 5.0 57.3 824
B2 |8 0.1 42.0 83.8
B3 |6 0.1 27.2 82.4
C 8 0 28.1 82.3
D-1 5 0.347
O |16 0.9 21.0 -
Ae |9 1.6 36.2 66.6
Bl |11 0.6 32.3 71.3
B2 |10 0 31.1 72.1
B3 |8 0 29.9 83.5
CcC |8 0 25.4 68.5
D-2 4 0.356
O 16 4.8 21.0 -
Bl |11 1.0 30.9 75.5
B2 |9 0 21.8 62.9
B3 |10 0 24.0 66.3
CcC |9 0 24.8 68.7
D-3 4.5 0.403
O 12 22.0 21.0 -
Bl |8 0 25.2 75.8
B2 |15 0 24.9 81.5
B3 |14 0 21.2 73.1
C 16 0 18.3 91.4
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o Tree Size Distribution at Horseshoe Creek Hillslope Sites

Mumber of Trees
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Tree Trunk Diameter (cm)

Figure7. Tree size distributionThe majority of trees (91%) have a trunk between 2.5

and 17.5 cm in diameter.
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Microtopography at Lower Transect
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Figure8. Relative elevation measured along the lower hillslope transect. Some high

points, such as the one at 8.75 m along the transect and 43 cm relative elevatioa, are

to fallen tree trunks that crossed the transect.

Figure9. Examples of rocks found in the soil pits. Left, a flat rock from pit D

positioned to match its ipit orientation on top of a standareallon bucket. Right, the

face of pit D1 with some protruding rocks and some holes where rocks were removed,

and a meterstick for scale.

35



Figurel10. Average soil structure compiled using the average thickness of soil horizons
obtained from 3 soil pits each in the upslope and downslope transecaisbd&ts indicate

one standard deviation. The upper error bar for the downalefseyer overlapped

completely with the error bars ftte downslope O layer, sotHatay er 6 s upper er

was omitted.
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