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Abstract Catchment-scale assessments of nitrogen retention and loss rarely account for soil and landscape
heterogeneity and are, thus, unable to account for the suite of nitrogen cycling processes that ultimately affect
the export of nitrate via stream water. Long-term study at the Hubbard Brook Experimental Forest, NH has
generated a unique data set that facilitates spatially explicit examination of interactions among hydrology, soil
development, and nitrogen cycling processes. Using high-frequency streamwater chemistry data with intensive
subsurface hydrology and solute monitoring, we tracked areas of the catchment that are hydrologically active
under different flow conditions to identify the source area of streamwater nitrate. We hypothesize that as the
drainage network expands, increasing hydrologic connection to bedrock outcrop-associated soils, streamwater
nitrate concentration, and flux at the catchment outlet increase. Most nitrate export (>80%) occurred during
high flows when high nitrate, bedrock-controlled areas of the catchment were most connected hydrologically
to the drainage network (~15% of the time). End-member mixing analysis demonstrated that the bedrock-
controlled upper part of the catchment influences nitrate concentration at the outlet and contributes most to
catchment nitrate export compared to the near-stream soil units and seeps. Most of the time, nitrate at the
catchment outlet comes from seeps and the near-stream zone; under high flow conditions, bedrock-controlled
hotspots for nitrate production contribute more to export of nitrate. This analysis demonstrates how the source
area of streamwater nitrate varies under different flow conditions, suggesting that long-term nitrate dynamics
may be driven primarily by a relatively small part of the catchment.

Plain Language Summary Nitrogen export from catchments provides insight into the functioning
of forested ecosystems. In this study, we evaluated where in the forest streamwater nitrate comes from, and
how it gets to the stream. Because of the intensive instrumentation at our long-term ecological study site, the
Hubbard Brook Experimental Forest, we were able to record differences in nitrogen production based on the
topography. Compared to the soils near the stream, the soils below bedrock outcrops, higher uphill in the forest,
produced more nitrate and were thus considered “hotspots” for nitrate production. Our study showed that the
vast majority of nitrate (>80%) flowed out of the forest in stream water at times when streamflow was very
high, which occurred only ~15% of the time. At these times, the stream network—which expands and contracts
depending on how much rain there is and how much water is moving downstream—connects the nitrate
“hotspots” with the stream. Detailed information about nitrate source areas, like we produced in this study, will
allow better assessment of long-term nitrogen status in forested catchments.

1. Introduction

The motivation for this study is to improve understanding of the spatial and temporal heterogeneity in nitrogen
(N) cycling dynamics and their influence on catchment N export. Nitrogen can be beneficial or detrimental to
forest ecosystems. While it is a key nutrient that supports life, N is typically a limiting nutrient for terrestrial
plant growth. Thus, N enhances growth in N-limited systems (Vitousek & Howarth, 1991). However, excess N
in forests can lead to detrimental effects including soil and surface water acidification, decreases in tree growth
and survival, shifts in community composition of trees, herbaceous plants, and lichens, and increased suscepti-
bility to secondary stresses (Aber et al., 1989, 2003; Bobbink et al., 2010; Pardo et al., 2011). Nitrogen is linked,
via organic matter, to the carbon (C) cycle, as N availability affects both photosynthesis and decomposition. To
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model and mitigate the harmful effects of elevated atmospheric CO,, therefore, it is critical to understand C-N
linkages (Luo et al., 2016; Tian et al., 2015). Consequently, scientists have been trying, for decades, to understand
what controls N retention and loss from forests. Improving our understanding of the controls of N retention and
loss from forests requires linking hydrologic and biogeochemical information (Cirmo & McDonnell, 1997; Creed
et al., 1996; Lohse et al., 2009; Pinay et al., 2015; Rose et al., 2015). Although there has been considerable work
on this in the past two decades, major questions about the interaction of fundamental processes (e.g., soil nitrifi-
cation, retention, and hydrologic transport) and about their spatial variation remain, preventing us from predicting
the magnitude and timing of nitrate export (Brooks et al., 2015; Burt & Pinay, 2005; Lohse et al., 2013).

Observations at the catchment scale have provided important insights for understanding patterns in solute export
and retention. Previous work has demonstrated regional patterns in surface water nitrate concentration and flux
as a function of N deposition—even identifying a threshold of deposition above which increased nitrate export
is likely (Aber et al., 2003). Many factors may contribute to regulating catchment N loss including N deposi-
tion, and its effects on soil C:N ratios and soil N cycling processes (Aber et al., 2003). Other factors contribute
to variability in the extent, magnitude, and timing of N losses including land-use history, disturbance, species
composition, climate, soil type and heterogeneity, and hydrologic pathway (Andersson & Lepisto, 1998; Cirmo
& McDonnell, 1997; Compton et al., 1998; Goodale & Aber, 2001; Lohse et al., 2013; Lovett et al., 2002, 2004;
Sebestyen et al., 2009). In many systems, denitrification can play a significant role in affecting stream N flux
(Hedin et al., 1998).

Despite this progress, previous studies of regional patterns of streamwater nitrate export have been limited in
their ability to explain the variation in N loss across the landscape, due to the complexity of catchment structure
(Pinay et al., 2015). The structure or the physical organization of catchment topography, geology, and soils con-
trols dynamic transport pathways that connect areas of high nitrate production (i.e., hotspots) to the near-stream
environment where N loss (via denitrification or nitrate leaching) can occur and ultimately influence N flux at the
catchment outlet (e.g., Welter & Fisher, 2016). Most previous catchment-scale analyses, while acknowledging the
confounding effect of soil heterogeneity that is common in forested catchments, have been unable to account for it
in their analyses and therefore end up treating the catchment as essentially homogeneous. However, within-catch-
ment variation in stream N concentrations can be high (i.e., coefficient of variations 2150%) both spatially and
temporally (e.g., Abbott et al., 2018; Asano et al., 2009). The spatial heterogeneity and temporal variation of
soil nitrate production and the hydrologic connectivity of different parts of the landscape to the catchment outlet
are difficult to characterize (Burt & Pinay, 2005; Covino, 2017; Rose et al., 2015). Generally, near-stream zones
have been considered the dominant source of solutes because of persistent groundwater connection to the stream
network (e.g., Kiewiet et al., 2020; Nippgen et al., 2015); however, distal sources of solutes, particularly dissolved
organic carbon, can be a strong influence on the catchment outlet during the expansion of the drainage network
following precipitation events (Ducharme et al., 2021; Gannon et al., 2015). Soil properties, such as permeability
and water retention, as well as mass balance, transport, and cycling at any given location, dictate the hydrologic
state and transfer of water and nutrients within the catchment. This transfer (or lack of transfer) along flowpaths
in a catchment has major implications on solute transport from spatially disparate parts of the catchment to the
outlet where it is exported from the catchment (Blaurock et al., 2021; Bracken et al., 2013; Kiewiet et al., 2020;
Musolff et al., 2015; Avila et al., 1992).

The long-term study at the Hubbard Brook Experimental Forest (HBEF) in New Hampshire has generated a
unique data set that facilitates a spatially explicit approach to examining interactions among hydrology, soils,
and N processes that allows us to test some of these ideas more comprehensively than at most sites. These data
have produced information on how hydrology drives podzolization and geochemistry across an intensively instru-
mented catchment and have identified the spatial pattern in these processes and in surface and sub-surface water
geochemistry (S. W. Bailey et al., 2014; Bourgault et al., 2015; Gannon et al., 2014; Gillin et al., 2015; Zimmer
et al., 2013). The backdrop of this understanding, the underlying data, and new high-frequency streamwater
chemistry data allow us to track the areas of the catchment that are hydrologically active under different flow
conditions to identify the source area of streamwater nitrate.
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Figure 1. Soil unit map and schematic of Watershed 3 at the Hubbard Brook Experimental Forest (HBEF). (a) Map showing soil units: bedrock Histosol (organic on
bedrock), E podzol, Bhs podzol, Typical podzol (typical spodosol), Bimodal podzol, and Bh podzol (near stream) with perennial, intermittent, and ephemeral streams;
(b) Northeastern US regional map; (c) Conceptual model showing the distribution of soil groups along a representative hillslope.

1.1. Background on Hydropedology at Hubbard Brook Experimental Forest
1.1.1. Hydrologic Influences on Soil Development

Recent work at the HBEF has shown that the soil heterogeneity observed within this study site is driven by
systematic variation in hydrologic flowpaths, shallow groundwater dynamics, and soils. By identifying the un-
derlying controls on soil development—topography, landscape position, and shallow groundwater flow—S. W.
Bailey et al. (2014) developed a hydropedological soil classification (Figure 1) with distinct spatial structure
(Bailey, 2019; S. W. Bailey et al., 2014; S. W. Bailey, McGuire, Ross, Green, et al., 2019). A significant observa-
tion at this study site was the importance of transient or ephemeral lateral groundwater flux on the development
of soils and how variation in the groundwater regime across the landscape has led to the development of distinct
soils along topographic and hydrologic sequences (Bourgault et al., 2017; Gannon et al., 2014, 2017). The soils
formed by vertical leaching processes generally occur in different locations than soils formed under the influence
of laterally moving groundwater; the distribution of the different soils is largely predictable by topographic anal-
ysis via a terrain model derived from LiDAR and distance to bedrock outcrops. A nonmetric multidimensional
scaling ordination was used to determine the relationship between topographic metrics and presence of different
soil types. A multinomial logistic regression model was used to determine the soil type most likely to be present
on a5 x 5 m? grid resolution. One-quarter of the 172 observations were withheld from model derivation and used
for model validation. The model correctly predicted 70% of the validation sites. Recent work has refined and
expanded the Gillin et al. (2015) model to map the different soil units across the 3,000 ha Hubbard Brook valley
(which contains numerous forested catchments) using predicted bedrock outcrops and associated shallow soils in
place of field observations (S. W. Bailey, McGuire, Ross, & Green, 2019; Fraser, 2019; Fraser et al., 2020). The
predictive modeling of bedrock outcrops and associated shallow soils was 86% accurate in the Hubbard Brook
Valley (Fraser et al., 2020). This type of predictive modeling is unprecedented in the region and lays the ground-
work for landscape-scale mapping in this region, especially given that most states in the region have or will soon
have complete LIDAR DEM coverage.

1.1.2. Soil Moisture Patterns Across the Landscape

The variations in soil development that led to the different soil or hydropedological units (HPUs) result in gra-
dients in moisture, organic matter content, and nutrient availability which, in turn, influence the production,
consumption, and transport of nitrate. The strong hillslope-scale gradients in soil development described by S. W.
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:::)cl:n:Area, Carbon, and Nitrogen Content by Soil Unit in Watershed 3 at the Hubbard Brook Experimental Forest

Percent of watershed C kg/m?for N kg/m? for Fraction of time with Low end of Low end of Standard
Soil unit (HPU) covered by HPU® profile® profile® water table (median)!  interquartile range!  interquartile range!  deviation®
E 32 20.9 1.1 0.525 0.240 0.538 0.25
Bhs 26.4 27.8 1.4 0.574 0.417 0.606 0.16
Typical 41.3 18.6 0.9 0.033 0.012 0.110 0.15
Bimodal 7.0 28.8 1.5
Bh 16.5 21 1.2 0.996 0.993 0.997 0.01
Bedrock Histosol (O) 5.6

aBased on Gillin et al. (2015). *S. W. Bailey et al. (2014). “Based on S. W. Bailey et al. (2014); Supporting Information 2. ‘Gannon et al. (2014).

Bailey et al. (2014) reflect variation in the frequency and depth of groundwater incursions into the soil zone. The
typical podzol soil units, which cover 41.3% of the study catchment, almost never had water table in the solum
(median of 3% of the time; only immediately after large storms or snowmelt) and when there was a water table,
it seldom rose above the bottom 30% of the solum, that is, at the B/C interface, approximately the depth of the
rooting zone (Gannon et al., 2014; Table 1). At the other extreme, the Bh podzol soil units, in the near-stream
zone, which cover about 16% of the catchment (Figure 1), had a persistent water table (which remained about
halfway up the solum; Gannon et al., 2014). In contrast, the water tables in the E-podzol and Bhs podzol soil
units, areas where shallow bedrock increases groundwater flux in the solum (Figure 1), fluctuated considerably,
saturating and draining with nearly every precipitation or snowmelt event (Gannon et al., 2014). These areas are
considered to be bedrock controlled because the landscape has soil interspersed with bedrock outcrops and the
depth to bedrock in soils is shallow enough to be an important influence on soil properties, rooting depth, and
water table fluctuations. The Bhs podzol soil units had a water table in the solum more frequently (median of 57%
of the time) than the E podzol soil units (median of 52%; Gannon et al., 2014). The E podzol soil units were the
most responsive to events, with the water table rising to the upper part of the profile during most events; the Bhs
podzol soil units were less responsive than the E podzol soil units, but the water table was more persistent when
it did rise into the upper parts of the soil profile (Gannon et al., 2014). Soil moisture is important for facilitating
microbial transformations, as drier conditions limit microbial activity. The soil moisture conditions in the E and
Bhs podzol soil units should be particularly conducive to nitrification, an aerobic microbial transformation that is
strongly stimulated by alternating wetting and drying conditions (Fierer & Schimel, 2002). Bedrock Histosol soil
units, which consist of organic matter directly on bedrock (S. W. Bailey, McGuire, Ross, Green, et al., 2019), and
are situated immediately upslope from the E podzol soil units (Figure 1), provide a source of organic N that can
be mineralized and nitrified in the E podzol soil units. Conditions in the Bhs podzol soil units should facilitate
denitrification as well—given the more persistent water table and deep, C-rich and N-rich soils (S. W. Bailey
et al., 2014; Gannon et al., 2015).

1.1.3. Hotspots for Nitrate Production

Indeed, the net nitrification potential rates in the E and Bhs podzol soil units were more than 6 times greater than
those in the typical podzols indicating that these portions of the catchment are hotspots for nitrate production
(Pardo et al., 2015). These findings were supported by the soil 83N values in E and Bhs podzol soil units which
were also higher than those in the typical podzols (Pardo et al., 2015). Higher 8'°N can indicate that a larger
fraction of the soil organic matter pool is microbially transformed to inorganic N and transported from the soil;
the product of the microbial transformation is depleted in >N while the remaining soil organic matter is enriched
in N (Nadelhoffer & Fry, 1994; Pardo et al., 2002). It is notable that the E podzol soil units, which tend to have
N-poor mineral soils compared to the typical podzols, and the Bhs podzol soil units, which tend to be N-rich
compared to the typical podzols (S. W. Bailey et al., 2014; Table 1), both appear to transform and mobilize a large
fraction of their available soil N pool under conditions favorable to nitrification. (The E podzols generally have a
thick Oa horizon with a relatively shallow soil profile, so the N mass per unit area shown in Table 1 for the whole
profile is greater than the typical podzols, in spite of the mineral soil N concentration being lower (S. W. Bailey
etal., 2014.)) The greater frequency of alternating wetting and drying conditions in the E podzol soil units should
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especially enhance nitrification there. These patterns indicate that soil nitrogen cycling pools and process rates
vary dramatically with soil unit.

1.2. Objectives

Based on the groundwater and stream chemistry (S. W. Bailey, McGuire, Ross, Green, et al., 2019; Zimmer
et al., 2013), the favorable soil moisture conditions for nitrification (Gannon et al., 2014), and the elevated poten-
tial nitrification rate and soil 83N (Pardo et al., 2015), the E and Bhs podzol soil units appear to be hotspots for
nitrate production. However, these soil units are often (i.e., during baseflow conditions) distant from an active
portion of the stream channel network. Because the spatial extent of the stream network varies as a function of an-
tecedent soil moisture and precipitation (among other things; Jensen et al., 2017; Zimmer et al., 2013), nitrate pro-
duced in these areas will not always have an available flowpath to reach the stream (Creed et al., 1996; Sebestyen
et al., 2008, 2014, 2019). The connectivity of the stream network has been modeled at Hubbard Brook and is
highly variable with discharge, but predictably follows topographic patterns (Jensen et al., 2018). We hypothesize
that as the drainage network expands, increasing the hydrologic connection to bedrock outcrops and associated
soils, streamwater nitrate concentration and flux at the catchment outlet increase. To evaluate this hypothesis, we:

1. identify the characteristic groundwater chemistry of each soil unit for nitrate, dissolved organic nitrogen
(DON), and DOC concentrations and pH;

2. compare the pattern of catchment nitrate export during low and high flow periods by identifying different
water table responses by soil unit to varying flow conditions;

3. determine which soil units contribute most to catchment nitrate flux using an end-member mixing model; and

4. determine whether most nitrate export occurs during high discharge (when E-Bhs podzol soil units are more
likely to be connected to the drainage network and catchment outlet) using high-frequency sensor data.

2. Methods

2.1. Site Description

The study was conducted at the HBEF, in the White Mountains of central New Hampshire (43°56'N, 71°45'W).
The HBEF extends over 3,160 ha; the south-facing catchments, where most prior research has been conducted,
range in elevation from 500 to 800 m (Likens et al., 1977). The climate is predominantly humid continental; mean
annual precipitation is approximately 140 cm with stream runoff of 90 cm (A. S. Bailey et al., 2003b). The domi-
nant tree species in the south-facing catchments are Acer saccharum Marsh. (sugar maple), Betula alleghaniensis
Britt. (yellow birch), and Fagus grandifolia Ehrh. (American beech) on deeper and better drained soils; mixed
conifers dominated by Picea rubens Sarg. (red spruce), Abies balsamea (L.). Mill. (balsam fir), and Betula papy-
rifera var. cordifolia (Regel) Fern. (mountain paper birch) occupy wetter sites and areas where soils are shallow
to bedrock (Siccama et al., 2007). The region was colonized by Europeans in the 1800s and selectively logged
from about 1900 to 1917 (Whittaker et al., 1974). The HBEF experienced partial blowdown during a hurricane
in 1938, followed by some salvage logging. Since the establishment of the Experimental Forest in 1955, there has
been no direct human disturbance or management except in several experimental areas. The present study was
conducted in Watershed 3 (W3), the hydrologic reference catchment at the HBEF, which is 42 ha with an average
slope of 25% and has not had any experimental manipulations.

Bedrock in W3 is the Silurian Rangeley Formation, a sillimanite-grade metapelite consisting of mica schist with
minor amounts of calc-silicate granulite (Burton et al., 2000). Bedrock is poorly exposed, outcropping mostly
along the upper catchment divide and is covered by unsorted late Wisconsinan glacial drift varying up to about
10 m thick. Glacial drift is dominated by granitic lithologies, transported from the north and west of the study
catchments, with lesser contributions from local bedrock (S. W. Bailey et al., 2003a), and is the parent material
for soil development. Where not confined by shallow bedrock, soils average 0.7 m to the top of the C-horizon,
corresponding to the depth of major alteration of glacial drift by soil-forming processes, approximately the limit
of the rooting zone (S. W. Bailey et al., 2014).

Soils at Hubbard Brook are generally Spodosols in the great groups of Endoaquods, Durihumods, Haplohu-
mods, Durorthods, and Haplorthods (Soil Survey Staff, 2014). However, strict application of the keys to soil
taxonomy in mountainous portions of northern New England leads to the classification of some soil profiles as
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Histosols, Inceptisols, and Entisols (Villars et al., 2015). These profiles have been considered to be soils where
podzolization is a dominant soil-forming process, but at the hillslope rather than the soil profile scale (S. W.
Bailey et al., 2014; Bourgault et al., 2015). Functional soil groups have been classified based on relationships
with landscape position and influence of shallow and exposed bedrock (Gillin et al., 2015), shallow groundwater
regime (Gannon et al., 2014), and soil chemistry (Bourgault et al., 2015). These functional soil units, termed as
types of podzols to emphasize that they are not units within US soil taxonomy, are being investigated for their
utility in understanding spatial variation in biogeochemical processes and surface and groundwater chemistry (S.
W. Bailey, McGuire, Ross, Green, et al., 2019; Gannon et al., 2015).

2.2. Field Measurements

Watershed 3 is a site of extensive hydrologic monitoring since the mid-1950s (e.g., A. S. Bailey et al., 2003).
During our study, one NOAH IV automated precipitation gauge (ETI Instrument Systems, Inc.) was located in
W3 which measured accumulated precipitation on a 15-min interval (USDA Forest Service, 2019b). Stream
discharge at the outlet of W3 was monitored using a 120-degree v-notch weir (A. S. Bailey et al., 2003; USDA
Forest Service, 2019a). Groundwater wells were constructed of standard dimension ratio 21 PVC pipe (3.76 cm
inner diameter) that extended approximately 10 cm into the C-horizon of the soil. The wells were screened for
31 cm just above their base. Water table height was recorded on a 10-min interval with an Odyssey Water Level
Logger (Gannon et al., 2014; McGuire et al., 2016). Groundwater sampling site locations are mapped in Figure
S1 in Supporting Information S1.

Water samples at the catchment outlet were collected weekly by filling high-density polyethylene (HDPE) bottles
for laboratory analysis. Some additional sampling occurred during snowmelt and storm events, in some cases
using an ISCO automated sampling device (Teledyne ISCO). Groundwater samples were collected by pumping
water from wells with a portable peristaltic pump. At least one well volume was evacuated and discarded before
filling sample bottles. Natural groundwater seeps were collected as grab samples. Water samples were transferred
back to the field laboratory in coolers and held in cool conditions (as described below) until chemical analysis.
Fresh untreated samples were analyzed for pH potentiometrically with a Thermo Scientific Orion 3-Star pH meter
at HBEF. Samples were then filtered with 0.45 um pre-ashed glass fiber filters via a vacuum filter apparatus with-
in hours of collection. Lab-filtered samples were transported refrigerated or frozen to the USDA Forest Service
lab in Durham, NH for all other analyses. Dissolved Organic Carbon and Total Dissolved Nitrogen were analyzed
using a Shimadzu TOCV with TNM-1 nitrogen detector (high-temperature catalytic oxidation with chemilumi-
nescent detection for TDN). Anions were analyzed on a Metrohm 761 Compact IC (ion chromatography with
chemical suppression). Ammonium and ortho-phosphate were analyzed colorimetrically with a SEAL Analytical
AQ?2 discrete analyzer (alkaline salicylate and acidic molybdate blue, respectively). Total and organic monomeric
aluminum were measured on a Lachat QuikChem (flow injection analyzer, pyrocatechol violet). Cations were
measured on an Agilent 730 ICP-OES. Further analytical details (and water chemistry sample data) are available
at https://doi.org/10.6073/pasta/4022d829t3a1fa4057b63b5db8b1al72 (Bernhardt et al., 2019). Precision and
analytical limits are documented in https://doi.org/10.6073/pasta/890b1fadb61d3e86dc6f3d9afea79705 (USDA
Forest Service, 2019)

Streamwater at the catchment outlet was monitored at a 15-min frequency with water quality sensors from 2013
to present (Potter et al., 2018). A Satlantic Submersible Ultraviolet Nitrate Analyzer estimated streamwater nitrate
concentrations. A Yellow Springs Instruments, Inc. multi-parameter EXO sonde measured pH and fluorescent
dissolved organic matter (FDOM). Comparison of grab samples (Bernhardt et al., 2019) with in-situ measure-
ments allowed assessment of the accuracy of the sensor. DOC was predicted reasonably well across 10 NH
streams by corrected FDOM with 2 = 0.41 found at Hubbard Brook W3 (Snyder et al., 2018). The relationship
between measured and sensor nitrate was very strong, r> = 0.98 for Hubbard Brook W3 (Snyder et al., 2018). All
sensors were calibrated on a monthly basis (Snyder et al., 2018).

2.3. Data Analysis

The flux of nitrate was estimated using the sensed streamwater nitrate concentration and the discharge values. The
15-min nitrate data were linearly interpolated to estimate the concentration at each 5-min discharge measurement.
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The concentration was then multiplied by the discharge, and the units were converted to kg N per hectare per
15 min.

An end-member mixing analysis (EMMA) was conducted with the Christophersen and Hooper (1993) approach
which uses principal component analysis (PCA) to decompose the variance into two primary orthogonal axes that
contain multidimensional information about the solute chemistry of each water sample. Sodium (Na), calcium
(Ca), total aluminum (Al), pH, and DOC were the solutes used for the EMMA analysis. The PCA was performed
on all groundwater and streamwater samples, producing a first and second component score for each sample.
The first and second components were used in a three end-member mixing model to estimate the fractional
contribution of each end member to streamwater samples (equations below). The end members were identified
using existing information about differences in groundwater solute concentrations across the soil units in W3
(S. W. Bailey, McGuire, Ross, Green, et al., 2019; Gannon et al., 2015; Zimmer et al., 2013). We used the E/
Bhs podzol soil units (combined), Bh podzol soil units, and seeps as our three end members. Seeps represent
where deeper groundwater with high concentrations of weathering-derived solutes returns to the surface and
have been shown to influence stream water solute concentrations particularly at baseflows (Benettin et al., 2015;
Zimmer et al., 2013). The E/Bhs podzol soil units contribute high organic matter waters to streams during high
discharge rates (Gannon et al., 2015) and have high Al concentrations which are apparent in synoptic sampling
(S. W. Bailey, McGuire, Ross, Green, et al., 2019). The Bh podzols are near-stream, and synoptic surveys have
shown that streamwater lower in the catchments resembles their chemistry (S. W. Bailey, McGuire, Ross, Green,
et al., 2019). Typical podzol groundwaters were not used as end members because their water chemistry is very
similar to the Bh podzols (S. W. Bailey, McGuire, Ross, Green, et al., 2019) and the Bh podzols are more prox-
imate to the stream. The contribution of each end member to each water sample was calculated by solving the
following set of equations:

I = fitfatfs [€))
Sa= fiEMia+ f[oEMyy+ f3EM;3, 2)
Sp= fiEMig+ frEMp+ f3EM;p 3)

where fis the fractional contribution of end members 1, 2, and 3, S is the PC score, A and B, for a streamwater
sample, and the EM is the PC score, A and B, for end members 1, 2, and 3. Correlations between catchment fluxes
(water and nitrate) and the fractional contribution of different water sources, from the EMMA, were quantified
with Spearman's rank correlation coefficient (p) to gain insight into how different water sources contribute water
and nitrate to the catchment outlet.

The timing of maxima or minima in biogeochemical or hydrological variables were automatically extracted from
the multivariate time series and then differences in the timing were compared. Events were identified by selecting
95th percentile discharge values within a 12-hr moving window that were greater than twice the median discharge
and greater than 2 mm/hr. If an event occurred, the timing of the maxima in water table height in wells, discharge
nitrate concentration, and FDOM, and minimum pH at the catchment outlet were identified. Time lags between
these values were calculated for each event.

3. Results
3.1. Variation in Groundwater Chemistry by Soil Unit

Groundwater composition was distinct among soil units in W3 (Figure 2), as was reported for pH and DOC in
three catchments across the Hubbard Brook Valley (S. W. Bailey, McGuire, Ross, Green, et al., 2019). DOC and
DON concentrations were highest in the bedrock Histosol areas (median of 35 uM for DON and 2,570 uM for
DOC) and showed a regular gradient decreasing across the general hillslope sequence (Figure 1c). pH was highest
in the seep (median of 6.2) and showed a regular gradient increasing across the general hillslope sequence; Bh
podzol soil units had similar pH, DOC, and DON to typical podzols. Since acidic inputs in atmospheric deposi-
tion have declined as a result of the Clean Air Act and Amendment of 1990 (Warby et al., 2005), the main driver
of low stream pH has switched from sulfuric and nitric acid inputs to the organic acids in DOC (S. W. Bailey,
McGuire, Ross, Green, et al., 2019; Monteith et al., 2007), which has led to an inverse relationship between
DOC and pH. Nitrate concentrations were highest in the Bhs and E podzol soil units (medians of 26 and 18 pM,
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Figure 2. Distribution of concentrations of (a) nitrate, (b) dissolved organic
nitrogen, (c) dissolved organic carbon, and (d) pH in groundwater samples.
Organic (bedrock Histosol), E, Bhs, typical, and Bh podzols refer to soil units
as shown in Figure 1. Seeps are natural groundwater discharge points adjacent
to the stream channel. Boxes show the median, 25th, and 75th percentiles.

Whiskers show the 10th and 90th percentiles.

respectively). It is notable that the concentration of nitrate was more variable
than that of other ions (Figure 2), especially in the E, Bhs, and typical podzol
soil units.

When we compare groundwater pH and nitrate concentration, we observe a
separation among soil units (Figure 3). The range defined by the 10th to 90th
percentiles for groundwater pH and nitrate concentration of all the soil units
and the seeps encompasses all of the sensor data (Figure 3). The high-fre-
quency stream sensor measurements provide new information both about the
frequency of various chemical conditions and about how the chemistry at the
catchment outlet compares to that in groundwater. Most of the sensor data for
pH and nitrate in streamwater fall between the median values for groundwater
in the Bh soil unit and the seeps, with pH ranging from 5.1 to 6.5 and nitrate
concentration <0.2 pM. The E and Bhs podzol soil units have lower median
pH and higher median groundwater nitrate concentration than the other soil
units (Figure 3).

3.2. Differing Water Table Responses by Soil Unit to Varying Flow
Conditions

Using groundwater water table measurements in concert with stream outlet
sensor data allows us to discern two different types of events: Type 1—when
there is water table only in the E podzol solum and Type 2 when there is water
table in both the E and Bhs podzol solum (Figure 4).

The responsiveness of the E podzol to precipitation events is evident: even
during moderate and smaller precipitation events (e.g., July 23, August 3,
August 25, and September 10, 2015 which do not increase stream discharge
substantially, the water table often rises to within 20 cm of the surface for
moderate events and increases often more than 20 cm above baseflow con-
ditions during small events (Figure 4b). In each of these cases (small and
moderate events), there is a coincident spike in nitrate concentration at the
stream outlet (Figure 4d). (Annual hydrographs for 2013-2017 are shown in
Figure S2 in Supporting Information S1. Time series of sensor data for 68
storm events are shown in Figure S4 in Supporting Information S1.)

3.3. Influence of Soil Units on Streamwater Chemistry and Flux

The E/Bhs podzol soil units, Bh podzol soil unit, and Seep were used as
source water end members in an end-member mixing model to evaluate the
influence of the different soil units on streamwater chemistry and flux at the
catchment outlet. The two principal components used for the mixing analysis
explained 70% and 17% of the total variance. The first principal component
had the largest loading from pH, Na, Ca, and Al, with Al having an opposite
impact on the principal component compared to the other three solutes. All
solutes had the same directional loading for the second principal component,
with DOC and Ca contributing the most. Although ~40% of the stream sen-

sor values fell outside of the triangular mixing space defined by the end member medians, most of those were

within the interquartile range for the near-stream Bh podzol soil unit end member. The majority of the samples

(200 of 342) fell fully within the end member median values, allowing estimation of the source water contribution

with the mixing model (Figure 5). Of these, the Spearman correlations between nitrate concentration and the frac-
tion of E/Bhs, Bh, and Seep water contributing to streamwater were 0.24, —0.02, and —0.20, respectively; only the
E/Bhs soil unit correlation was significant (p = 0.01). The correlation between discharge and the fraction of each
end member (Figure 6) was significant and strongest for E/Bhs soil units (p = 0.66; p < 0.001), followed by the
seep fraction (p = —0.44; p < 0.001); there was no significant correlation with the Bh soil unit fraction (p = 0.08;
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p = 0.36). The Spearman correlation between instantaneous nitrate flux and

E

N SES the fraction of each end member (Figure 6) was significant and strongly pos-
Typical itive for the E/Bhs podzols soil unit (p = 0.57; p < 0.001), significant and
Seep

negative for the Seep (p = —0.4; p < 0.001), and was not significant for Bh
podzol soil units (p = —0.07).

3.4. Timing of Nitrate Export Relative to Stream Discharge

To examine the extent to which the source areas of streamwater nitrate shift
from near-stream source areas at low flow to source areas further from the
stream (E-Bhs podzol soil units) as flow increases, we evaluated the dis-

4.0

T T T T charge and nitrate concentration data from the sensors at the catchment outlet.

Streamwater nitrate export from W3 occurs predominantly during high flows

pH (Figure 7). Although event flow occurs only 15% of the time, it accounts for
nearly 70% of the discharge and over 80% of the nitrate export (Figure 7).

Figure 3. Nitrate concentration versus pH by soil unit for groundwater and
streamwater sensor. Median and 10th and 90th percentiles for groundwater

in soil units E, Bhs, typical, and Bh podzols (as shown in Figure 1). Sensor 4. Discussion
streamwater data are shown as black points. Some individual events are
discernible beginning when nitrate is high and pH is low and moving toward The objective of this study was to track areas of the catchment that are hy-

lower nitrate concentration and higher pH. The high nitrate-low pH spiraling
values occur during a snowmelt event.

drologically active under different flow conditions to identify the source area
of streamwater nitrate. Our data evaluating the systematic spatial variation of
solution chemistry with soil unit within the catchment demonstrate that as the
drainage network expands, the hydrologic connection to shallow soils near
bedrock outcrops increases, and streamwater nitrate concentration and flux at the catchment outlet increase. The
spatially explicit, intensive data set at the HBEF allows us to address the issue of source area nitrate varying as the
drainage network expands at a finer resolution than has been possible heretofore. In this catchment, the nitrogen
cycling hotspots, E and Bhs podzol soil units, make a disproportionate contribution to streamwater nitrate export.
This understanding represents a significant step toward being able to better predict the magnitude and timing of
nitrate export from this forested catchment.

4.1. Factors That Affect the Timing and Magnitude of Nitrate Export

The factors that can affect the occurrence and magnitude of nitrate export include those that affect the production
and consumption of nitrate within the catchment and those that affect the transport of nitrate to the stream net-
work and thence to the catchment outlet. The main environmental factors that influence the production of nitrate
are temperature, soil moisture, and wetting and drying conditions (Booth et al., 2005; Stark & Firestone, 1995).
In addition, low soil pH may inhibit nitrification rates, and N mineralization depends upon an adequate source
of available organic matter (Backman & Klemedtsson, 2003; De Boer & Kowalchuk, 2001). The main environ-
mental factors that affect the microbial consumption of nitrate (via denitrification and immobilization) are also
temperature, oxygen supply, and moisture as well as DOC, OM, and nitrate availability, although the optimal
conditions for the processes vary (Hedin et al., 1998; Johnson et al., 2000). Hydrologic flow paths are difficult to
predict precisely, but generally the factors that affect whether there will be water moving from the upper portions
of the catchment to the stream channel (via saturated subsurface flow) include antecedent storage (groundwater
and soil moisture), precipitation volume and duration, and precipitation intensity (Jencso et al., 2009; Stieglitz
et al., 2003). For example, Benettin et al. (2015) demonstrated that lower antecedent storage and lower precipi-
tation amounts result in greater catchment transit time distributions in our study catchment. In addition to water
transport, the frequency and intensity of precipitation can be important in determining the source area and flow-
path of nitrate to the stream (Creed et al., 1996), and the catchment transit time (e.g., Benettin et al., 2015). For
example, the length of the period without precipitation before a precipitation event can affect how much nitrate
accumulates in the soil and stream channel and thus the magnitude of the flux due to flushing. The antecedent
soil moisture and the drying pressure will also play a role in regulating the timing and magnitude of discharge
following a precipitation event (Avila et al., 1992). The intensity of the rainfall, the degree of intermittency of the
rainfall, and storage thresholds (see Gannon et al., 2014) can also affect which portions of the catchment are con-
nected to the stream (Gannon et al., 2015; Rusjan et al., 2008). As the extent of the drainage network shifts with
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Figure 4. Hydrograph with precipitation, depth to water table, discharge, and nitrate concentration for July—December 2015 at W3 at the HBEF. Type 1 events occur
when there is water table only in the E podzol solum; Type 2 events occur when there is water table in both E and Bhs podzol solum. In Type 1 events, the increases in
precipitation and water table height coincides with nitrate concentration, although the increase in discharge is negligible. In Type 2 events, precipitation, water table,
discharge, and nitrate concentration all increase and lead to elevated nitrate flux. Wells N1, N2, N3, are N4 are shown as illustrations of the dynamics in paired E/Bhs

podzol wells.

stream flow, soil solution and groundwater from different portions of the catchment will make up varying propor-
tions of the water and ions exported (Creed & Band, 1998; Welter & Fisher, 2016; Zimmer & McGlynn, 2018).

4.2. Variation in Groundwater Chemistry by Soil Unit

In general, we observed that the variation in groundwater chemistry across the broader landscape of the Hubbard
Brook Valley is lower than the variation among soil units (Figures 2 and 3; S. W. Bailey, McGuire, Ross, Green,
et al., 2019). We also observed that soil units composed of bedrock-associated shallow soils have higher concen-
trations of groundwater nitrate than other soil units. This means that a map of soil units will show the fraction of
the catchment that is made up of bedrock-associated shallow soils, which produce nitrate at higher rates than other
areas of the catchment (e.g., Fraser et al., 2020). Such soil maps would facilitate comparison of catchments, for
example, for predicting relative nitrate export, based on the fraction of each catchment made up of nitrate-produc-
ing hotpots. The systematic and predictable pattern of groundwater chemistry has important implications; it can
greatly improve the accuracy of scaling up to the landscape scale and thereby improve spatially explicit modeling.
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4.3. Timing of Nitrate Export Relative to Stream Discharge

The timing of stream nitrate export relative to discharge indicates that the
vast majority of nitrate export occurs during periods of high flow, which oc-
cur infrequently (Figure 7). Such patterns have been reported at other forested
sites (Bernal et al., 2002; Inamdar et al., 2006; Sebestyen et al., 2014; Winter
etal., 2021). Early observations at the HBEF (Johnson et al., 1969) also found
that the highest nitrate concentrations occurred during periods of high dis-
charge, while nitrate concentrations were low during baseflow. Other recent
work at the HBEF (Detty & McGuire, 2010; Gannon et al., 2014) determined
flow generation thresholds—below the threshold, runoff was generated pri-
marily in the near-stream zone, above the threshold, the contributing area ex-

Figure 5. End-member mixing analysis using principal component analysis
The end member mixing model traced the contribution of end member HPUs
to stream water during each grab sample. The mixing model used principal

T T panded across the hillslope. The expansion of the intermittent stream network

0 2 at high flows occurs about 15% of the time (Figure 7; Zimmer et al., 2013),
connecting the E and Bhs podzol soil units to the catchment outlet under

PC1 these flow conditions. The water table in the E and Bhs podzol soil units
is more responsive to precipitation events than that in the widespread typi-
cal podzol soil units: the water table rises more consistently even for small
storms, rises earlier in precipitation events and a greater fraction of the solum

components of total Al, Ca, Na, DOC, and pH from seeps, Bh podzols, is saturated (Figure 4; Gannon et al., 2014). The travel distance for interflow
combined E and Bhs podzols, and streamwater (open circles). The end or transient shallow groundwater during events at Hubbard Brook can extend
members show the median principal component values (filled circles) and the one to several meters according to Klaus and Jackson (2018), based on data

inter-quartile ranges as error bars. The medians are connected with lines to
show the triangular mixing space for our analysis.

from Detty and McGuire (2010). But the E podzol soils are shallow, imply-
ing a strong permeability contrast, which, following the theory in Jackson
et al. (2014) and Klaus and Jackson (2018), suggests a greater travel distance.
Revised calculations using the method of Jackson et al. (2014) and additional
measurements at the HBEF (Benton, 2020; Cedarholm, 1994), suggest a travel distance of 10-80 m during events
(see Table S1 in Supporting Information S1 for calculations) which would be adequate to connect the E and Bhs
podzols to the intermittent stream network during events and potentially transport nitrate over that distance. Ben-
ettin et al. (2015) also showed that water transit time distributions during wet conditions (e.g., large storm events)
had median ages of 40-60 days, but were highly skewed with about 25% of the water having ages <1 day. This
further supports potential connectivity with the E and Bhs podzol region of the catchment. This indicates that
the upper catchment soils are periodically hydrologically connected to the outlet stream when most of the nitrate
export occurs, suggesting that the E and Bhs podzols, hotspots for nitrate production in the catchment (Pardo
et al., 2015), could contribute significantly to catchment nitrate flux.

4.4. Differing Water Table Responses by Soil Unit to Varying Flow Conditions

The responsiveness of the water table in the E podzol soil unit to precipitation, even during small events reported
by Gannon et al. (2014) and shown in (Figure 4), provides a potential opportunity for nitrate movement to the
stream channel. The water table rise often coincides with a spike in nitrate concentration at the stream outlet. This
spike in nitrate concentration could be caused by: (a) the wetting up of the stream channel mobilizing nitrate that
had accumulated during the period since the last precipitation event (Austin & Strauss, 2011; Bernal et al., 2005;
von Schiller et al., 2011); or (b) a near-stream source of high nitrate concentration (possibly deep groundwater;
Burns et al., 1998); or (c) a shallow flow path that permits nitrate from the E podzols to enter the stream channel
and be transported to the stream outlet (Gannon et al., 2015). When precipitation volume is higher, the water
tables in the E and Bhs podzol soil units rise near the same time (“Type 2” events), discharge is generally greater
and the spikes in nitrate concentration are larger. (Time series of sensor data for 68 storm events are shown in Fig-
ure S4 in Supporting Information S1) These “Type 2” events often coincide with a spike in DOC concentration
(shown in an example event in Figure S3 in Supporting Information S1). Since the only sources for high DOC
are E and Bhs podzol soil units (Figure 3), the coincident nitrate and DOC spikes point to the E and Bhs podzols
soil units as source areas for these nitrate spikes. The hydrologic flowpaths for nitrate could be rapid, shallow
flowpaths (including macropores) to reach the stream channel (Gannon et al., 2015) or deeper, slower flow paths
via groundwater displacement (Germann et al., 1986; Sklash & Farvolden, 1979).
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Figure 6. Stream discharge as a function of fraction of E/Bhs podzol soil unit, Bh podzol soil unit, and Seep water contribution. Discharge and nitrate flux are shown
versus the fractional contribution of each soil unit to each streamwater sample. The positive relationship with the E/Bhs podzol soil unit fraction suggests that these
soils are important contributing areas to high flows and high nitrate fluxes, while seep fraction decreases in importance as discharge increases. Bh soil unit fractional
contribution is not clearly related to discharge or nitrate flux.

4.5. Influence of Soil Units on Streamwater Chemistry and Flux

The end-member mixing model results (Figures 5 and 6) demonstrate that the bedrock-controlled upper part of
the catchment containing E and Bhs podzol soil units influences the concentration of nitrate at the outlet, but
more importantly, it appears to be connected to the outlet at high discharge rates when the intermittent upper
portions of the stream network are activated, contributing the most to catchment nitrate flux. While the catchment
streamwater is a mixture of all of the end members, the higher correlations between streamwater (discharge and
nitrate flux) and the E/Bh end member suggest that this zone is the most important control on export of water
and nitrate from the catchment. Note that during these higher flows, biotic processing of N in the stream is ex-
pected to be low (e.g., Wollheim et al., 2017). The chosen source water end members represented the range of
stream chemistry well, with almost all samples falling within the triangular mixing space, when accounting for
the temporal variation of the end members. This suggests that waters from other source units—typical, bimodal,
and histosols—are represented by our chosen end members, likely due to the water from the soil units that were
not included being transported through the end members. For example, the bedrock Histosols lie upslope of the
E/Bhs units and rarely intersect the flowing section of the stream network, preventing their waters from reaching
the stream without passing through the E/Bhs units. A similar process likely happens with typical and bimodal
soil waters, which, because of their position, must be transported through Bh units before reaching a flowing
stream channel.

4.6. Importance of Distal Sources of Nitrate as Flow Increases

Our evidence of high nitrate transport from distal sources generally agrees with observations from two oth-
er sites in eastern North America. In the Archer Creek catchments in the Adirondack mountains (NY), two
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Figure 7. Cumulative frequency distribution of streamwater discharge (Q) for
W3 at the HBEF. Low flow conditions occur 25% of the time; intermediate
flow conditions occur 60% of the time; high flow conditions occur 15% of the

(¢ = 0.1 mm/d), high pH and Si concentration characteristics of deeper flow
paths predominate in streamwater (Figures 8a and 8b). As the drainage net-
work expands into the bedrock-controlled upper part of the catchment with

time. Sixty-nine percent of the annual stream discharge occurs during high increasing flow rate (¢ = 0.3 mm/d), low pH inputs are observed (Figures 8a
flow, along with 81% of nitrate export from the catchment. The total range of and 8b) in both east and west upper parts of the catchment. As flow increas-

discharge is 0-995 L/s.

es further (¢ > 0.6 mm/d), the pH of streamwater closest to the bedrock-

controlled units drops further still and the whole network exhibits depressed
PH, except the seep sites, which remain above a pH of 5.4 (Zimmer et al., 2013). The pattern of pH decreasing in
streamwater does not track exactly with the pattern of Si concentration in streamwater during the snowmelt period
(April 2010; g = 6.7 mm/d); although Si concentration in streamwater is low except in the seep influenced areas
(Zimmer et al., 2013), the pH is consistently low only on the eastern side of the catchment. On the western side of
the catchment, DOC is lower than on the east side and the pH is low where nitrate is high and pH is high where
nitrate is low, suggesting that during snowmelt, nitrate has a greater influence on pH than DOC (Figures 9a,
9c and 9d). In general, as the drainage network expands, it connects to include areas of high nitrate and DOC
upslope. However, the DOC appears to be more persistent as it moves down the stream channel than the nitrate,
which decreases in concentration moving toward the stream outlet. This decrease in concentration may indicate
consumption of nitrate within the stream (Bernhardt et al., 2002, 2005) or transformation of nitrate along the
flowpath (von Schiller et al., 2011). It is important to note that these maps represent a snapshot in time—although
nitrate is high at points within the catchment, even at the highest flow (October 1, 2010), nitrate concentration
at the outlet is low. The importance of the timing of sample collection has been demonstrated previously (Ohte
et al., 2004; Sebestyen et al., 2014). Given that nitrate concentration does increase rapidly at the stream outlet at
certain moments (Figures 3 and 4), this suggests that the nitrate concentration peak, typically observed on the
rising limb of the hydrograph (Duncan et al., 2017; Hornberger et al., 1994; Inamdar et al., 2004), has passed at
the time of the sampling on October 1, 2010. Indeed, the peak discharge occurred before the collection of stream
samples on October 1, 2010.

Synthesizing these data suggests several stages of drainage network expansion with increasing flow conditions.
Figure 9, based, in part, on the model of Jensen et al. (2018), shows the implications of drainage network expan-
sion for nitrate transport. Initially, when flow increases above baseflow (Figure 9a), the connection to E podzol
soil units is a result of stream length expansion (Figure 9b and 9c). At the highest flows, the expansion of the var-
iable source area—when the near-stream zone saturates, and network length is maximized—Ieads to the largest
nitrate export (Figure 9d). This conceptual diagram shows the likely spatial extent of the stream network in the
catchment. The ability to map the connectivity of different soil units to the active stream channel and subsurface
contributing area, and, ultimately, to the drainage network for a variety of flow conditions and points in the year
would greatly enhance our ability to identify the source area of streamwater nitrate and model the expected nitrate
and DOC export under different conditions. Figure 9 emphasizes that the bedrock-dominated upper portions of
the catchment, hotspots for nitrate production (Pardo et al., 2015) and source areas of streamwater nitrate, are
hydrologically connected to the catchment outlet during event flow.
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Figure 8. Stream chemistry spatial patterns as stream flow increases. Catchment maps showing how stream chemistry changes as stream flow (q) increases and more
of the catchment becomes hydrologically connected with the expanding active stream channel and subsurface contributing area. For sampling dates: August 21, 2010;
August 6, 2010; July 22, 2015; April 1, 2010; October 1, 2010. Based on data from Bailey and McGuire (2019) for 2010 dates, S. W. Bailey, McGuire, Ross, and

Green (2019) for 2015 date. (a) pH; (b) Si; (c) nitrate; (d) DOC. Map colors follow Figure 1: Bedrock histosol (black), E podzol (gray), Bhs podzol (brown), Bimodal
podzol (dark green), Bh podzol (light green), perennial stream (heavy royal blue line), intermittent stream (medium blue line), ephemeral stream (fine, light blue line).

These responses demonstrate that concepts like N saturation (Aber et al., 1989) and N retention must be under-
stood in the context of spatial heterogeneity across a catchment. This would not alter the timing of N saturation for
systems with very limited or extremely high excess N availability, or fundamentally change the concept. However,
for intermediate stages of N saturation (Aber et al., 1989), considering the spatial arrangement of a catchment
could introduce nuance to the cascade of N responses and the timing of expected N export. Since portions of a
catchment can have a disproportionate influence on N export from the catchment, it can be misleading to base
assessment of N saturation on input/output budgets. In addition, care must be taken in using input/output budgets
to interpret within-catchment N dynamics; the controls on N cycling are numerous and are both biotic and abiotic.

5. Conclusions

By accounting for the spatial heterogeneity in soil type within a catchment and using fine temporal- and spa-
tial-scale measurements, we were able to demonstrate that as stream flow increases and more of the catchment
becomes hydrologically connected with the expanding active stream channel and subsurface contributing area,
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Figure 9. Schematic showing how the drainage network might expand with increasing flow. The upper panels show hypothetical drainage network expansion
corresponding to increasing flow scenarios. The lower panel indicates how discharge and nitrate concentration might vary from (a) baseflow discharge and nitrate
concentration, to (b) low brief discharge and a small spike in nitrate concentration of short duration on the rising limb of the hydrograph; to (c) moderate discharge and
a moderate spike in nitrate concentration of short duration on the rising limb of the hydrograph; to (d) higher, longer duration discharge and a large increase in nitrate
concentration on the rising limb of the hydrograph leading to considerable nitrate export.

the source of streamwater nitrate shifts from near-stream sources (Bh podzol soil units and seeps) to sources
further from the stream (Bhs-E podzol soil units). This study showed that bedrock-controlled E and Bhs podzol
soil units, hotspots for nitrate production, are connected to the stream during events and represent the source of
most nitrate export. This analysis represents an important shift in our understanding of where streamwater nitrate
comes from at the HBEF, as the assumption in the past has been that the sources for streamwater nitrate were in
the near-stream zone.

This finding has implications for future sampling approaches. Sampling of events is more important for un-
derstanding fluctuations in export—especially in response to disturbances and extreme events—than weekly
samples, which are important for providing a baseline, but are likely to miss the peak event response. Using the
sensor data, for example, we can evaluate the accuracy of the annual nitrate flux from W3 at the HBEF which is
calculated using weekly chemistry samples (Aulenbach et al., 2016). As in other analyses (Pellerin et al., 2012),
we found that the estimate using weekly chemistry samples captured about 83% (0.89 vs. 1.07 kg N ha~! yr™!) of
the 2015 annual flux (the year with the most complete sensor data).

To improve our understanding of the timing of export of nitrate and other solutes, additional sampling, field
measurements, and data analysis are needed. These include (a) a network of sensors (chemistry and water table)
coupled with groundwater chemistry; (b) further empirical modeling (machine learning) to predict high-frequen-
cy weathering-derived solutes that can provide further insight into how the catchment derives water and solutes
(Green et al., 2020); (c) tracer studies to better define flowpaths and transport rates; (d) fine-scale microbial
processing measurements to quantify the timing and extent of microbial N transformations, and (e) mechanistic
modeling.

One of the most significant benefits of quantifying the systematic variation in soil units and linking soil units to
biogeochemical function (i.e., nutrient cycling rates, microbial transformation rates) is that it becomes possible
to scale up more accurately, first to the forest catchment scale, then to the landscape scale in forest ecosystems
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(Fraser, 2019; Fraser et al., 2020). Our data suggest that bedrock outcrops and associated shallow soils are criti-
cal in estimating N flux. With the high level of accuracy (~86%) in predictions of these features in the Hubbard
Brook Valley and the nearby Wild Ammonoosuc catchment, a broader scale mapping effort is currently under-
way in similar ecosystems within the White Mountain National Forest. The soils in our watershed are typical of
glaciated uplands where bedrock exposed ridges, interspersed with shallow soils, transition downslope into areas
of deeper soil developed in deeper glacial drift. Soil surveys indicate that such features are prevalent in glaciated
uplands in the northeastern US, with bedrock-controlled soils (<1 m depth to bedrock) occupying approximately
9 million ha (NRCS, SSURGO database). They are also common in other mid-latitude, glaciated regions world-
wide. This approach, thus, holds promise for improving regional soil maps for similar mountainous areas in the
northeastern US and may be applicable to other mountainous regions with a humid climate.

The ability to map the connectivity of different soil units to the drainage network for a variety of flow condi-
tions and points in the year would greatly enhance our ability to identify the source of streamwater nitrate and
predict the expected nitrate and DOC export under different conditions. Given our understanding of the impacts
of temperature and moisture on microbial transformations producing nitrate (e.g., Booth et al., 2005; Stark &
Firestone, 1995) and potential for increased soil C mineralizability under cyclic wetting and drying conditions
(Possinger et al., 2020), shifting climate, including projections in this region for increased temperature, precipita-
tion, and storm intensity (Hayhoe et al., 2008), is likely to alter the export patterns for both DOC and NO,™. This
study could provide a springboard for linking soil C and N cycling to catchment or landscape-scale mechanistic
models and enhancing our ability to predict the effects of changing climate on forested catchments in the north-
eastern US.
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