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Abstract Dissolved organic matter (DOM) can serve as an indicator of watershed carbon cycling, and
links terrestrial to aquatic ecosystems. The extent DOM is microbially processed before it enters aquatic
ecosystems is expected to change with soil depth and landscape position, and as some research suggests,
in response to recovery from chronic acidification. Here we examined DOM within freely flowing soil pore
water and stream water collected from reference and calcium silicate-treated watersheds at the Hubbard
Brook Experimental Forest, New Hampshire, USA. Dissolved organic carbon (DOC) and nitrogen (DON)
concentrations as well as, absorption and fluorescence properties were analyzed to assess patterns in
DOM quantity and quality. Parallel factor analysis was used to identify three predominant fluorescing
DOM components (C1-3). All three components were terrestrial in origin, however C3 exhibited spectral
properties previously linked to the microbial processing of humic material. Distinct horizonal patterns
emerged between genetic soil horizons. DOC quantity decreased with soil depth, so too did, the plant
derived lignin-like fraction (C2), while the C3 fraction increased. High-elevation coniferous zones with
shallow bedrock contributed to higher DOC concentrations in soil and stream water, while high and
low-elevation mineral soils exhibited greater C3 fractions and fluorescence indicators of microbially
processed DOM. This pattern suggests these mineral soils are important organic carbon sinks, due to
greater rates of microbial DOM processing. DOC in forest floor solutions, C3 fractions, and indicators of
smaller molecular size (E,:E;) were all higher in the calcium silicate-treated watershed, suggesting greater
microbial processing of DOM.

Plain Language Summary Northeast forests are recovering from decades of acid rain, while
also impacted by a changing climate. Decaying organisms remains contribute highly variable forms

of organic matter in soil, which can serve as an energy source for microbes and other decomposers.

A fraction of this organic matter is dissolved and transported by water through the forest soils into
streams affecting downstream water quality. Two decades ago, a small watershed at the Hubbard Brook
Experimental Forest, in New Hampshire was treated with a calcium-enriched mineral to accelerate
recovery from acid rain. Since the application, chemical and biological indicators have seen a marked
recovery. The goal of our current study was to examine patterns in dissolved organic matter quantity and
quality within reference forest soil and stream water and the response to the calcium treatment. We used
spectrofluorometric measurements and modeling to determine different organic matter fractions. One
resulting fraction showed evidence of microbial processing, and its relative abundance increased with soil
depth, especially at lower elevations in the calcium-treated watershed where mineral soils are deeper and
experience more vertical water flow. Greater fractions of unprocessed organic matter were transported
through soils into streams at higher elevations in both watersheds.

1. Introduction

Dissolved organic matter (DOM) plays a critical role in the transfer of energy and nutrients within and
between terrestrial and aquatic ecosystems (Jaffé et al., 2008). Soils have the capacity to store considerably
more carbon than quantities found in either the atmosphere or plant biomass (Schmidt et al., 2011). A frac-
tion of soil carbon is mobilized as DOM to drainage waters, making it one of the largest sources of organic
carbon to freshwater and marine ecosystems (Battin et al., 2008).
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DOM composition is highly dependent on its source material and the biological and geochemical processes
enacted upon it as it is processed through watersheds (Catalan et al., 2014). Studies have found that when
DOM is transported through soils, the lignin-like compounds tend to be retained through sorption to Al
and Fe oxides-hydroxides (Possinger et al., 2020; Pourpoint et al., 2017; Riedel et al., 2013). In contrast,
carbohydrate and protein-like organic matter more readily percolates through soil, where it is available for
microbial metabolism (Kaiser et al., 2004). Soil microbes process these compounds, mineralizing organic
nitrogen and contributing their own detritus to the dissolved mixture. These processes were synthesized by
Kaiser and Kalbitz (2012) into a conceptual model depicting DOM processing throughout the soil profile.
This framework for future quantitative measurements suggests patterns of decreased phenolic-like com-
pound fractions coincident with an increase in microbial metabolites with soil depth (Mikutta et al., 2019).

Anthropogenic climate change is altering the processing of DOM withing watersheds (Cawley et al., 2014).
In the northeast United States, increases in air temperature have coincided with a lengthening of the grow-
ing season (Groffman et al., 2012; USGCRP, 2018). In addition, there has been an increase in annual pre-
cipitation, a decrease in the fraction of precipitation occurring as snow and an increase in the intensity of
precipitation events. Intense hydrologic events can facilitate the transport of fresh, lignin-like DOM deeper
into soils or to streams via bypass soil flow paths (Froberg et al., 2007; Raymond et al., 2016). At the land-
scape scale, soils in forested headwater catchments that experience frequent and fluctuating water tables
have been found to be zones of carbon accumulation, especially within lower mineral soils where illuvial or-
ganic carbon is high but overall dissolved organic carbon (DOC) is low (Bailey et al., 2014; Patel et al., 2021;
Possinger et al., 2020). Additional work has shown that during the wetting events, anoxic conditions pro-
mote increases in soil CO,, N,O, and CH, (Werner & Gessler, 2011). Hydrologic events have been found
to connect microbial decomposers and sources of carbon within the soil macropore system, resulting in
increased CO, fluxes and changes in the chemical quality of DOM to more microbially derived content
(Bailey et al., 2017; Kravchenko et al., 2021).

An additional factor contributing to DOM transport in watersheds is the recovery from acid deposition. In
the eastern U.S., volume-weighted concentrations of sulfate and nitrate in atmospheric deposition have sig-
nificantly decreased in response to the Clean Air Act and associated rules (Driscoll et al., 2001, 2016). Long-
term studies have suggested that decreases in the sulfate concentrations coincide with the release of DOC
into surface waters (Driscoll et al., 2003, 2016; Monteith et al., 2007). Another key component of acid depo-
sition is nitrogen derived from nitrogen oxide (NOx) and ammonia emissions (Ukonmaanaho et al., 2014).
In the northeastern United States nitrate deposition is decreasing (Lloret & Valeila, 2016). However, in
many regions atmospheric nitrogen deposition is increasing, primarily due to increases in ammonia emis-
sions (Lamarque et al., 2013). Elevated inputs of anthropogenic nitrogen have been found to significantly
suppress the decomposition of organic matter in forested ecosystems (Tonitto et al., 2014), through either
acidification effects or loss of biodiversity in the soil microbial community (Davidson et al., 2012; Gilliam
et al., 2019). Therefore, with recent decreases in atmospheric NOs~, organic matter decomposition may be
enhanced (Driscoll et al., 2016; Groffman et al., 2018).

Soil organic matter is an important regulator of soil pH, while soil pH is an important regulator of DOM.
pH and DOM control the solubility of aluminum (Driscoll & Postek, 1995). When mobilized under acidic
conditions, aluminum competes with hydrogen ions for binding sites on organic matter colloids, thus en-
hancing coagulation of DOM and formation of soil organic matter (Cronan & Schofield, 1990; Li & John-
son, 2016). Following reductions in acid deposition, increases in pH decrease the partitioning of DOC to
forest soil (Ussiri & Johnson, 2003). Also, a reduction in the ionic strength of soil solution associated with
decreases in atmospheric deposition has increased DOM solubility, leading to increased DOC export (Mon-
teith et al., 2007). These findings suggest that recovery from chronic acidification could enhance the quan-
tity of mobile DOM and alter its quality within forested watersheds (Clarholm & Skylberg, 2013). Note that
soil organic horizons are characterized by low pH and this pattern may obscure pH-DOM relationships in
soil and stream water. As a result, it may be instructive to examine DOM patterns over both horizonal and
watershed scales to better elucidate controls on DOM quantity and quality.

New evidence indicates that increased organic carbon transport within forest soils associated with ecosys-
tem recovery from acid deposition and climate change may be connected to nitrogen limitation in forested
ecosystems, through a process referred to as “nitrogen oligotrophication” (Groffman et al., 2018). Long-term
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observations of watershed stream nitrate export at the Hubbard Brook Experimental Forest (HBEF), NH
have shown that declines began in the 1960s, well before NOx emission declines associated with the Clean
Air Act, and continue today (Groffman et al., 2018). Additionally, increases in the forest floor C/N ratio
have been observed, despite no relative change to the nitrogen pool, suggesting that nitrogen is either being
retained by DOM adsorption or metabolized by microbes in lower mineral soils (Yanai et al., 2013). The
latter mechanism is supported by significant declines in potential nitrogen mineralization and nitrification,
and increases in soil microbial respiration (Durén et al., 2016; Groffman et al., 2018). Thus, the flow of “la-
bile” carbon (DOM) into lower mineral soils could stimulate microbial communities to immobilize reactive
nitrogen leading to an overall tightening of available nitrogen cycling within northern forest ecosystems
(Groffman et al., 2018).

Recent observations of enhanced mobilization of DOM from soil to surface waters, a phenomenon called
“browning," is thought to be a response to recovery from acid deposition and changing climate. Browning
has enhanced interest in better understanding DOM processing and how it has manifested a new regime of
increased DOM surface water concentrations. Increased mobilization of DOM and associated iron increases
the attenuation of light in lakes, which increases upper water temperatures earlier in the summer season,
forming shallower thermoclines and strengthening stratification (Brothers et al., 2014; Effler et al., 1985).
Nutrients associated with DOM can enhance productivity unless light attenuation becomes so severe that
lakes become light limited (Solomon, 2017), although recently Stetler et al. (2021) reported that organic
nitrogen and phosphorus have not increased in northern lakes coincident with browning. These changes in
water clarity, temperature, stratification, and productivity can decrease oxygen levels and enhance mobili-
zation of sediment phosphorus, causing shifts in lower trophic level zooplankton populations which could
impact lacustrine food chains (Williamson et al., 2016). DOM can also complex and facilitate the transport
of metals from the forest into surface waters. The mobilization of aluminum and mercury can have negative
impacts on terrestrial and aquatic ecosystems (Chiasson-Gould et al., 2014; Li & Johnson, 2016).

There is a poor understanding of how the production and processing of DOM occurs with soil development
and is manifested at the landscape scale. Moreover, with interest in the linkage between acid deposition
and browning it is unclear how the acid-base status of soils affects DOM production and processing at the
watershed scale. We hypothesize that DOC concentrations will decrease, while microbially processed DOM
fractions increase, with soil depth. We also hypothesize that a CaSiO; treated watershed will exhibit greater
DOC and dissolved organic nitrogen (DON) concentrations at all soil depths and greater microbial process-
ing of DOM fractions, due to a “deacidification” effect.

To test our hypotheses, we examined patterns of solute (DOC, DON, and dissolved inorganic nitrogen
[DIN]) concentrations by horizon, watershed landscape and in a calcium silicate-treated watershed in soil
and stream water at the HBEF in the White Mountains of New Hampshire, USA. We also characterized
chemically meaningful DOM components, using parallel factor analysis of fluorescence excitation emis-
sion matrices (EEM-PARAFAC), as well as additional optical properties, and assessed their relationships
with solute measurements from soil and stream water. Effects of recovery from acidification were tested
by collecting soil and stream water samples from reference and CaSiOj; treated watersheds. Insights on the
evolving characterization of DOM as it is transported through soils, could be valuable to understanding
how forest carbon and nitrogen sources and sinks are changing in response to acidification recovery and
changing climate.

2. Materials and Methods
2.1. Site Description

HBEF is located within the southern White Mountains of New Hampshire, USA (43°56’N, 71°45'W). The
climate is humid-continental, characterized by long cold winters and short cool summers. The mean air
temperature is —9° in January, and 19° in July (Bailey et al., 2003; Campbell et al., 2007). Precipitation is
evenly distributed throughout the year, with an annual average of 1,400 mm and approximately 30% oc-
curring as snow. The mean annual stream flow from the forest is 905 mm. Approximately 50% of the flow
occurs during March, April, and May (Bailey et al., 2003). Low summer stream flows of only 1 or 2 mm per
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Figure 1. Map of south-facing, experimental watersheds at the Hubbard Brook Experimental Forest (HBEF) in New Hampshire, USA. Circles represent stream
water sampling locations, and squares represent lysimeter locations, which are color coded according to soil type.

month have been observed, while streamflow throughout the winter months remains relatively consistent
at approximately 50 mm per day, due to snowpack (Bailey et al., 2003).

This study focused on two experimental watersheds on the south-facing slope at the HBEF (Figure 1). His-
torical land disturbance included heavy logging from 1910 to 1919, but since that period the watersheds
have remained relatively undisturbed except for a hurricane in 1938 and an ice storm in 1998 (Houlton
et al., 2003). Watershed 6 (W6) is the biogeochemical reference watershed. It has a total area of 13.2 ha,
with an elevation range from 540 to 800m (Cho et al., 2009). Watershed 1 (W1) has a total area of 11.8 ha
ranging in elevation from 488 to 747 m and was treated with calcium silicate (CaSiO3) in October 1999 to
replenish calcium lost from decades of elevated leaching associated with acid deposition. The goal of the
W1 experiment was to increase soil base saturation from 10% to 19% (Peters et al., 2004). Changes in the
ecosystem structure and function have been observed in response to this treatment (Battles et al., 2014; Cho
et al., 2010; Shao et al., 2015).

The watersheds are divided into three elevational subcatchments. The highest is the spruce-fir-birch zone
(SFB), which shows a higher density of coniferous trees: red spruce (Picea rubens Sarg.) and balsam fir
(Abies balsamea L.). White birch (B. papyrifera var. cordifolia Marsh.) is also primarily within this sub-
catchment. The intermediate high-elevation hardwood zone (HH) and low-elevation hardwood zone (LH)
subcatchments are dominated by sugar maple (Acer saccharum Marsh.), American beech (Fagus grandifolia
Britt.), and yellow birch (Betula alleghaniensis Britt.). Together, these tree species account for more than 95%
of the forest biomass in the experimental watersheds (Battles et al., 2014).

Soils at both experimental watersheds are generally characterized as Spodosols developed in basal and ab-
lation glacial till of sandy loam to loamy sand texture, with a range of drainage classes (Bailey et al., 2014).
Average soil depth to the B/C interface is approximately 60 cm. The forest floor, with a mean thickness of
7.1 cm, is deepest in the upper elevations associated with shallow bedrock and outcrops (Bailey et al., 2019;
Johnson et al., 2000). Soil pH varies with soil depth, from approximately 3.9 in the organic horizon, to
4.7 in the lower mineral horizon (Johnson et al., 1991). The catchments are steep, averaging 25% slope
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(Likens, 2013). Shallow bedrock at the higher elevations of W1 and W6 and accumulating groundwater in
deeper soils with higher topographic wetness, promotes lateral flow of groundwater in the soil zone. Vary-
ing landscape positions and characteristics result in contrasting soil types, termed hydropedological units
(HPUs), differing in patterns of podzolization, carbon storage, and the depth and frequency of water table
fluctuations (Bailey et al., 2014; Gannon et al., 2014).

2.2. Sample Collection

Nine lysimeters are located immediately west of W6, grouped in three sets of triplicates along an elevation
gradient corresponding with the three landscape zones. Thirteen zero-tension lysimeters are located along
an elevation gradient in the calcium silicate-treated watershed, similarly encompassing the three elevation-
al zones (Figure 1). The lysimeters were constructed from PVC troughs placed below the forest floor (Oa
horizon) and within the mineral soil (beneath Bh and within Bs horizons). Four hydropedological units
were identified at lysimeter locations in watersheds 1 and 6. The Bhs podzol predominantly occurred in
the upper catchment elevations (Figure 1) and is characterized by little to no E horizon and a larger Spodic
(Bs + Bhs) thickness corresponding to a higher carbon content. The B horizons in these soils are frequent-
ly saturated by groundwater during snowmelt and rain events due to relatively shallow bedrock (Bailey
etal., 2014). The Bhsm podzol found at lysimeter L1-13, is considered an extreme expression of a Bhs podzol
where groundwater saturation has led to partial cementation of the spodic horizon. The Bimodal podzol is
morphologically similar to typical podzols but contains a second Bh horizon at the B-C interface, indicative
of a fluctuating water table at this interface (Bailey et al., 2014). Bimodal pedons are located at near-stream
lysimeters in all elevational subcatchments (Figure 1). Typical podzols are only found in watershed 1 lysim-
eters, at mid and low elevations. They are characterized by a thin E horizon, and one or two thicker spodic
horizons as well as relatively lower carbon content than other podzols. Typical podzols are the best drained
of the HPUs defined at Hubbard Brook, with a water table that generally does not rise often or much above
the B/C interface (Bailey et al., 2014; Gannon et al., 2014).

Soil solutions were collected using a vacuum hand pump at 4-5 week intervals from January 2015 to De-
cember 2016. These collections are a subset of a longer soil solution chemistry record beginning in 1982 in
W6, and 1996 in W1 (Driscoll, 2019a, 2019b). Stream water samples were collected at the same monthly
intervals from five sites in W1 and six sites in W6 (Figure 1) along the elevational gradients of both water-
sheds. These collections are also a subset of a longer stream chemistry record beginning in 1982 in W6, and
1991 in W1 (Driscoll, 2019c, 2019d). All samples were placed into acid-washed HDPE bottles, transported
back to the laboratory at Syracuse University and stored below 4°C.

2.3. Quantitative Laboratory Methods

Soil solution and stream water samples were analyzed for total nitrogen (TN) concentrations via platinum
catalyzed combustion with chemiluminescence detection, using a Teledyne Tekmar Apollo 9000 TOC Ana-
lyzer. Ammonium (NH,") was analyzed via the Berthelot reaction, with a Seal Analytical AutoAnalyzer
3. Nitrate (NO5 ™) was analyzed by suppressed ion chromatography with a Dionex IonPAC-AS18 anion-ex-
change column. DON was quantitatively determined by subtracting the sum of the ammonium and nitrate
concentrations (DIN) from the total nitrogen concentration from individual samples. Subsamples were fil-
tered through a Whatman glass microfiber filter 934-AH, then analyzed for DOC concentrations via sodium
persulfate oxidation using a Teledyne Tekmar Phoenix 8000 TOC Analyzer.

Quality assurance and quality control measures were used for all sample analyses, including an initial cali-
bration (correlation coefficient >0.995), initial calibration verification (+£10% recovery), initial calibration
blank, continuing calibration verification (+10% recovery), continuing calibration blank, laboratory control
sample made from secondary source (+10% recovery), duplicate sample (10% relative percent difference),
and method detection limit (75%-125% recovery) for QA/QC (Cho et al., 2009). All samples that failed these
criteria were reanalyzed.
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Table 1
Summary of Some Optical Methods for Carbon Quality Analysis in This Study
Measurement Calculation Purpose Reference
Specific ultraviolet absorbance at Absorption coefficient at 254 nm Absorbance per unit carbon. Higher =~ Weishaar et al. (2003)
254 nm [SUVA254 (L mg-C™' divided by DOC concentration values indicate greater aromatic
m™)] (mg/L) content.
E2:E3 Ratio of absorbance at 250 nm An indicator of DOM molecular size. De Haan and De Boer (1987)

Fluorescence Index (FI)

Redox Index (RIX)

divided by that at 365 nm

Ratio of em intensity at 470 and An indicator of the source of DOM, McKnight et al. (2001); Cory and
520 nm, at ex 370 nm which is either: microbial (high McKnight (2005)
FI, 1.8, derived from extracellular
release and leachate from bacteria
and algae) or terrestrially derived
(low FI, 1.2, terrestrial plant and
soil organic matter).

Ratio of Qred over (Qred + Qox), An indicator of whether quinone- Miller et al. (2006)
where Qred is the sum of the like components within DOM
loadings of reduced quinone-like are more reduced (closer to 1) or
components (SQ1, SQ2, SQ3, and oxidized (closer to 0) in character.

HQ) and Qox is the sum of the
loadings of oxidized quinone-like
components (Q1, Q2, and Q3).

Abbreviations: DOC, dissolved organic carbon; DOM, dissolved organic matter.

2.4. Optical Measurements

Ultraviolet-visible absorbance of DOM, fluorescence scans, and excitation-emission matrices (EEMs) were
measured using a 1 cm quartz cuvette in a Horiba Aqualog spectrofluorometer. The excitation range was
set from 240 to 550 at 2 nm increments, with an emission coverage of 247.68-830.02 nm with 2.33 nm
increments. The excitation and emission slit widths were set to 10 nm, and the integration time was 0.1 s.
EEMs were corrected for instrument-specific correction factors and inner filter effects. All EEMs were also
blank-subtracted and normalized against the Raman peak area of fresh Milli-Q water.

Parallel factor analysis (PARAFAC) was conducted on 830 EEMs from samples collected during 2015-2016
calendar years. The model was constructed using the “drEEM” v 0.3.0 toolbox, in Matlab v2016a (Murphy
et al., 2013). The component loadings for each sample were then predicted using the model, and the fraction
of each PARAFAC component per sample was determined. Additional indicators of carbon quality such as
the fluorescence index (FI), redox index (RIX), specific ultraviolet absorbance (SUVA), and E,:E; were also
analyzed (Table 1).

2.5. Statistical Analyses

Kruskal-Wallis one-way ANOVA was used to evaluate differences among soil horizon solutions. Wilcoxon
signed-rank test was used to evaluate the response of soil solutions and stream water to CaSiO3 treatment
compared to reference watershed values. Statistical significance was considered by p-values based on an
a-value of 0.05 and a 95% confidence interval. Principal component analysis (PCA) was used as an addition-
al nonparametric method to evaluate the relationships among DOM PARAFAC components, optical indices
and solute concentrations. “R” statistical software was used for all statistical analyses.

3. Results
3.1. Patterns by Genetic Soil Horizon

The mean concentration of DOC draining the forest floor of the reference watershed (W6) was
1474.7 + 1087.5 pmol L™ (Figure 2). DOC concentrations significantly decreased with transport through
each subsequent soil horizon and to stream water (Bh: 858 + 542.9 umol L™"; Bs: 622.9 + 583.7 umol L™;
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Figure 2. Box and whisker plots presenting: (a) dissolved organic carbon, (b) dissolved organic nitrogen, and (c) dissolved inorganic nitrogen concentrations in
stream and soil water, from the reference watershed (W6). Dashed lines represent mean values.

Stream: 243.8 + 248.9 umol L™"). DON concentrations in the reference watershed also decreased signif-
icantly between all successive horizons with depth and in stream water (Oa: 28.1 #+ 18.1 umol L™"; Bh:
19.0 + 15.3 umol L™ Bs: 13.3 + 12.7 umol L™Y; Stream: 5.2 + 2.1 umol L™"). Consistent with DOC and
DON, concentrations of DIN in solutions from W6 (reference) decreased significantly through all soil hori-
zons to the stream (Figure 2). The DOC:DON ratio of drainage waters decreased through all soil horizons
from forest floor to the stream in the reference watershed (Oa: 72.4 + 78.8; Bh: 61.5 + 45.3; Bs: 57.8 + 44.2;
Stream: 41.0 & 18.1), with only the decrease between the Bs horizon and the stream statistically significant.
Conversely the DOC:DIN ratio in the reference watershed increased from the Oa (134.7 + 163.8) to the Bs
horizon (184.6 + 244.9), then decreased to 165.7 &+ 153.3 in stream water, with none of the horizon values
statistically different.

In the reference watershed (W6), the fraction of PARAFAC modeled component 1 (C1) increased through
each subsequent soil horizon (Figure 3), yet the overall difference in magnitude was relatively small (0.61%).
The C1 fraction in stream water (43.25 + 0.71%) was lower than the Bs fraction but not significantly. C2
significantly decreased between subsequent soil horizon solutions and stream water, from 34.03 + 3.33% in
the Oa solution, to 28.26 + 2.25% in stream water (Table S3). Conversely, C3 increased significantly between
subsequent soil horizon solutions and stream water (Figure 3) from 23.22 + 2.66% in the Oa solution to
28.49 + 2.66% in stream water. Optical properties also exhibited horizonal patterns in W6 (reference). FI
increased significantly from the Oa horizon solutions (1.62 + 0.09) to the Bs horizon solutions (1.76 + 0.07),
but not from the Bs horizon (1.76 + 0.07) to stream water (1.76 + 0.06). E,:E; increased significantly with
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Figure 3. Mean fractions of PARAFAC modeled components (C1, C2, C3) in stream and soil water from the reference
watershed (W6). Error bars represent standard deviation.

soil depth (Table S3), while RIX decreased significantly from the Oa leachate (0.71 + 0.02) to stream water
(0.68 + 0.01). Specific ultraviolet absorbance (SUVA) also decreased significantly through soil solutions from
the Oa (4.50 + 2.67 L mg C™' m™") to the Bs (2.93 + 1.32 L mg C™* m™"). SUVA decreased between Bs solu-
tions and stream water (2.78 + 0.39 L mg C' m™"), but the difference was not significant (p-value = 0.051).

3.2. Landscape Patterns

In the reference watershed (W6), DOC, DON, and DIN solute concentrations decreased in stream water as
elevation decreased. These spatial patterns were not entirely consistent with soil solution chemistry. DOC
concentrations decreased in all soil horizon solutions with decreasing elevation, while DIN concentrations
were the highest at low elevations (Figure 4). DON landscape patterns did not mirror DOC. DON concen-
trations were the highest in the high hardwood (HH) zone in both the organic (30.3 + 23.0 pmol/L) and
upper mineral soils (23.3 + 18.9 umol/L). In the reference watershed, the DOC:DON and DOC:DIN ratios
decreased for all soil solutions and the DOC:DON ratio in stream water decreased as elevation decreased.
However, DOC:DIN in stream water from the HH zone contained the highest molar ratio of 130.68, fol-
lowed by spruce-fir-birch, then low hardwood zones. Additionally, the DOC:DIN ratios were greater than
DOC:DON ratios in all upper elevation (SFB & HH) soil solutions, but lower for the LH zone.

C1 fractions in forest floor solutions declined with decreasing elevation. Lower mineral soil (Bs) solutions
contained the highest C1 fractions especially at high elevations, with the greatest fraction at the HH zone
(43.71% + 0.53%). Within stream water, there was no elevational pattern in C1 fractions. In all soil solutions,
the high hardwood zone presented the lowest C2 fractions and highest C3 fractions among elevational
zones. Comparably, FI and E,:E; were also highest in the high hardwood zone. Within stream water, C2
fractions, SUVA, and RIX indicators declined with decreasing watershed elevation, while C3 fractions, FI
and E,:E; increased. Mean elevational SUVA values were greatest in spruce-fir-birch zone forest floor (Oa:
6.03 + 11.86 L mg C"' m™") and upper mineral horizon (Bh: 4.08 + 2.30 L mg C™' m™") solutions, and low-
est in the high hardwood zone. In lower mineral soils (Bs), SUVA was highest in the low hardwood zone
(3.13 + 1.87 L mg C~* m™), but still lowest in the HH zone.

3.3. Calcium Silicate Treatment Effects

Horizonal patterns shifted within calcium silicate-treated soil solutions when compared to the reference wa-
tershed. Mean DOC and DON concentrations in W1 (calcium silicate-treated) did not significantly decrease
between the Bh and Bs horizons. As at W6 (reference), mean DIN concentrations decreased significantly
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Figure 4. Elevational patterns of dissolved organic carbon, dissolved organic nitrogen, and dissolved inorganic
nitrogen mean concentrations in Oa solution soil water for the reference watershed (W6). Subcatchments are presented
in order of decreasing elevation: spruce-fir-birch (SFB), high-elevation hardwood (HH), and low-elevation hardwood
(LH). Error bars represent standard deviation.

downward through all horizons (Figure 5c). Concentrations of DOC (1881.6 # 1300.9 umol L™"), DON
(44.8 + 36.8 umol L"), and DIN (56.2 + 60.5 umol L") were all significantly higher in Oa horizon solutions
in W1 than W6 (Figure 5a). DIN concentrations in the Bh horizon (31.6 + 41.2 umol L™"), and stream water
(14.7 £ 10.2 pmol L") were also significantly higher in W1. There was little change in DOC:DON among
horizons in W1, unlike at the reference watershed. DOC:DON decreased from 57.5.7 = 101.2 in the forest
floor to 47.7 + 54.9 in upper mineral, increasing to 53.4 + 44.6 in lower mineral soil, then finally decreasing
to 46.6 + 26.1 in stream water. In the calcium silicate-treated watershed (W1), the DOC:DIN ratio followed
the same soil depth pattern as the reference watershed, increasing (not significantly) from the Oa to the Bs
horizons, with a significant decrease between the Bs horizon (125.7 + 203.0) and stream water (47.6 + 85.5).
In all soil horizons, and stream water, the DOC:DIN ratio in the reference watershed was significantly high-
er than stream water in the calcium silicate-treated watershed.

Comparisons of the mean C1 fractions between reference and calcium silicate-treated watersheds fell well
within the standard deviations of observations, however a comparison of median values reveals the C1
fraction to be significantly higher in Bs solutions in W6 (Figure S2). Mean C2 fractions were higher in the
reference watershed (W6) across all soil horizon solutions and stream water, with significant differences
between Bh horizon waters and stream water (Table S5). Additionally, while not statistically significant,
mean C3 fractions were higher in W1 across all soil horizon solutions and stream water.

Horizonal patterns established among DOM optical properties at the reference watershed (W6) were also
evident for W1. SUVA significantly decreased from forest floor solutions (4.44 + 4.03 L mg C™' m™") through
each soil horizon to stream water (2.51 = 0.29 L mg C~' m™"). SUVA in the stream water was significantly
lower at W1 (2.51 + 0.29 L mg C™' m™") than at W6 (2.78 + 0.39 L mg C™' m™") (Figure 6a). When compared
to W6, FI values at W1 were significantly lower in forest floor solutions (W6: 1.62 & 0.09; W1: 1.59 + 0.11),
but significantly higher in the Bh horizon waters (Figure 6b) (W6: 1.74 + 0.09; W1: 1.69 + 0.08) and in
stream water (W6: 1.76 + 0.06; W1: 1.81 + 0.05). E,:E; values (indicators of molecular size) were also sig-
nificantly higher in Bh and Bs solutions, and stream water at W1 than W6 (Figure 6d). The redox index
(RIX) values were significantly higher in the Bh and Bs horizon solutions and stream water in W1 than W6
(Figure 6c¢).
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Figure 5. Box and whisker plots of (a) dissolved organic carbon (DOC), (b) dissolved organic nitrogen (DON), and (c)
dissolved inorganic nitrogen (DIN) concentrations in stream and soil water, from reference and treated watersheds.
Dashed lines represent median values, stream, and soil water, from reference and treated watersheds. Stars represent
statistically significant differences between watersheds by Wilcoxon signed-rank test to a significance level of 0.05.

4. Discussion
4.1. Patterns by Genetic Soil Horizon

DOC and DON concentrations in soil solutions at Hubbard Brook exhibited highest concentrations in for-
est floor leachate and values decreased consistently through the mineral soil to eventual export in stream
water, consistent with previous observations (Dittman et al., 2007). This pattern is expected since DOM is
mobilized from litter decomposition and fine root turnover and subsequently immobilized in mineral soil.
NH," and NO;™ are products of mineralization and nitrification process, largely originating from organic
nitrogen. Moreover, microbial processing of terrestrial organic carbon can immobilize DIN. A recent NO;~
tracer study at Hubbard Brook concluded that soil organic matter can be an important sink for inorganic
nitrogen, especially within mineral soils (Fuss et al., 2019). It is reasonable to hypothesize that DOC exerts
some control over DIN in soil solutions and stream water. Note that the DOC:DON ratio decreased with soil
depth in the reference watershed. DIN from both watersheds also decreased with soil depth, and in stream
water, leading to increasing DOC:DIN ratios (Table S2).

The conceptual model for DOM processing (Kaiser & Kalbitz, 2012) suggests as DOM is transported through
soil with drainage water, microbial processing consumes and transforms organic carbon. Horizonal patterns
of DOM quality support this model where microbial metabolites occurred in greater abundance than terres-
trial sources in the lower mineral soils. Additionally, DOM was less aromatic, more oxidized with a smaller
molecular size, at soil depth. DOM fractions are also consistent with this processing theory. As soil depth
increases, lignin-like DOM (C2) abundance decreases, while reprocessed DOM (C3) increases (Figure 2).
The relative composition of the ubiquitous DOM fraction (C1) did not change with soil depth suggesting
there is a large pool of recalcitrant humic DOM buffering the composition of this fraction in soil solutions.
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a significance level of 0.05.

Previous *C NMR analysis of soil organic matter at the HBEF found that alkyl C dominated the proportion
of organic carbon across the Oa, Bh, and Bs soil horizons. Additionally, O-alkyl C fractions decreased with
soil depth (Ussiri & Johnson, 2003). This pattern supports our observations of DOM components and sug-
gests that DOM fractions are dependent on soil carbon composition.

Horizonal patterns were also evident through multivariate analysis of all chemical species, DOM fractions,
and DOM optical properties. Observations from the Oa horizon leachate had more negative PC1 scores and
were characterized by a lignin-like fraction, reduced and aromatic DOM, and high nutrient concentrations
(Figure S3a). In contrast, observations from stream water had exclusively positive PC1 scores, indicating: a
higher reprocessed OM fraction, high microbial sourcing, low molecular size, and oxidized DOM. Mineral
soil solutions transitioned from negative to positive PC1 scores (Figure S3c). Note that PC1 was not strongly
influenced by the C1 humic fraction. However, PC2 was affected by the C1 humic fraction and observations
from the Oa horizon solutions had higher PC2 values than those from mineral soil solutions and stream
water.
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4.2. Landscape Patterns

In the reference watershed, DOC concentrations in all soil solutions and stream water, as well as SUVA
in forest floor solutions and stream water, declined with decreases in watershed elevation (Figure 4). This
pattern has largely been attributed to shifts in forest tree composition from coniferous to deciduous species
(Dittman et al., 2007), since DOM composition is dependent on source material. Experiments comparing
carbon quality within coniferous and deciduous forests have found that coniferous forest soils generally
have higher DOC concentrations and larger, more aromatic, plant-derived structures (Thieme et al., 2019).
Furthermore, our observations of higher DOC and C2 (“lignin-like”) fractions in spruce-fir-birch mineral
soil solutions and stream water, highlight the importance of shallow soils in transporting relatively unpro-
cessed OM to surface waters at high elevations (Bailey et al., 2014; Johnson et al., 2000). Surprisingly, the
highest mean DON concentrations (Figure 4), FI and microbially reprocessed fraction were found in soil
water of the transitional high hardwood (HH) zone. In contrast, stream water followed the expected pattern
of decreased DON and C2 fraction, coupled with increased C3 fractions and FI with decreased elevation.
These patterns in soil solutions diverge from past observations where DON closely mirrored DOC across
watershed elevation, and DIN dominated DON concentrations high and low hardwood stands (Dittman
et al., 2007).

Repeated wetting and drying cycles which vary with the landscape position associated with hydropedo-
logical units (HPUs) have been found to have both biotic and abiotic effects on OM processing. Bhs and
Bhsm HPUs found in higher elevations (Figure 1) with shallow bedrock experience flashier water table
fluctuations and exhibit stronger lateral flowpaths. We found that mineral (Bh and Bs) soil water from
these HPUs, in the SFB zone contained the highest DOC concentrations, as well as “lignin-like” OM frac-
tions characterized by high SUVA and more reduced functional groups. These patterns are consistent with
shallow groundwater chemistry where eluvial soil forming processes dominate (Bailey et al., 2019). Addi-
tionally, these results were mirrored in stream water, albeit not surprising, given previous work connect-
ing surface water chemistry to surrounding soil type in stream catchments (LoRusso et al., 2020; Zimmer
et al., 2013). Repeated wetting and drying cycles in these soils has also been shown to drive OM mobilization
and mineralization (Patel et al., 2021), through shifts toward aluminum dominated interactions (Possinger
et al., 2020), as well as through the connection of connect labile carbon to microbial communities within
soil pore systems leading to further processing (Bailey et al., 2017; Kravchenko et al., 2021). These obser-
vations suggest that first order stream catchments play a significant role as carbon sources to downstream
water quality (Raymond et al., 2016).

Soils instrumented with lysimeters in the watershed 6 high hardwood zone were also classified as “Bhs”
podzols like those found in the SFB, but with significantly different dominant vegetation. Frequent wetting
and drying conditions, coupled with a significantly less “lignin-like” OM source could explain the high “re-
processed” OM fractions, FI values suggesting microbially sourced OM, and lowest molecular size observed
in all soil horizon solutions. These patterns were not, however, consistent with stream water variation with
elevation, suggesting that microbially processed OM is transported more deeply into soils at lower eleva-
tions (Bailey et al., 2017; Mikutta et al., 2019)

In contrast, typical and the near-stream bimodal podzols at lower elevations experience more vertical per-
colation (Bailey et al., 2014). These podzols exhibited lower DOC concentrations and RIX values, indicating
more oxidized quinone functions groups. Reprocessed humic-like fractions (C3) were highest at low eleva-
tion typical Spodosols, also suggesting a higher rate of DOM microbial processing is occurring in deeper,
well-drained mineral soils (Bailey et al., 2014, 2017). These findings are more consistent with the conceptual
model proposed by Kaiser and Kalbitz (2012), which indicated deeper more well-drained soils at the lower
elevations are important organic carbon sinks when compared to flashier higher elevation catchments (Mi-
kutta et al., 2019; Raymond et al., 2016).

4.3. Calcium Silicate Treatment Effects

Taking advantage of the wollastonite (CaSiO;) experiment in W1, we investigated a “deacidification effect”
on DOC and DON concentrations and DOM fractions. We observed significantly higher DOC and DON
concentrations in forest floor leachate in the calcium silicate-treated watershed compared to the reference
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watershed. Additionally, DIN concentrations were significantly greater in the calcium silicate-treated forest
floor, Bh horizon solutions and stream concentrations. Unlike DIN, higher DOC and DON in the calcium
silicate-treated Oa horizon leachate did not coincide with comparable increases in DOC and DON concen-
trations for mineral soil and stream solutions over the period of observation. Rather, DOC concentrations
were significantly higher in reference Bh soil solutions and stream water (Figure 6). These observations
were further supported by significantly higher fractions of “lignin-like” C2 fractions in reference Bh soil
solutions and stream water (Figure S4). While studies have shown that hydrologic events can facilitate the
transport of fresh, lignin-like OM deeper into soils (Froberg et al., 2007; Raymond et al., 2016), precipitation
is evenly distributed across the south-facing watershed in HBEF (Bailey et al., 2003). This pattern suggests
either DOM is retained more effectively in calcium silicate-treated mineral soils, or more DOM is being
processed due to increased microbial activity. Greater fractions of microbially reprocessed OM (C3), albeit
not statistically significant, as well as higher concentrations of DON and DIN in calcium silicate-treated
Bs soil solutions support the latter. These observations would appear to support theories of higher organic
carbon flow to lower mineral soils, contributing to long-term decreases in mineralization and nitrification
in deacidified forests (Bailey et al., 2017; Groffman et al., 2018).

Further evidence is provided by comparison of DOM quality between the watersheds. FI was significant-
ly lower in the forest floor at W1 (Figure 6b). This pattern suggests greater inputs of plant-like organic
matter in W1 (calcium silicate-treated), which could be driven by increased litterfall (Battles et al., 2014),
increased late-stage litter decomposition (Lovett et al., 2016), and fine root mortality (Fahey et al., 2016;
Persson, 2012). At the subwatershed scale, the lowest mean FI value (1.55 £ 0.11) was observed in the
calcium silicate-treated, high hardwood zone, indicating a greater input of plant-like terrestrial DOM to
forest soil solutions than both adjacent elevation zones and those in the reference watershed. Root litter
and decaying fine root biomass could be a potential source of carbon to the soil (Persson, 2012). Fine root
studies in W1 have found that within the HH zone, fine root biomass has declined significantly since the
CaSiO; treatment in 1999. This decline corresponded with a +5.1% increase in aboveground live biomass
in the HH zone, suggesting tree C allocation may be shifting in response to recovery from acid deposition
(Fahey et al., 2016).

Within mineral soil solutions (Bh and Bs), FI was significantly higher at the calcium silicate-treated water-
shed (Figure 6b), an indication of more microbially processed DOM. Additionally, significant differences
of E,:E; and RIX were observed between calcium silicate-treated (W1) and reference (W6) mineral soil
solutions (Figures 6¢ and 6d). These indicated a greater degree of DOM quinone oxidation status and lower
DOM molecular size within W1 (Table 1). This pattern suggests that DOM at W1 experienced enhanced
sorption and reprocessing as it “cycled downward” (Kaiser & Kalbitz, 2012), as research has shown that
microbial processing favors more complex, labile compounds (Bailey et al., 2017). There was a significant
decrease in DOC and DON concentrations between the reference watershed Bh and Bs soil horizons, while
DOC and DON concentrations in calcium silicate-treated Bs soil solutions were not significantly different
than Bh horizon solutions. This pattern appears to also support the theory of enhanced OM processing and
desorption within calcium silicate-treated mineral soils (Mikutta et al., 2019). Furthermore, stream export
of DOM from the calcium silicate-treated watershed was significantly less aromatic (SUVA), of significantly
smaller molecular size (E,:E;), and more microbially sourced (FI) than the stream export from the reference
watershed. Stream W1 export was less linked to DOM in soil water as differences in SUVA and FI in stream
water and Bs soil solutions were significantly different, while they were not significantly different in the
reference watershed. Our observations have implications for interpreting the source of DOM contributing
to recent increases in browning. They suggest that recent influxes of “colored” organic matter in surface
waters may not be derived from DOM that has percolated through soils and sorbed to mineral soils (Li &
Johnson, 2016; Pourpoint et al., 2017; Riedel et al., 2013), but rather more direct relatively “unprocessed” in-
puts of OM (Raymond et al., 2016). The more “lignin-like” C2 fraction is strongly associated with SUVA, but
this fraction is lower in the calcium silicate-treated watershed. In contrast, C3 is not associated with SUVA
increased but produced more prominently in W1. These results might suggest that browning is associated
with physiochemical decreases in DOM partitioning associated with increases in pH or decreases in ionic
strength rather than changes in microbial processing of OM.
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These results differ from a previous study of DOM quality in HBEF stream water from disturbed watersheds
(Cawley et al., 2014). While both studies found no significant difference between PARAFAC components
identified in W1 and W6, we found significant differences in SUVA, FI, RIX, and molecular size. While our
study collected from the stream along an elevational gradient through the watersheds, previous work col-
lected from the stream outlet at the base of the watersheds (Cawley et al., 2014). Additional statistical anal-
ysis of samples collected from watershed stream outlets found that the fraction of high MW, “lignin-like”
OM, SUVA, and RIX values were significantly lower in the calcium silicate-treated stream when compared
to the reference watershed outlet.

4.4. Limitations and Future Analysis

As we only considered two catchments, it is not surprising that there are differences in DOM patterns de-
spite their close proximity. Because there are two catchments (one treatment and one reference) the study
is pseudo-replicated. Furthermore, there are no pre-treatment data. As a result, we cannot ascribe the dif-
ference between the catchments to the treatment. Future studies might measure DOM prior to and after
calcium mineral watershed treatment or examine DOM fractions across a gradient of watershed stream
ANC values to gain additional insight in how DOM processing varies with variations in the acid-base sta-
tus of forest watersheds. Fluorescence spectroscopy is typically conducted on fresh grab samples (Shutova
et al., 2014). In this study, soil pore water was collected continuously from passive lysimeters at 4-5 week in-
tervals. Once collected, samples were transported from NH to Syracuse, NY overnight on ice. Water samples
were stored in the dark at 4°C until analysis as soon as possible in the laboratory at Syracuse University. As
a result, there undoubtedly was some transformation of DOM. We collected and analyzed 2 years (n = 830)
individual samples to build our PARAFAC model and best represent the landscape and seasonal patterns.

Future work could include statistical analysis of seasonal patterns of DOM processing as well as how those
patterns have changed over the long-term. Additionally, focus on organic carbon and nitrogen fluxes be-
tween calcium silicate-treated and reference watersheds could determine whether differences in hydro-
logic/physiochemical or biological factors are driving differences in forest DOM transport. Additionally,
collections and analysis of low molecular weight organic acids within fresh organic matter and microbial
biomass, as well as litter decomposition studies could help quantify DOM end-members in the aquatic sys-
tem and provide further insight into DOM sourcing.

5. Conclusions

Our data show that improvements to the calcium status of soil in W1 have potentially caused a shift in DOM
quantity and quality. Analyte concentrations, PARAFAC-identified DOM components, fluorescence spectral
characteristics have revealed higher concentrations of DOC, DON in forest floor leachate, and DIN through-
out the soil profile and in stream water, along with increases microbially processed DOM and declines in
DOM molecular size and SUVA suggest enhanced processing within the calcium silicate-treated watershed.
Note that although microbial processing of DOM and tree growth have increased (Battles et al., 2014) in W1,
these changes have not enhanced ecosystem reactive nitrogen uptake. Rather the sink strength of DIN has
decreased in the wollastonite-treated watershed. Horizonal patterns of DOM transformation at the HBEF
were consistent with a conceptual model for DOM (Kaiser & Kalbitz, 2012). Unusually high DOC concen-
trations and characteristics of plant-like DOM inputs in the high elevation hardwood zone suggest fine root
turnover contributes to soil organic matter. In catenas where podzols influenced heavily by their landscape
position and dominant vegetation give way from Bhs to typical podzols, DOM composition changed from
more plant-like, aromatic structures in conifer-dominated high elevation zones to more microbially sourced
DOM inputs within both high and low elevation hardwood zones.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

LORUSSO ET AL.

14 of 17



LY ey . . .
A\ Journal of Geophysical Research: Biogeosciences 10.1029/2021JG006352

ADVANCING EARTH
AND SPACE SCIENCE

Acknowledgments

This research was supported by the
National Science Foundation Long
Term Ecological Research Network
(NSF-LTER; Award #1637685) and the
NSF Research Traineeship (NSF-NRT;
Award #1449617) program. We would
like to thank Simone Burns and Jessica
Turner for their assistance with fluores-
cence scans.

Data Availability Statement

The data used for analysis in the study are available at Environmental Data Initiative data portal via: https://
doi.org/10.6073/pasta/74691519e5196a7832d73254b88cba69, https://doi.org/10.6073/pasta/3c26b78ca8de-
3ba3fb79f3fd52d35417, https://doi.org/10.6073/pasta/f4bb35a23b50360800e589647c62a729, https://doi.org/
10.6073/pasta/256aaeb2c17ac7c36ea7e3d8170a5af3. (Driscoll, 2019a, 2019b, 2019c, 2019d).

References

Bailey, A. S., Hornbeck, J. W., Campbell, J. L., & Eagar, C. (2003). Hydrometeorological database for Hubbard Brook experimental forest:
1955-2000. U.S. Department of Agriculture, Forest Service. https://doi.org/10.2737/NE-GTR-305

Bailey, S. W., Brousseau, P. A., McGuire, K. J., & Ross, D. S. (2014). Influence of landscape position and transient water table on soil
development and carbon distribution in a steep, headwater catchment. Geoderma, 226-227(1), 279-289. https://doi.org/10.1016/j.
geoderma.2014.02.017

Bailey, S. W., McGuire, K. J., Ross, D. S., Green, M. B., & Fraser, O. L. (2019). Mineral weathering and podzolization control acid neutrali-
zation and streamwater chemistry gradients in upland glaciated catchments, Northeastern United States. Frontiers of Earth Science, 7,
63. https://doi.org/10.3389/feart.2019.00063

Bailey, V. L., Smith, A. P., Tfaily, M., Fansler, S. J., & Bond-Lamberty, B. (2017). Differences in soluble organic carbon chemistry in pore wa-
ters sampled from different pore size domains. Soil Biology and Biochemistry, 107,133-143. https://doi.org/10.1016/.s0ilbio.2016.11.025

Battin, T. J., Kaplan, L. A., Findlay, S., Hopkinson, C. S., Marti, E., Packman, A. I., et al. (2008). Biophysical controls on organic carbon
fluxes in fluvial networks. Nature Geoscience, 1(2), 95-100. https://doi.org/10.1038/ngeo101

Battles, J. J., Fahey, T. J., Driscoll, C. T., Blum, J. D., & Johnson, C. E. (2014). Restoring soil calcium reverses forest decline. Environmental
Science and Technology Letters, 1(1), 15-19. https://doi.org/10.1021/ez400033d

Brothers, S., Kéhler, J., Attermeyer, K., Grossart, H. P., Mehner, T., Meyer, N., et al. (2014). A feedback loop links brownification and anoxia
in a temperate, shallow lake. Limnology & Oceanography, 59(4), 1388-1398. https://doi.org/10.4319/10.2014.59.4.1388

Campbell, J. L., Driscoll, C. T., Eagar, C., Likens, G. E., Siccama, T. G., Johnson, C. E., et al. (2007). Long-term trends from ecosystem research
at the Hubbard Brook experimental forest (No. NRS-GTR-17). U.S. Department of Agriculture, Forest Service. https://doi.org/10.2737/
NRS-GTR-17

Catalan, N., Obrador, B., & Pretus, J. L. (2014). Ecosystem processes drive dissolved organic matter quality in a highly dynamic water body.
Hydrobiologia, 728(1), 111-124. https://doi.org/10.1007/s10750-014-1811-y

Cawley, K. M., Campbell, J., Zwilling, M., & Jaffé, R. (2014). Evaluation of forest disturbance legacy effects on dissolved organic matter
characteristics in streams at the Hubbard Brook Experimental Forest, New Hampshire. Aquatic Sciences, 76(4), 611-622. https://doi.
org/10.1007/s00027-014-0358-3

Chiasson-Gould, S. A., Blais, J. M., & Poulain, A. J. (2014). Dissolved organic matter kinetically controls mercury bioavailability to bacteria.
Environmental Science and Technology, 48(6), 3153-3161. https://doi.org/10.1021/es4038484

Cho, Y., Driscoll, C. T., & Blum, J. D. (2009). The effects of a whole-watershed calcium addition on the chemistry of stream storm
events at the Hubbard Brook Experimental Forest in NH, USA. The Science of the Total Environment, 407(20), 5392-5401. https://doi.
org/10.1016/j.scitotenv.2009.06.030

Cho, Y., Driscoll, C. T., Johnson, C. E., & Siccama, T. G. (2010). Chemical changes in soil and soil solution after calcium silicate addition to
a northern hardwood forest. Biogeochemistry, 100(1-3), 3-20. https://doi.org/10.1007/s10533-009-9397-6

Clarholm, M., & Skyllberg, U. (2013). Translocation of metals by trees and fungi regulates pH, soil organic matter turnover and nitrogen
availability in acidic forest soils. Soil Biology and Biochemistry, 63, 142-153. https://doi.org/10.1016/j.s0ilbi0.2013.03.019

Cory, R. M., & McKnight, D. M. (2005). Fluorescence spectroscopy reveals ubiquitous presence of oxidized and reduced quinones in dis-
solved organic matter. Environmental Science & Technology, 39(21), 8142-8149. https://doi.org/10.1021/es0506962

Cronan, C. S., & Schofield, C. L. (1990). Relationships between aqueous aluminum and acidic deposition in forested watersheds of North
America and Northern Europe. Environmental Science & Technology, 24(7), 1100-1105. https://doi.org/10.1021/es00077a022

Davidson, E. A., David, M. B., Galloway, J. N., Goodale, C. L., Haeuber, R., Harrison, J. A., et al. (2012). Excess nitrogen in the U.S. environ-
ment: Trends, risks, and solutions. Issues in Ecology, 15, 1-16.

De Haan, H., & De Boer, T. (1987). Applicability of light absorbance and fluorescence as measures of concentration and molecular size
of dissolved organic carbon in humic Lake Tjeukemeer. Water Research, 21(6), 731-734. https://doi.org/10.1016/0043-1354(87)90086-8

Dittman, J. A., Driscoll, C. T., Groffman, P. M., & Fahey, T. J. (2007). Dynamics of nitrogen and dissolved organic carbon at the Hubbard
Brook Experimental Forest. Ecology, 88(5), 1153-1166. https://doi.org/10.1890/06-0834

Driscoll, C.T. (2019a). Chemistry of freely-draining soil solutions at the Hubbard Brook Experimental Forest, Watershed 1, 1996 - present.
ver 9. Environmental Data Initiative. https://doi.org/10.6073/pasta/74691519¢5196a7832d73254b88cba69

Driscoll, C. T. (2019b). Chemistry of freely-draining soil solutions at the Hubbard Brook Experimental Forest, Watershed 6, 1982 - present
ver 16. Environmental Data Initiative. https://doi.org/10.6073/pasta/3c26b78ca8de3ba3fb79{3fd52d35417

Driscoll, C. T. (2019¢). Longitudinal Stream Chemistry at the Hubbard Brook Experimental Forest, Watershed 1, 1991 - present. ver 7.
Environmental Data Initiative. https://doi.org/10.6073/pasta/256aaeb2c17ac7c36ea7e3d8170a5af3

Driscoll, C.T. (2019d). Longitudinal Stream Chemistry at the Hubbard Brook Experimental Forest, Watershed 6, 1982 - present ver 11.
Environmental Data Initiative. https://doi.org/10.6073/pasta/f4bb35a23b50360800e589647c62a729

Driscoll, C. T., Driscoll, K. M., Fakhraei, H., & Civerolo, K. (2016). Long-term temporal trends and spatial patterns in the acid-base chem-
istry of lakes in the Adirondack region of New York in response to decreases in acidic deposition. Atmospheric Environment, 146, 5-14.
https://doi.org/10.1016/j.atmosenv.2016.08.034

Driscoll, C. T., Lawrence, G. B., Bulger, A. J,, Butler, T. J,, Cronan, C. S., Eagar, C., et al. (2001). Acidic deposition in the Northeast-
ern United States: Sources and inputs, ecosystem effects, and management strategies. BioScience, 51(3), 180. https://doi.
0rg/10.1641/0006-3568(2001)051[0180:ADITNU]2.0.CO;2

Driscoll, C. T., & Postek, K. M. (1995). The chemistry of aluminum in surface waters. In G. Sposito (Ed.), The environmental chemistry of
aluminum (pp. 363-418). Lewis Publishers.

Driscoll, C. T., Whitall, D., Aber, J., Boyer, E., Castro, M., Cronan, C., et al. (2003). Nitrogen pollution in the Northeastern United States:
Sources, effects, and management options. BioScience, 53(4), 357. https://doi.org/10.1641/0006-3568(2003)053[0357:NPITNU|2.0.CO;2

LORUSSO ET AL.

150f 17



A7 |
ra\“1%7
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2021JG006352

Duran, J., Morse, J. L., Groffman, P. M., Campbell, J. L., Christenson, L. M., Driscoll, C. T., et al. (2016). Climate change decreases nitrogen
pools and mineralization rates in northern hardwood forests. Ecosphere, 7(3), €01251. https://doi.org/10.1002/ecs2.1251

Effler, S. W., Schafran, G. C., & Driscoll, C. T. (1985). Partitioning light attenuation in an acidic lake. Canadian Journal of Fisheries and
Aquatic Sciences, 42,1707-1711. https://doi.org/10.1139/85-214

Fahey, T. J., Heinz, A. K., Battles, J. J., Fisk, M. C., Driscoll, C. T., Blum, J. D., & Johnson, C. E. (2016). Fine root biomass declined in re-
sponse to restoration of soil calcium in a northern hardwood forest. Canadian Journal of Forest Research, 46(5), 738-744. https://doi.
org/10.1139/cjfr-2015-0434

Froberg, M., Jardine, P. M., Hanson, P. J., Swanston, C. W,, Todd, D. E., Tarver, J. R., & Garten, C. T. (2007). Low dissolved organic carbon
input from fresh litter to deep mineral soils. Soil Science Society of America Journal, 71(2), 347. https://doi.org/10.2136/sssaj2006.0188

Fuss, C. B, Lovett, G. M., Goodale, C. L., Ollinger, S. V., Lang, A. K., & Ouimette, A. P. (2019). Retention of nitrate-N in mineral soil organic
matter in different forest age classes. Ecosystems, 22, 1280-1294. https://doi.org/10.1007/s10021-018-0328-z

Gannon, J. P, Bailey, S. W., & McGuire, K. J. (2014). Organizing groundwater regimes and response thresholds by soils: A frame-
work for understanding runoff generation in a headwater catchment. Water Resources Research, 50(11), 8403-8419. https://doi.
0rg/10.1002/2014WR015498

Gilliam, F. S., Burns, D. A,, Driscoll, C. T., Frey, S. D., Lovett, G. M., & Watmough, S. A. (2019). Decreased atmospheric nitrogen deposition
in eastern North America: Predicted responses of forest ecosystems. Environmental Pollution, 244, 560-574. https://doi.org/10.1016/j.
envpol.2018.09.135

Groffman, P. M., Driscoll, C. T., Duran, J., Campbell, J. L., Christenson, L. M., Fahey, T. J., et al. (2018). Nitrogen oligotrophication in north-
ern hardwood forests. Biogeochemistry, 141(3), 523-539. https://doi.org/10.1007/s10533-018-0445-y

Groffman, P. M., Rustad, L. E., Templer, P. H., Campbell, J. L., Christenson, L. M., Lany, N. K., et al. (2012). Long-term integrated studies
show complex and surprising effects of climate change in the northern hardwood forest. BioScience, 62(12), 1056-1066. https://doi.
org/10.1525/bi0.2012.62.12.7

Houlton, B. Z., Driscoll, C. T., Fahey, T. J., Likens, G. E., Groffman, P. M., Bernhardt, E. S., & Buso, D. C. (2003). Nitrogen dynamics in
ice storm-damaged forest ecosystems: Implications for nitrogen limitation theory. Ecosystems, 6(5), 431-443. https://doi.org/10.1007/
$10021-002-0198-1

Jaffé, R., McKnight, D., Maie, N., Cory, R., McDowell, W. H., & Campbell, J. L. (2008). Spatial and temporal variations in DOM composition
in ecosystems: The importance of long-term monitoring of optical properties: Variations in DOM composition in ecosystems. Journal of
Geophysical Research, 113(G4). https://doi.org/10.1029/2008JG000683

Johnson, C. E., Driscoll, C. T., Siccama, T. G., & Likens, G. E. (2000). Element fluxes and landscape position in a Northern Hardwood forest
watershed ecosystem. Ecosystems, 3, 159-184. https://doi.org/10.1007/s100210000017

Johnson, C. E., Johnson, A. H., & Siccama, T. G. (1991). Whole-tree clear-cutting effects on exchangeable cations and soil acidity. Soil
Science Society of America Journal, 55(2), 502. https://doi.org/10.2136/sssaj1991.03615995005500020035x

Kaiser, K., Guggenberger, G., & Haumaier, L. (2004). Changes in dissolved lignin-derived phenols, neutral sugars, uronic acids,
and amino sugars with depth in forested Haplic Arenosols and Rendzic Leptosols. Biogeochemistry, 70(1), 135-151. https://doi.
0rg/10.1023/B:BI0G.0000049340.77963.18

Kaiser, K., & Kalbitz, K. (2012). Cycling downwards—Dissolved organic matter in soils. Soil Biology and Biochemistry, 52, 29-32. https://
doi.org/10.1016/j.s0ilbio.2012.04.002

Kravchenko, A., Guber, A., Gunina, A., Dippold, M., & Kuzyakov, Y. (2021). Pore-scale view of microbial turnover: Combining 14 C imag-
ing, MCT and zymography after adding soluble carbon to soil pores of specific sizes. European Journal of Soil Science, 72(2), 593-607.
https://doi.org/10.1111/ejss.13001

Lamarque, J.-F., Dentener, F., McConnell, J., Ro, C.-U., Shaw, M., Vet, R., et al. (2013). Multi-model mean nitrogen and sulfur deposition
from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP): Evaluation of historical and projected future
changes. Atmospheric Chemistry and Physics, 13(16), 7997-8018. https://doi.org/10.5194/acp-13-7997-2013

Li, W., & Johnson, C. E. (2016). Relationships among pH, aluminum solubility and aluminum complexation with organic matter in acid
forest soils of the Northeastern United States. Geoderma, 271, 234-242. https://doi.org/10.1016/j.geoderma.2016.02.030

Likens, G. E. (2013). Biogeochemistry of a forested ecosystem (3rd ed.). Springer.

Lloret, J., & Valiela, I. (2016). Unprecedented decrease in deposition of nitrogen oxides over North America: The relative effects of emission
controls and prevailing air-mass trajectories. Biogeochemistry, 129(1-2), 165-180. https://doi.org/10.1007/s10533-016-0225-5

LoRusso, N. A., McHale, M., McHale, P., Montesdeoca, M., Zeng, T., & Driscoll, C. T. (2020). Landscape influence on the browning of a lake
watershed in the Adirondack region of New York, USA. Soil Systems, 4(3), 50. https://doi.org/10.3390/soilsystems4030050

Lovett, G. M., Arthur, M. A., & Crowley, K. F. (2016). Effects of calcium on the rate and extent of litter decomposition in a Northern Hard-
wood Forest. Ecosystems, 19(1), 87-97. https://doi.org/10.1007/s10021-015-9919-0

McKnight, D. M., Boyer, E. W., Westerhoff, P. K., Doran, P. T., Kulbe, T., & Andersen, D. T. (2001). Spectrofluorometric characterization of
dissolved organic matter for indication of precursor organic material and aromaticity. Limnology & Oceanography, 46(1), 38-48. https://
doi.org/10.4319/10.2001.46.1.0038

Mikutta, R., Turner, S., Schippers, A., Gentsch, N., Meyer-Stiive, S., Condron, L. M., et al. (2019). Microbial and abiotic controls on min-
eral-associated organic matter in soil profiles along an ecosystem gradient. Scientific Reports, 9(1), 10294. https://doi.org/10.1038/
$41598-019-46501-4

Miller, M. P., McKnight, D. M., Cory, R. M., Williams, M. W., & Runkel, R. L. (2006). Hyporheic exchange and fulvic acid redox reactions
in an alpine stream/wetland ecosystem, Colorado Front Range. Environmental Science & Technology, 40(19), 5943-5949. https://doi.
0rg/10.1021/es060635j

Monteith, D. T., Stoddard, J. L., Evans, C. D., de Wit, H. A., Forsius, M., Hogésen, T., et al. (2007). Dissolved organic carbon trends resulting
from changes in atmospheric deposition chemistry. Nature, 450(7169), 537-540. https://doi.org/10.1038/nature06316

Murphy, K. R., Stedmon, C. A., Graeber, D., & Bro, R. (2013). Fluorescence spectroscopy and multi-way techniques. PARAFAC. Analytical
Methods, 5(23), 6557. https://doi.org/10.1039/c3ay41160e

Patel, K. F., Myers-Pigg, A., Bond-Lamberty, B., Fansler, S. J., Norris, C. G., McKever, S. A., et al. (2021). Soil carbon dynamics during dry-
ing vs. rewetting: Importance of antecedent moisture conditions. Soil Biology and Biochemistry, 156, 108165. https://doi.org/10.1016/j.
50i1bi0.2021.108165

Persson, H. A. (2012). The high input of soil organic matter from dead tree fine roots into the forest soil. International Journal of Forestry
Research, 2012, 1-9. https://doi.org/10.1155/2012/217402

Peters, S. C., Blum, J. D., Driscoll, C. T., & Likens, G. E. (2004). Dissolution of wollastonite during the experimental manipulation of Hub-
bard Brook Watershed 1. Biogeochemistry, 67(3), 309-329. https://doi.org/10.1023/B:BIOG.0000015787.44175.3f

LORUSSO ET AL.

16 of 17



A7 |
ra\“1%7
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2021JG006352

Possinger, A. R., Bailey, S. W., Inagaki, T. M., Kégel-Knabner, L., Dynes, J. J., Arthur, Z. A., & Lehmann, J. (2020). Organo-mineral inter-
actions and soil carbon mineralizability with variable saturation cycle frequency. Geoderma, 375, 114483. https://doi.org/10.1016/j.
geoderma.2020.114483

Pourpoint, F., Templier, J., Anquetil, C., Vezin, H., Trébosc, J., Trivelli, X., et al. (2017). Probing the aluminum complexation by Siberian
riverine organic matter using solid-state DNP-NMR. Chemical Geology, 452, 1-8. https://doi.org/10.1016/j.chemgeo.2017.02.004

Raymond, P. A., Saiers, J. E., & Sobczak, W. V. (2016). Hydrological and biogeochemical controls on watershed dissolved organic matter
transport: Pulse-shunt concept. Ecology, 97(1), 5-16. https://doi.org/10.1890/14-1684.1

Riedel, T., Zak, D., Biester, H., & Dittmar, T. (2013). Iron traps terrestrially derived dissolved organic matter at redox interfaces. Proceedings
of the National Academy of Sciences, 110(25), 10101-10105. https://doi.org/10.1073/pnas.1221487110

Schmidt, M. W. I, Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, L. A,, et al. (2011). Persistence of soil organic matter as
an ecosystem property. Nature, 478(7367), 49-56. https://doi.org/10.1038/nature10386

Shao, S., Driscoll, C. T., Johnson, C. E., Fahey, T. J., Battles, J. J., & Blum, J. D. (2015). Long-term responses in soil solution and stream-water
chemistry at Hubbard Brook after experimental addition of wollastonite. Environmental Chemistry. https://doi.org/10.1071/EN15113

Shutova, Y., Baker, A., Bridgeman, J., & Henderson, R. K. (2014). Spectroscopic characterisation of dissolved organic matter changes
in drinking water treatment: From PARAFAC analysis to online monitoring wavelengths. Water Research, 54, 159-169. https://doi.
org/10.1016/j.watres.2014.01.053

Solomon, C. T. (2017). Dissolved organic matter causes genetic damage in Lake Zooplankton via oxidative stress. Functional Ecology, 31(4),
806-807. https://doi.org/10.1111/1365-2435.12807

Stetler, J. T., Knoll, L. B., Driscoll, C. T., & Rose, K. C. (2021). Lake browning generates a spatiotemporal mismatch between dissolved
organic carbon and limiting nutrients. Limnology and Oceanography Letters. https://doi.org/10.1002/1012.10194

Thieme, L., Graeber, D., Hofmann, D., Bischoff, S., Schwarz, M. T., Steffen, B., et al. (2019). Dissolved organic matter characteristics of de-
ciduous and coniferous forests with variable management: Different at the source, aligned in the soil. Biogeosciences, 16(7), 1411-1432.
https://doi.org/10.5194/bg-16-1411-2019

Tonitto, C., Goodale, C. L., Weiss, M. S., Frey, S. D., & Ollinger, S. V. (2014). The effect of nitrogen addition on soil organic matter dynamics:
A model analysis of the Harvard Forest Chronic Nitrogen Amendment Study and soil carbon response to anthropogenic N deposition.
Biogeochemistry, 11, 431-454. https://doi.org/10.1007/s10533-013-9887-4

Ukonmaanaho, L., Starr, M., Lindroos, A.-J., & Nieminen, T. M. (2014). Long-term changes in acidity and DOC in throughfall and soil
water in Finnish forests. Environmental Monitoring and Assessment, 186(11), 7733-7752. https://doi.org/10.1007/s10661-014-3963-7

USGCRP. (2018). Impacts, risks, and adaptation in the United States. In D. R. Reidmiller, C. W. Avery, D. R. Easterling, K. E. Kunkel, K. L.
M. Lewis, T. K. Maycock, & B. C. Stewart (Eds.), Fourth national climate assessment, volume II (p. 1515). U.S. Global Change Research
Program. https://doi.org/10.7930/NCA4.2018

Ussiri, D. A. N., & Johnson, C. E. (2003). Characterization of organic matter in a northern hardwood forest soil by 13C NMR spectroscopy
and chemical methods. Geoderma, 111(1-2), 123-149. https://doi.org/10.1016/S0016-7061(02)00257-4

Weishaar, J. L., Aiken, G. R., Bergamaschi, B. A., Fram, M. S., Fujii, R., & Mopper, K. (2003). Evaluation of specific ultraviolet absorbance
as an indicator of the chemical composition and reactivity of dissolved organic carbon. Environmental Science & Technology, 37(20),
4702-4708. https://doi.org/10.1021/es030360x

Werner, C., & Gessler, A. (2011). Diel variations in the carbon isotope composition of respired CO, and associated carbon sources: A review
of dynamics and mechanisms. Biogeosciences, 8(9), 2437-2459. https://doi.org/10.5194/bg-8-2437-2011

Williamson, C. E., Overholt, E. P,, Pilla, R. M., Leach, T. H., Brentrup, J. A., Knoll, L. B., et al. (2016). Ecological consequences of long-term
browning in lakes. Scientific Reports, 5(1). https://doi.org/10.1038/srep18666

Yanai, R. D., Vadeboncoeur, M. A., Hamburg, S. P, Arthur, M. A., Fuss, C. B., Groffman, P. M., et al. (2013). From missing source to
missing sink: Long-term changes in the nitrogen budget of a Northern Hardwood forest. Environmental Science & Technology, 47(20),
11440-11448. https://doi.org/10.1021/es4025723

Zimmer, M. A, Bailey, S. W., McGuire, K. J., & Bullen, T. D. (2013). Fine scale variations of surface water chemistry in an ephemeral to
perennial drainage network. Hydrological Processes, 27(24), 3438-3451. https://doi.org/10.1002/hyp.9449

References From the Supporting Information

Coble, P. G. (1996). Characterization of marine and terrestrial DOM in seawater using excitation-emission matrix spectroscopy. Marine
Chemistry, 51(4), 325-346. https://doi.org/10.1016/0304-4203(95)00062-3

Fellman, J. B., Hood, E., & Spencer, R. G. M. (2010). Fluorescence spectroscopy opens new windows into dissolved organic matter dynam-
ics in freshwater ecosystems: A review. Limnology & Oceanography, 55(6), 2452-2462. https://doi.org/10.4319/10.2010.55.6.2452

Kothawala, D. N., Stedmon, C. A., Miiller, R. A., Weyhenmeyer, G. A., Kéhler, S. J., & Tranvik, L. J. (2014). Controls of dissolved organ-
ic matter quality: Evidence from a large-scale boreal lake survey. Global Change Biology, 20(4), 1101-1114. https://doi.org/10.1111/
gcb.12488

Murphy, K. R., Bro, R., & Stedmon, C. A. (2014). Chemometric analysis of organic matter fluorescence. In P. Coble, J. Lead, A. Baker, D.
M. Reynolds, & R. G. M. Spencer (Eds.), Aquatic organic matter fluorescence (pp. 339-375). Cambridge University Press. https://doi.
org/10.1017/CB09781139045452.016

Santin, C., Yamashita, Y., Otero, X. L., Alvarez, M. A., & Jaffé, R. (2009). Characterizing humic substances from estuarine soils and
sediments by excitation-emission matrix spectroscopy and parallel factor analysis. Biogeochemistry, 96(1-3), 131-147. https://doi.
0rg/10.1007/s10533-009-9349-1

Stedmon, C. A., & Bro, R. (2008). Characterizing dissolved organic matter fluorescence with parallel factor analysis: A tutorial: Fluo-
rescence-PARAFAC analysis of DOM. Limnology and Oceanography: Methods, 6(11), 572-579. https://doi.org/10.4319/1om.2008.6.572

Walker, S. A., Amon, R. M. W,, & Stedmon, C. A. (2013). Variations in high-latitude riverine fluorescent dissolved organic matter: A com-
parison of large Arctic rivers: FDOM in large arctic rivers. Journal of Geophysical Research: Biogeosciences, 118(4), 1689-1702. https://
doi.org/10.1002/2013JG002320

Yamashita, Y., Scinto, L. J., Maie, N., & Jaffé, R. (2010). Dissolved organic matter characteristics across a subtropical wetland’s landscape:
Application of optical properties in the assessment of environmental dynamics. Ecosystems, 13(7), 1006-1019. https://doi.org/10.1007/
510021-010-9370-1

LORUSSO ET AL.

17 of 17



