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Abstract The interception of rainfall by trees
enriches rainwater with tree-derived dissolved organic
matter (tree-DOM), which represents the first terrige-
nous source of DOM during storm events. The tree-
DOM is then exported from the canopy via rainfall that
drips from leaves and branches (throughfall) or is
funneled down the tree trunk (stemflow) to the forest
floor. Here, we evaluate contributions of dissolved
black carbon (DBC) to tree-DOM in fire-managed
longleaf pine woodlands (Pinus palustris). These are
the first quantitative measurements of throughfall and
stemflow DBC for any type of forest or tree species.
The inter-storm variability of tree-DOM concentra-
tions, composition, and optical properties in
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throughfall and stemflow were also examined. Tree-
DOM was enriched in dissolved organic carbon
(DOC) and DBC compared to rainfall, and concen-
trations did not vary with storm size. Therefore,
longleaf and slash pines contain a large repository of
leachable organic matter that was not significantly
diminished, even during large storm events. The
aromaticity of stemflow DOM increased with amount
of rainfall, suggesting bark may need to undergo a
certain degree of saturation for the solubilization of
DBC and other aromatic components. In tree-DOM,
DBC comprised ~ 2% of DOC. A simple mass
balance suggested annual yields of DBC in throughfall
and stemflow (50-350 kg-DBC and 19 kg-
DBC km 2 year ', respectively). Therefore, atmo-
spheric deposition would be enough to sustain a
continual source of tree-derived DBC in longleaf pine
ecosystems regularly maintained by fire.
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Introduction

Vegetation fires burn over 460 Mha of the Earth’s land
surface each year (Randerson et al. 2012), resulting in
the emission of large amounts of CO, to the
atmosphere (van der Werf et al. 2010) and the
production of black carbon (BC) during incomplete
combustion of biomass (Schmidt and Noack 2000).
BC is a heterogeneous mixture of thermally altered
molecules, ranging from slightly charred biomass to
soot particles (Masiello 2004). BC is carbon-enriched
and differs in how it is biogeochemically processed
compared to its unburned precursor material, which
has major implications for local and global carbon
cycles (Wagner et al. 2018). In the current study, we
focus on quantifying the condensed aromatic fraction
of BC formed at higher charring temperatures (from
250 up to ~ 700 °C; Schneider et al. 2010). Con-
densed aromatic BC is refractory and largely retained
in soils (Kuzyakov et al. 2014; Reisser et al. 2016).
However, soil BC does not accumulate indefinitely. A
portion is solubilized and removed from the landscape
in the form of dissolved BC (DBC), serving as a
continual source of fire-derived carbon to inland
waters (Wagner et al. 2018). Hydrological events
enhance the mobilization of DBC in river catchments,
where DBC concentrations have been shown to
increase with increasing discharge (Dittmar et al.
2012; Wagner et al. 2015; Stubbins et al. 2015).
Small streams are traditionally considered the
headwaters of river systems. In forested catchments
however, the chemical composition of rainfall is
altered prior to entering headwaters, when precipita-
tion interacts with trees. Throughfall (rain that passes
through canopy gaps or drips from aboveground
biomass) and stemflow (rain intercepted by the canopy
is funneled to the stem) are enriched in DOM
compared to rainfall (Van Stan and Stubbins 2018).
Therefore, the interception of rainfall by forest
canopies produces the first source of terrigenous
DOM during rainfall events. In forested catchments,
annual tree-DOM yields can equal or exceed riverine
DOM yields (Van Stan et al. 2017; Van Stan and
Stubbins 2018), spotlighting the importance of tree-
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derived DOM (tree-DOM) in terrestrial carbon cycles.
Several factors control the amount and composition of
tree-DOM, including canopy phenology, microbial
activity, and meteorological conditions (Guggen-
berger and Zech 1994; Van Stan et al. 2012; Vorholt
2012). These dynamic factors contribute to the high
degree of inter-storm variability observed for tree-
DOM quality and quantity (Van Stan et al. 2017).
Based upon optical measurements, throughfall and
stemflow, in particular, are enriched in aromatic,
highly colored DOM (Levia et al. 2012; Inamdar et al.
2012; Stubbins et al. 2017). Taken together, the optical
and structural features of throughfall and stemflow
indicate tree-DOM is largely autochthonous, derived
from the tree itself (Van Stan and Stubbins 2018).
However, molecular formulas consistent with con-
densed aromatic DBC, have been identified in the
molecular signatures of tree-DOM (Stubbins et al.
2017), which indicates atmospheric BC deposited to
the canopy and stem could also contribute to tree-
DOM.

In the current study, we evaluate contributions of
DBC to tree-DOM in longleaf pine woodlands man-
aged by frequent (~ 2-year return interval) prescribed
fire. The longleaf pine ecosystem is characterized by a
widely spaced canopy, scant midstory vegetation, and
continuous groundcover dominated by grasses (Kirk-
man and Jack 2017). Frequent fires are necessary to
maintain the structure and function of this open,
savanna-like, and biologically diverse woodland
(Kirkman and Jack 2017). Since only a small portion
of available biomass is exposed to thermal degradation
during prescribed fires, the production of BC under
controlled burn conditions is generally low (Schmidt
and Noack 2000). For example, prescribed burning
resulted in the conversion of 4-6% of fire-affected
biomass to BC in a subtropical scrub oak ecosystem
compared to much larger atmospheric carbon losses,
which averaged 68% of fire-affected biomass (Alexis
et al. 2007). The land-air partitioning of BC during a
specific burn event varies with fire behavior, fuel type,
and environmental conditions (Santin et al. 2016).
However, it is estimated that > 80% of BC produced
during fire remains on-site and < 20% is emitted to the
air as atmospheric BC (Kuhlbusch and Crutzen 1995).
Therefore, we postulated that atmospheric BC would
be a source of tree-derived DBC, particularly in fire-
maintained longleaf pine ecosystems. Here, we exam-
ine the inter-storm variability of tree-DOM
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concentrations, optical properties, and DBC content in
longleaf pine throughfall and stemflow. Data reported
below includes the first quantitative measurements of
throughfall and stemflow DBC for any type of forest or
tree species. Annual yields of tree-DOM and tree-
DBC were estimated from inter-storm trends and
discussed within the context of terrestrial carbon
fluxes typically observed for river catchments.

Methods
Site description

Our study was located at the Jones Center at Ichauway,
a ~ 11,400 ha private preserve and research center in
Baker County, Georgia (31.22N, 84.48W). Climate at
the site is classified as humid subtropical (Peel et al.
2007) with a long growing season (~ 250 days) and
short, mild winters. Mean annual temperature is 19 °C
and mean annual rainfall is 1310 mm, which is evenly
distributed throughout the year. The site is dominated
by mature (80—100-year-old), second-growth longleaf
pine woodland and is generally burned on a 2-year
fire-return interval (i.e. the time between fires in a
defined area). The current fire-return interval for the
majority of the preserve has been in place since 1992.
Prior to that, some areas were often burned annually,
but prescribed fires were inconsistent and longer
periods without fire were likely. The frequent fire at
these sites has resulted in a sparse-to-non-existent
mid-story/shrub layer and near-continuous ground-
cover layer dominated by Aristida stricta var.
beyrichiana Trin. & Rupr. (wiregrass, Poaceae).
Approximately 4500 ha are characterized by native
groundcover, indicating little or no interruption in the
long-term fire regime from land cover alteration since
European settlement. Basal area across longleaf pine
woodlands on Ichauway ranges from 6 to 20 m* ha™",
with sites selected for the current study representing
the higher end of that range. The canopy is dominated
by Pinus palustris Mill. (longleaf pine, Pinaceae),
which accounts for 60 to > 90% of canopy basal area
in most sites. On wetter sites, like our stemflow
sampling site, Pinus elliottii Engelm. (slash pine), a
pine very similar to longleaf in phenology and
morphology, co-occurs with longleaf pine. The pines
shed pollen in February through April (Boyer 1972)
and though they are never leafless, they do shed

needles from the previous year, primarily from May to
November (Sheffield et al. 2003).

Sample collection

Throughfall samples were collected between February
and June 2016 during ten discrete rain events ranging
in size from 0.6 to 86 mm of bulk precipitation.
Samples were collected at fifteen points in an annually
burned stand of longleaf pine, stratified across areas
with low, medium, and high canopy cover (n = 5 for
each cover class). Low, medium, and high canopy
cover classes were characterized structurally as
canopy gaps, a single layer of canopy branches, and
multiple layers of canopy branches, respectively. To
quantify canopy cover, the canopy leaf area index was
estimated for each cover class using a LI-COR Inc. LI-
2200 Plant Canopy Analyzer. Leaf area indices
(mean £ 1 SD) within a ~ 10 m radius of the
sampling points were determined to be 0.59 + 0.28,
1.04 £ 0.19, and 1.4 £ 0.19 for low, medium, and
high cover classes, respectively. Bulk precipitation
(rainfall) samples (n = 3) were collected from an open
field adjacent to the throughfall monitoring site.
Stemflow was collected from 18 pines (12 longleaf
pines, 6 slash pines) at three sites during 10 discrete
rain events ranging in size from 0.4 to 109 mm of bulk
precipitation. Two stemflow sites were directly burned
every 2 years and the other site, though unburned, was
embedded within a larger matrix of longleaf pine
woodlands burned biennially. Trees ranged in size
from 14.4 to 34.4 cm diameter at breast height.
Stemflow was captured and collected by coiling
longitudinally-split 3.81 cm (inner diameter) polyvi-
nyl chloride hose completely around target trees,
attaching the hose with nails, and sealing the hose to
the tree with silicone caulk. The hose drained into
sealed 18.9 L (5 gallon) buckets.

Throughfall and bulk rainfall samples were col-
lected in 0.18 m?* high-density polyethylene (HDPE)
rectangular bins. Stemflow buckets were also HDPE.
Prior to deploying sample collectors before an
expected rain event, all bins and buckets were rinsed
with deionized (DI) water filtered to 20 MQ, washed
with DI water acidified to a pH of 2 and soaked
overnight, and then triple rinsed with filtered DI water
and allowed to air-dry upside-down to prevent
contamination. Stemflow collection hoses were per-
manently attached to trees, thus they were not acid-
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washed or rinsed in between rain events. Nalgene
bottles (1 L) were used to collect subsamples of
throughfall and stemflow after a rain event and were
washed and rinsed in the same manner as the bins and
dried in a drying oven covered with pre-ashed foil.
Samples were collected within 12—-16 h following a
rain event. During subsample collection in the field,
bottles were rinsed with sample at least once,
depending on sample volume. Field blanks and lab
blanks were collected to assess possible contamination
of DOM from collection process or from HDPE
containers themselves.

After collection, samples were immediately stored
at 3 °C. Within 24 h of collection, samples were
filtered using a vacuum flask and pump with ashed
glass fiber filters (0.7 um porosity). Lab blanks were
similarly processed to assess possible contamination.
All glassware used to process samples were rinsed,
washed, and dried in the same manner described
above. Samples were again stored at 3 °C and
subsequently shipped on ice, overnight for further
analysis.

Dissolved organic carbon concentrations

Concentrations of DOM were quantified as dissolved
organic carbon (DOC). Filtered samples were acidi-
fied to pH 2 using HCI, then DOC was measured as
nonpurgable organic carbon using a Shimadzu TOC-V
CPH analyzer equipped with an ASI-V autosampler.
Sample DOC was quantified using a calibration curve
made with a potassium hydrogen phthalate stock
solution. Measurement accuracy and reproducibility
was assessed by analyzing deep seawater and low
carbon water reference materials obtained from the
Consensus Reference Material (CRM) project (https://
hansell-lab.rsmas.miami.edu/consensus-reference-
material/index.html). Analyses of CRM were within
5% of reported values. This configuration has a DOC
detection limit of 0.034 & 0.004 mg C L™' with
standard errors for DOC concentration being
1.7 & 0.5% (Stubbins and Dittmar 2012). Procedural
blanks exhibited DOC concentrations that were
0.3 mg C L_l, on average. Thus, carbon contamina-
tion from sample collection and processing was
negligible.
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Optical measurements

Absorbance spectra were collected (200-800 nm)
using a Horiba Aqualog-UV-800-C spectrophotome-
ter and a quartz cuvette with a 1 cm path length.
Sample spectra were blank corrected using spectra
collected from ultrapure water (MilliQ, Millipore). If
sample optical density at 250 nm exceeded a value of
2 (dimensionless), the sample was diluted with
ultrapure water and reanalyzed. Optical density at
254 nm was converted to Naperian absorbance coef-
ficients (a254; mfl; Hu et al. 2002) and used to
quantify chromophoric DOM (CDOM) signals. For
each sample, the decadic absorption coefficient at
254 nm (m~") was divided by its DOC concentration
(mg-C L") to determine the specific UV absorbance
at 254 nm (SUVAjs4; L mg—C_1 m_l), a metric of
relative DOM aromaticity (Weishaar et al. 2003).

Solid phase extraction of dissolved organic matter

DOM was isolated from samples via solid phase
extraction (SPE; Varian Bond Elut PPL cartridges,
1 g, 6 mL; Dittmar et al. 2008) prior to DBC analysis.
Briefly, SPE cartridges were conditioned with metha-
nol, ultrapure water, and acidified water. Filtered and
acidified samples were passed through the SPE
cartridges by gravity. Isolated DOM was then eluted
from the SPE cartridges with methanol and stored at
— 20 °C until DBC analysis.

Dissolved black carbon analysis

Sample DBC was quantified on a subset of samples
using the benzenepolycarboxylic acid (BPCA)
method, which chemically degrades condensed aro-
matic compounds into benzenehexacarboxylic acid
(B6CA) and benzenepentacarboxylic acid (BSCA)
molecular markers (Dittmar 2008). The BPCA method
has been cited as a robust approach for measuring
condensed aromatics in environmental matrices, par-
ticularly DOM (Hammes et al. 2007; Roth et al. 2012).
BPCAs were oxidized and quantified following pre-
viously described methods (Dittmar 2008; Wagner
et al. 2017). Briefly, aliquots of SPE-isolated DOM
(~ 0.5 mg-C equivalents) were transferred to 2 mL
glass ampules and dried under a stream of argon until
complete evaporation of methanol. Concentrated
HNO; (0.5 mL) was added to each ampule, then
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ampules were flame-sealed and heated to 160 °C for
6 h. After oxidation, ampules were opened and HNOj;
was dried at 60 °C under a stream of argon. The
BPCA-containing residue was redissolved in dilute
H;PO, for subsequent analysis by high performance
liquid chromatography (HPLC). Quantification of
BPCAs was performed using a Shimadzu HPLC
system equipped with an autosampler, pump, and
UV absorbance detector. B6CA and B5CA were
separated on an Agilent Poroshell 120 phenyl-hexyl
column (4.6 x 150 mm, 2.7 pm) using an aqueous
gradient of H;PO4 (0.6 M; pH 1) and sodium phos-
phate (20 mM; pH 6) buffers (Wagner et al. 2017).
BPCAs were quantified using calibration curves for
commercially available B6CA and B5CA (Tokyo
Chemical Industry; Tokyo, Japan) using a 5 mM
BPCA-C stock solution. The average coefficients of
variation for replicate measurements of B6CA and
B5CA were < 5%. Sample DBC concentrations were
calculated using the established power relationship
between DBC (uM-C) and the sum of B6CA and
B5SCA (nM-BPCA) in the following equation
(n =352, R=998, p <0.0001; Stubbins et al.
2015):  DBC = 0.0891 x (B6CA + B5CA)*°'7>.
DBC concentrations calculated using this equation
are directly comparable to those measured in previous
studies (Dittmar et al. 2012; Jaffé et al. 2013; Wagner
et al. 2018). Here, DBC refers to the concentration of
condensed aromatic carbon ascribed to a pyrogenic
source.

Results
Rainfall partitioning

Rainfall partitioning of longleaf pine trees was calcu-
lated as the percentage of total rainfall that transits the
canopy (throughfall) or is funneled to and down the
tree trunk (stemflow). Recovered sample volumes for
throughfall and stemflow were linearly correlated with
rainfall (p < 0.0001; Fig. 1). The proportion of rain-
fall recovered as throughfall was 94%, 91%, and 86%
in areas of low, medium, and high canopy cover,
respectively (Fig. 1). Only 0.75% of rainfall was
recovered as stemflow (Fig. 1) which typically corre-
sponded to < 10 L of stemflow volume per tree per
storm event. However, stemflow volumes exceeding
15 L were observed for some trees during the largest
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Fig.1 Rainfall partitioning for throughfall in areas of low (light
green triangles), medium (green circles), and high (dark green
diamonds) canopy cover and stemflow (brown circles). Inter-
cepts were not statistically different from zero, therefore
regression lines were forced through the origin. Slopes and
standard errors for throughfall in areas of low (dotted line),
medium (dashed line), and high (solid line) canopy cover were
0.94 £ 0.01, 0.91 £ 0.01, and 0.86 £ 0.01, respectively. The
slope and standard error for stemflow (dash dot line) was
0.0075 £ 0.0004. (Color figure online)

captured storm event. Here, we normalized stemflow
to canopy area so calculated stemflow volumes (mm)
could be directly compared to rainfall and other
hydrological fluxes (water yields) at regional scale
(Friesen et al. 2015).

Tree-DOM concentrations

Throughfall and stemflow were significantly enriched
in DOC, DBC, and CDOM compared to rainfall
(Fig. 2a—c). DOC concentrations were lowest in
rainfall (2.5 2.5 mg-C L"), and significantly
increased in throughfall with degree of canopy cover
(low canopy cover, 5.5 & 4.3 mg-C L™'; high canopy
cover, 16 £+ 9.3 mg-C L Fig. 2a). Stemflow was
significantly enriched in DOC compared to throughfall
(Fig. 2a) and yielded the highest DOC sample overall
(200 mg-C L™Y). Throughfall DBC concentrations
were lowest in areas of low canopy cover
(0.085 £ 0.075 mg-C L_l) and highest in areas of
high canopy cover (0.39 + 0.19 mg-C L") and sig-
nificantly  enriched  compared to  rainfall
(0.024 £ 0.019 mg-C L™'; Fig. 2b). Compared to
both rainfall and throughfall, stemflow was

@ Springer



196 Biogeochemistry (2019) 146:191-207
1000 10 10000
(a) (b) e (c)
e e
100 1 d 1000
= d = b
| b ¢ - = c
Q Q £ s
(o] a (2} St b
£ 10 g 01 a 3 100
Q %) ?‘B
(@) ] H
o o a
1 0.01 10
0.1 0.001 1

Fig. 2 Box plots show the maximum value, minimum value,
median value, and interquartile range for dissolved organic
carbon (DOC), dissolved black carbon (DBC), and chro-
mophoric dissolved organic matter (Napierian absorption
coefficient at 254 nm; a254) for all collected rainfall,

significantly enriched in DBC (2.3 + 1.2 mg-C L™
and yielded the highest DBC sample overall (5.5 mg-
C L™'; Fig. 2b). CDOM was significantly enriched in
throughfall (low canopy cover, 19 £+ 14 m_l; high
canopy cover, 71 + 38 m™') compared to rainfall
(5 + 7 m™'; Fig. 2¢). Stemflow yielded the highest
CDOM on average (507 £+ 379 m_l), and the highest
CDOM measurement overall (1720 m™"; Fig. 2c).

Tree-DOM composition

SUVA,s, is strongly correlated with the aromatic
content of DOM (Weishaar et al. 2003). Mean
SUVA,s4 values in throughfall and stemflow were
significantly higher than in rainfall (1.2 + 0.7 L mg-
C~' m™'; Fig. 3a). Stemflow had significantly higher
SUVA,s, (2.8 £ 1.0 L mg-C™' m™") than through-
fall, which varied with degree of canopy cover (low
canopy cover, 1.7+ 0.7L mg-C'm™'; high
canopy cover, 2.2 + 0.8 L mg-C~' m™'; Fig. 3a).
The DBC:DOC ratio is used to describe the contribu-
tion of DBC to bulk DOC and varies across diverse
aquatic environments (Wagner et al. 2018). Mean
ratios of DBC:DOC were significantly higher in both
high cover throughfall (2.4 £ 0.6%) and stemflow
(3.0 £ 0.8%) compared to rainfall (1.6 & 1.1%;

@ Springer

throughfall, and stemflow samples. Outliers are not shown.
Boxes with different letters indicate significant differences
among sample types (Mann—Whitney test for nonparametric
distributions; p < 0.05)

Fig. 3b). The ratios of individually quantified BPCAs
(B6CA:B5CA) describe the degree of condensed
aromaticity of the measured DBC pool (Abiven et al.
2011) and have been used to infer how DBC is
mobilized in river catchments (Stubbins et al. 2015;
Wagner et al. 2015). Mean B6CA:B5CA values for
rainfall (0.30 £ 0.05) were lower than for throughfall
(low cover, 0.33 &+ 0.05; high cover, 0.41 & 0.05)
and stemflow (0.43 £ 0.06; Fig. 3c).

Effect of storm size on tree-DOM

Throughfall data were plotted as individual points to
show how tree-DOM varied with storm size (Fig. 4a—
¢). Throughfall data were then pooled (low, medium,
and high canopy cover) and binned according to
amount of rainfall (< 10, 10-20, 2040, > 40 mm) to
statistically determine how DOM concentrations var-
ied with storm size (Figs. 4a—c, Sla—c). Throughfall
DOC concentrations were significantly higher, on
average, during small storm events (< 10 mm rainfall;
Figs. 4a, Sla). However, there was no difference in
throughfall DOC concentration among larger storms
(> 10 mm rainfall; Figs. 4a, S1a). While there was
some variation in throughfall DBC with storm size, no
overall trend was observed (Fig. 4b, S1b). Similarly,
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Fig. 3 Box plots show the maximum value, minimum value,
median value, and interquartile range for carbon-normalized
absorbance at 254 nm (SUVA,s4), the ratio of dissolved black
carbon to dissolved organic carbon (DBC:DOC), and BPCA

throughfall CDOM did not vary significantly with
amount of rainfall (Figs. 4c, Slc). Stemflow data were
plotted as individual points (Fig. 4d—f) and also
binned by amount of rainfall (< 10, 10-20, 20-50,
> 50 mm) to assess variability in DOM concentra-
tions versus storm size (Fig. S1d—f). Due to study site
access and/or volume limitations, not all throughfall
and stemflow samples were captured simultaneously
during the same storm events (see Table S1 for
individual sample details). Therefore, throughfall and
stemflow data were binned according to storm size
based upon the distribution of data collected for each
parameter. Storm size had no effect on stemflow DOC
concentrations (Figs. 4d, S1d). Stemflow DBC and
CDOM varied widely among individual pines per
storm event and the amount of rainfall had no apparent
effect overall on their concentrations (Figs. 4e, f, Sle,
f). Qualitative DOM characteristics (SUVA,sy,
DBC:DOC, B6CA:B5CA) for throughfall did not
vary significantly with storm size (Figs. 5a—c, S2a—c).
However, stemflow became enriched in CDOM and
DBC relative to bulk DOC with increased rainfall
amounts (Figs. 5d, e, S2d, e). More highly condensed
aromatic compounds were also mobilized during
heavier rain events, as evidenced by the significant
increase in stemflow B6CA:B5SCA for storms
> 50 mm (Figs. 5f, S2f).

ratio (B6CA:B5CA) for all collected rainfall, throughfall, and
stemflow samples. Outliers are not shown. Boxes with different
letters indicate significant differences in mean values among
sample types (Student’s t-test; p < 0.05)

Per storm and annual yields of tree-derived DOC
and DBC

Tree-derived DOC and DBC yields were calculated as
the concentration of DOC or DBC (mg-C LY
multiplied by sample volume (L) divided by container
area (for throughfall; 0.18 m?) or mean canopy area
(for stemflow; 12 m?). Given the relative consistency
of their concentrations in throughfall and stemflow,
DOC and DBC yields increased linearly with increas-
ing amounts of rainfall, despite high variability among
trees (Fig. 6a, b). Stemflow DOC and DBC yields
were roughly an order of magnitude less than
throughfall yields (Fig. 6c—d). Low sample volumes
(i.e. typically < 1% of rainfall; Fig. 1) and normal-
ization to canopy area both contribute to low yields
observed for stemflow, which initially seemed to
contradict extremely high DOC and DBC concentra-
tions (Fig. 2a, b).

Linear relationships between rainfall (mm) and
carbon yields were used to estimate total annual yields
for DOC and DBC (kg-C km ™ year ') using local
rainfall data from Ichawaynochaway Creek (GA,
USA; USGS #02355350; years 2009-2011 and
2014-2016). Linear relationships were forced through
zero, as intercepts were insignificantly different from
zero (i.e. at zero rainfall, there was zero throughfall or
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Fig. 4 Concentrations of dissolved organic carbon (DOC),
dissolved black carbon (DBC), and chromophoric dissolved
organic matter (Napierian absorption coefficient at 254 nm;
a254) versus rainfall in throughfall (low canopy cover, light

stemflow). The slopes of the regressions (Fig. 6a—d)
were used to generate annual yields of tree-derived
DOC and DBC. Throughfall (under low and high
cover) and stemflow yields were calculated per event,
summed for each year, then yearly yields averaged to
obtain annual fluxes. Errors associated with interan-
nual rainfall variability were greater than regression-
derived errors, and are included with the following
flux estimates. Annual fluxes for throughfall were
calculated using regressions for samples collected
under low and high canopy cover, respectively (4 + 1
to 13 4+ 3 mg-DOC km? year ' and 50 + 12 to
350 + 80 kg-DBC km? year '). Annual fluxes for
stemflow were roughly an order of magnitude less than
for throughfall, totaling 0.6 + 0.1 mg-DOC km*
year ' and 19 + 4 kg-DBC km? year™".
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Rainfall (mm)

Rainfall (mm)

green triangles; medium canopy cover; green circles; high
canopy cover; dark green diamonds) and stemflow (brown
circles). (Color figure online)

Discussion

Factors controlling bulk tree-DOM mobility
and export

The interception and diversion of rainfall by tree
canopies is controlled by a variety of environmental
factors and forest characteristics including, leaf area,
storage capacity, and meteorological conditions
(Crockford and Richardson 2000). The observed
partitioning of rainfall volume (Fig. 1) is consistent
with those previously determined for throughfall and
stemflow in a managed longleaf pine plantation (80%
and 2%, respectively; Bryant et al. 2005) and falls
within the range of rainfall partitioning values
reported for a variety of forest types (throughfall,
60-90%; stemflow, 0.1-22%; Johnson and Lehmann
2006; Levia et al. 2011). Throughfall and stemflow
recoveries indicate < 14% of rainfall is intercepted by
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Fig. 5 Carbon-normalized absorbance at 254 nm (SUVA,s,),
the ratio of dissolved black carbon to dissolved organic carbon
(DBC:DOC), and BPCA ratio (B6CA:B5CA) versus rainfall in

longleaf and slash pines and stemflow represents a
small hydrological flux for these woodland ecosys-
tems. Stemflow DOC concentrations (73 + 42 mg-
C L™'; Fig. 2a) generally exceeded those reported for
other subtropical forest types (~ 24 mg-C L™'; Van
Stan and Stubbins 2018), spotlighting an important
pathway for the delivery of tree-DOM to the basal area
of longleaf and slash pines. Enrichments in throughfall
DOM with increasing canopy cover (Fig. 2a—c) were
likely due to the increased opportunity for rainfall to
interact with long, needle-like leaves in areas of
greater canopy cover. Low rainfall interception and
rapid rinsing of DOM from coniferous canopies has
been shown to result in high throughfall DOC
concentrations in other subtropical pine forests (Bhat
et al. 2011). Correspondingly, throughfall DOC con-
centrations observed here (Fig. 2a) are generally
higher than those previously reported for subtropical
forest types (~ 8 mg-C L™'; Van Stan and Stubbins
2018).

50

Rainfall (mm)

0 75 100
Ralnfall (mm)

75 100 125 125

throughfall (low canopy cover, light green triangles; medium
canopy cover; green circles; high canopy cover; dark green
diamonds) and stemflow (brown circles). (Color figure online)

Annual throughfall and stemflow DOC yields are
within the range of those previously determined for a
variety of tree species (Van Stan and Stubbins 2018),
including DOC yields observed for other subtropical
tree species (0.8-46 mg-DOC km?® year'; Van Stan
et al. 2017). Several biotic and abiotic factors influ-
ence the magnitude of tree-DOM yields. At the
microscale, the texture of bark surfaces control flow
paths of intercepted rainwater though the tree “catch-
ment” and physico-chemical properties control the
amount of DOM rinsed and leached from the tree
(Guggenberger and Zech 1994; Van Stan et al. 2016).
Local microbial communities participate in the degra-
dation, uptake, and excretion of organic compounds
(Vorholt 2012), which contribute to DOM in through-
fall and stemflow. Tree phenology (e.g., leaf-on versus
leaf-off in deciduous forests) can have a large impact
on the seasonality of tree-DOM quality and quantity
(Van Stan et al. 2012). Concentrations of throughfall
and stemflow DOC remained relatively constant
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Fig. 6 Per storm event yields of dissolved organic carbon
(DOC) and dissolved black carbon (DBC) versus rainfall in
throughfall (low canopy cover, light green triangles; medium
canopy cover; green circles; high canopy cover; dark green
diamonds) and stemflow (brown circles). Intercepts were not
statistically different from zero, therefore regression lines were
forced through the origin. Linear relationships were significant
(p < 0.0001) and used to extrapolate annual yields for tree-
derived DBC and DOC. Slopes and standard errors for
throughfall DOC yields in areas of low, medium, and high

despite varying amounts of rainfall (Fig. 4a, d). As
longleaf and slash pines retain needles year-round
(Sheffield et al. 2003), phenologically driven differ-
ences in tree-DOM concentrations and quality are
likely to be minimal compared to deciduous trees. The
current study captured storms from February to July
and included pollen shed (Boyer 1972), however
pollen-driven variations in tree-DOM were not
observed here. Additional sampling is needed to fully
assess year-round, seasonally driven tree-DOM vari-
ations. However, storm size (rainfall depth) was
shown to be the primary modulator of tree-DOM
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canopy cover were 3.4 = 0.2,5.7 & 0.8, and 10.7 £ 0.8 mg-C

m~2 mm~!, respectively. The slope and standard error for

stemflow DOC yields was 0.49 + 0.03 mg-C m™> mm™'.
Slopes and standard errors for throughfall DBC yields in areas
of low (dotted line), medium (dashed line), and high (solid line)
canopy cover were 0.043 £ 0.004, 0.095 £ 0.018, and
0.300 £ 0.035 mg-C m~> mm~’, respectively. The slope and
standard error for stemflow DBC yields (dash dot line) was
0.016 £ 0.001 mg-C m~2 mm™~". (Color figure online)

yields in longleaf pine woodlands (Fig. 6a—d). Since
rainfall at the study site is evenly distributed through-
out the year, and storm events captured in the current
study span the range of storm event sizes typically
observed for this area, then we would expect annual
tree-DOM yields estimated for longleaf pine wood-
lands to remain within the range of what is reported
here, even if additional storms were included.
Previous research examining variations in through-
fall and stemflow DOC as a function of rainfall amount
is limited to one study, in which DOC concentrations
typically decreased exponentially with increasing
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storm size until a consistent concentration was reached
for large storm events (Van Stan et al. 2017). The only
exception was for epiphyte-covered live oak trees,
where stemflow DOC concentrations increased lin-
early with storm size (Van Stan et al. 2017). Decreases
in DOC concentration with increasing rainfall
amounts were not observed for throughfall or stem-
flow in longleaf pine woodlands (Fig. 4a, d). Expo-
nential decreases in throughfall and stemflow DOC
with increasing storm size has been interpreted as trees
containing a finite amount of leachable organic
material that is depleted during a large storm event
(Van Stan et al. 2017). However, the consistently high
tree-DOM concentrations in throughfall and stemflow
across a range of storm sizes observed here indicates
longleaf pines contain a large repository of leachable
organic matter that is not significantly diminished,
even during storm events exceeding 80 mm of rainfall
(Fig. 4a—f). This suggests that the hydrology and
DOM biogeochemistry of longleaf pines and epiphyte-
covered live oaks are similarly complex (Van Stan
etal. 2017), behaving more like small river catchments
containing a diversity of carbon stores and hydrolog-
ical flow paths where increased water fluxes result in
elevated amounts of DOM (Raymond and Saiers 2010;
Yoon and Raymond 2012).

Aromatic quality of tree-DOM

SUVA;s4 values observed for throughfall and stem-
flow (1.7-2.8 mg-C~' m™'; Fig. 3a) fall within the
range of mean SUVA,s, values reported for U.S.
rivers (1.3-4.6 mg-CfI mfl; Spencer et al. 2012),
indicating longleaf pine tree-DOM is similarly
enriched in aromatic carbon. Tree-DOM is comprised
of a diverse population of molecular formulas consis-
tent with vascular plant-derived organics (Stubbins
et al. 2017). Lignin, a major structural component of
vascular plants, and its degradation products are
suggested to be one of the major aromatic components
of tree-DOM (Guggenberger and Zech 1994). The
degradation products of lignin can be enriched in bark-
derived DOM (Guggenberger et al. 1994), providing
one explanation for higher SUVA,s,4 values observed
in stemflow than throughfall (Fig. 3a). Throughfall
and stemflow SUV A5, for longleaf pines were within
the range of DOM leached from fresh vegetation (Van
Stan et al. 2015; Wickland et al. 2007) and values
reported previously for other forest types (Stubbins

et al. 2017; Van Stan et al. 2017; Hernes et al. 2017;
Inamdar et al. 2012). However, the wide range of
SUVA,s,4 values for throughfall and stemflow
(Fig. 3a) suggests hydrological flow paths for rainwa-
ter and how it interacts with canopy architecture and
other tree surfaces is not consistent among storm
events, and is supported by previous high-resolution
spatiotemporal water isotope monitoring work (Hsueh
et al. 2016).

The SUVA,s4 of throughfall DOM did not vary
significantly with amount of rainfall (Fig. 5a, S2a),
suggesting sources and flow paths of DOM in longleaf
pine canopies are similar among different storm
events. However, stemflow SUVA,s, increased sig-
nificantly with storm size (Fig. 5d, S2d), indicating
different physico-chemical processes govern the dis-
solution and mobility of tree-DOM in stemflow. This
enrichment in CDOM relative to bulk DOC is
inconsistent with trends previously observed for
subtropical oak and cedar species, in which SUVA;s4
remained constant with increasing rainfall amounts
(Van Stan et al. 2017). The dimensions, canopy
structure, and bark texture of longleaf pine trees are
quite different than oak and cedar, therefore we would
expect relationships between DOM composition and
rainfall amounts for each of these tree “catchments” to
also differ. Higher stemflow SUV A,s4 with increased
storm size (Fig. 5d) indicate longleaf pine surfaces
may need to undergo a certain degree of saturation by
rainfall for the solubilization of aromatic DOM
components. Longleaf pine bark is thick and scaly,
and increased contributions of CDOM to DOC during
large rain events suggests it takes a significant amount
of rain (> 75 mm) to sufficiently wet the trunk and
rinse or leach tree-derived aromatic compounds
(Fig. 5d—f). Therefore, we suggest that the composi-
tion of tree-DOM, particularly in stemflow, is primar-
ily driven by meteorological conditions and storm
intensity in longleaf pine woodlands. Similar relation-
ships are observed between SUVA,s,4 and discharge in
rivers, where these trends have been interpreted as
indicating the enhanced mobilization of highly col-
ored DOM from organic-rich surface soils that become
saturated during periods of high flow (Schuster et al.
2008; Sanderman et al. 2009).
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Sources of black carbon in tree-DOM

Higher DBC:DOC ratios in throughfall and stemflow
compared to rainfall indicates dissolution and rinsing
of charred organic material from tree surfaces
(Fig. 3b). One might expect throughfall and stemflow
DBC to be derived from charred areas of the tree itself.
However, prescribed fires are low-intensity and near-
ground (Certini 2005), unlike high-intensity fires
which consume more biomass and can result in crown
scorching (Van Wagner 1977). The charring of
longleaf pine canopies was not observed, and direct
charring of bark surfaces was restricted to low areas of
the trunk. To facilitate sample collection, stemflow
was diverted near breast-height, above much of the
highly charred portion of the trunk. Therefore, we
assume the majority of DBC measured in tree-DOM to
be primarily derived from atmospheric deposition of
thermally altered organics to the canopy and stem,
rather than from the leaching of charred tree surfaces.
Fine BC particles (< 2 pm) have long atmospheric
lifetimes and can be deposited in regions far from the
immediate burn area (Bond et al. 2004; Jurado et al.
2008). Coarse BC particles (> 150 pm) can become
airborne, but do not travel far and are generally
deposited to the immediate burn area (Oris et al. 2014).
Coniferous trees efficiently remove atmospheric par-
ticulates (Yang et al. 2015) and BC aerosols have been
shown to stick to tree needles (Yamane et al. 2012). A
recent study also shows urban trees to be sinks for
atmospheric soot, where the majority of BC captured
accumulates on leaf surfaces (Rindy et al. 2019).
Therefore, we would expect the needled canopies and
roughed bark trunks characteristic of longleaf and
slash pine trees to be effective filters of atmospheric
particulates generated during regular prescribed burn-
ing. Aerosolized BC retained on the trunk and canopy
would then be a source of tree-derived DBC upon
interaction with rainwater during a storm event. The
molecular components of tree-DOM are derived not
only autochthonously from the tree itself, but also
from allochthonous organics atmospherically depos-
ited to leaf and bark surfaces (Guggenberger and Zech
1994). The identification of condensed aromatic
molecular formulas in DOM sampled from unburned
tree stands provides further evidence for contributions
of atmospherically derived DBC to throughfall and
stemflow (Stubbins et al. 2017).
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If we assume the hydrology and biogeochemistry of
trees are analogous to small river catchments, partic-
ularly those located in areas where prescribed burning
is frequent, then we would also expect the accumu-
lation of atmospherically deposited BC to serve as a
continual source of DBC to throughfall and stemflow,
consistent with observations for fire-affected water-
sheds (Dittmar et al. 2012; Wagner et al. 2015). The
proportion of DBC in DOC and BPCA ratios may also
be indicators of post-depositional biogeochemical
processes that would enhance contributions of DBC
to tree-DOM. Ratios of DBC:DOC and B6CA:B5CA
are lower in rainfall than in throughfall and stemflow
(Fig. 3a, b). Depletions in DBC and B6CA in rainfall
is consistent with signatures of solubilized pyrogenic
aerosols (Ding et al. 2015) having undergone some
degree of photodegradation during atmospheric transit
(Khan et al. 2017). Exposure to sunlight and other
oxidative conditions have been shown to enhance the
dissolution of charcoal and soot in water (Decesari
et al. 2002; Roebuck et al. 2017). Similarly, the aging
and oxidation of charcoal in soils has been shown to
increase the proportion and degree of condensed
aromaticity of leached DBC (Abiven et al. 2011;
Wagner et al. 2017). Therefore, the photo-oxidation
and/or aging of BC atmospherically deposited to tree
surfaces may promote the solubilization of B6CA-
enriched DBC observed in throughfall and stemflow
(Fig. 3b, c¢). While ratios of DBC:DOC and
B6CA:B5CA for throughfall did not vary with storm
size (Fig. S5a—c), stemflow became enriched in DBC
and B6CA with increased amounts of rainfall (Fig. 5d,
e). The importance of tree hydrology in the mobiliza-
tion of highly condensed aromatic compounds in
stemflow was further evidenced by the significant
increase in B6CA:B5SCA for large storm events
(> 50 mm; Fig. 5f, S2f). Similar enrichments in
DBC and B6CA are observed during periods of high
discharge and overland flow in river catchments
(Stubbins et al. 2015; Wagner et al. 2015).

Contributions of throughfall and stemflow DBC
to local pyrogenic carbon cycles

Frequent burning of managed longleaf pine woodlands
is utilized to maintain the health and biodiversity of
the ecosystem (Mitchell et al. 2014). The amount of
charcoal produced during prescribed burning is small
compared to atmospheric carbon losses (Alexis et al.
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2007; Starr et al. 2015; Fig. 7), but results in frequent
“pulses” of BC to soils where it accumulates to
represent 5 to 7% of bulk soil organic carbon in
longleaf pine woodlands (Butnor et al. 2017; Fig. 7).
The atmospheric deposition of BC to terrestrial
environments (Wozniak et al. 2011) is roughly an
order of magnitude higher than to oceanic surface
waters (Jurado et al. 2008). In areas of active fire, BC
emissions to the atmosphere are expected to be
elevated compared to globally averaged deposition
to terrestrial environments, although these data remain
poorly constrained (Santin et al. 2016). Based upon
estimates for temperate watersheds, annual deposition
of atmospheric BC (Wozniak et al. 2011) was on the
same order of magnitude as the removal of DBC via
throughfall and stemflow (Fig. 7). As pine woodland
sites are frequently burned, it is likely that BC
deposition to our study site is further elevated due to
the generation of an additional aerosol BC load during
prescribed burns. Therefore, we suggest that the
atmospheric deposition of charred material from
regional and local combustion processes would be
enough to sustain a continual source of tree-derived
DBC in longleaf pine ecosystems regularly main-
tained by fire. Annual throughfall plus stemflow DOC
and DBC yields were small in comparison to above-
ground net primary production (150-500 mg-
C km ™2 year™'; Mitchell et al. 1999), but within the
range of net ecosystem exchange in longleaf pine

Fig. 7 Stocks and annual
fluxes of carbon in longleaf
pine woodlands (flux units
are km 2 year 1; stock units
are km~2). Throughfall and
stemflow were determined
in this study. Terrestrial
atmospheric deposition rates
from Wozniak et al. (2011).
Soil carbon stocks from
Butnor et al. (2017).
Amount of CO, produced
during burning from Starr
et al. (2015). Biomass
burned and amount
converted to charcoal were
estimated from Alexis et al.
(2007)

Stemflow

0.6 Mg-DOC
19 kg-DBC

Soil carbon stocks

4,400 - 9,800 Mg-OC km-
220 — 670 Mg-BC km-2

woodlands, which range from being carbon neutral
(6 + 33 mg-C km 2 year™ ") to a moderate net sink
of carbon (— 160 + 25 mg-C km ™2 year™'; Starr
et al. 2015). Carbon stocks and annual carbon fluxes,
including throughfall and stemflow DOC and DBC,
for longleaf pine woodlands are summarized in Fig. 7.
The aerial extent of longleaf pine woodlands is
17,400 km? (MclIntyre et al. 2018). About 6000 km?
of this total woodland area is mature and frequently
burned (Mclntyre et al. 2018), like the study site we
describe here. Thus, annual tree-DOM yields esti-
mated here are relevant to over one third of the
remaining longleaf pine woodlands in the southeastern
United States.

Tree-DOM within the context of river catchments

If a catchment is entirely forested by longleaf pine,
annual throughfall plus stemflow DOC yields could be
sufficient to account for DOC yields typical of major
global rivers (0.4-9 mg-DOC km ™ year™'; Raymond
and Spencer 2015). Given low carbon yields, it is
unlikely that throughfall and stemflow would signif-
icantly contribute to DOM in inland waters during
small storm events (Fig. 6a—d). However, carbon
yields increase during large storm events, when runoff
could also provide a pathway for the rapid delivery of
fresh, minimally degraded tree-DOM to inland waters.
Annual yields of throughfall plus stemflow DBC in

Atmospheric deposition

~2 Mg-OC

230 — 470 kg-BC

Throughfall

4 - 13 Mg-DOC
50 — 350 kg-DBC

Charcoal
production

~16 Mg-BC

o r—

1 Mg =10%kg
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fire-managed longleaf pine woodlands are similar to
those of the Paraiba do Sul, a Brazilian river which
drains a landscape cleared by intense slash-and-burn
(50 kg-DBC km ™2 year™'; Dittmar et al. 2012), but
low in comparison to riverine DBC yields quantified
globally (Jaffé et al. 2013; Raymond and Spencer
2015). Low tree-DBC yields result from DBC com-
prising less than 4% of bulk DOC in throughfall and
stemflow (Fig. 3b). These proportions are consistent
with that of glacier-fed rivers, in which DBC is
primarily sourced from atmospheric deposition (Ding
et al. 2015), but low in comparison to rivers globally,
where DBC comprises 10% of DOC on average (Jaffé
et al. 2013).

The apparent coupling between DBC, DOC, and
CDOM in throughfall and stemflow (Fig. S3a—d) is
consistent with covariance observed in rivers (Jaffé
et al. 2013; Stubbins et al. 2015). Linear regressions
indicate that DBC only comprises about 2% of tree-
derived DOC on average (Fig. S3a-b). Low
DBC:DOC in throughfall and stemflow compared to
rivers can be explained by (1) large inputs of non-DBC
tree-DOC, (2) contrasting labilities of DBC and bulk
tree-DOC, and/or (3) overwhelming soil DOM signa-
tures in-stream. Atmospherically deposited DBC that
is rinsed from canopy or trunk surfaces is quickly
diluted by overwhelming inputs of fresh DOC leached
from the tree itself, as seen from low DBC:DOC in
smaller storm events (Fig. 5e). Bulk tree-DOC is
highly biolabile, where up to 70% of DOC is
mineralized within just a few days (Howard et al.
2018). The high biolability of tree-DOC is in stark
contrast with the apparent long-term recalcitrance of
condensed aromatics in soil (Kuzyakov et al. 2014)
and the deep ocean (Coppola and Druffel 2016).
Therefore, while bulk tree-DOM would provide a
carbon subsidy to local microbial communities at the
forest floor (Howard et al. 2018), preferential
biodegradation of non-DBC components would result
in an enrichment of tree-DBC relative to tree-DOC in
soils. Bio-refractory DBC comprises ~ 2% of bulk
DOC (Fig. S3a, b). If 70% of the non-DBC tree-DOC
is removed via biodegradation (Howard et al. 2018),
bio-refractory DBC would then comprise a larger
portion (~ 7%) of the 31% of bulk DOC that remains
after processing. The resulting ~ 7% DBC:DOC ratio
is similar to what is observed for some rivers (Jaffé
et al. 2013). During storm events, throughfall and
stemflow contribute to in-stream discharge (Inamdar
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et al. 2013). However, in-stream tree-DBC inputs are
likely to be overwhelmed by inputs from soils, where
accumulated BC is mobilized to inland waters at much
greater loads (Wagner et al. 2018).

Conclusions

Throughfall and stemflow were enriched in DOM,
representing a local source of carbon to longleaf pine
woodland soils. Tree-DOM was enriched in CDOM,
however condensed aromatic DBC comprised only
2% of bulk DOC on average, a much smaller
proportion than is typically observed for DOM in
other freshwater environments. Stemflow DOC
became enriched in DBC and CDOM with increased
rainfall amounts, indicating solubilization of highly
aromatic DOM components increased as tree surfaces
became more saturated with water. Concentrations of
tree-derived DOC and DBC did not vary with storm
size, suggesting longleaf pines contain a large repos-
itory of leachable organic material that is not signif-
icantly diminished, even during heavy rain events.
Carbon yields increased significantly with storm size,
enabling annual flux estimates for throughfall and
stemflow (4 mg-DOC km™2 year™' under low canopy
cover to 13 mg-DOC km™? year™' under dense
canopy cover and 0.6 mg-DOC km ™2 year™ ', respec-
tively). Annual yields of DBC in throughfall and
stemflow (50-350 kg-DBC km ™2 year—' and 19 kg-
DBC km™* year ', respectively) were less than for
DOC, and on the same order of magnitude as fluxes
estimated for the atmospheric deposition of BC to
terrestrial environments. The hydrology and biogeo-
chemistry of trees are analogous to small river
catchments in how tree-DOM, including DBC, is
mobilized by rainfall. Therefore, we would expect the
accumulation of atmospherically deposited charcoal,
particularly in longleaf pine woodlands where pre-
scribed burning is frequent, to be a continual source of
DBC in throughfall and stemflow, consistent with
what is observed in fire-affected watersheds.
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