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Abstract Stemflow is a conduit for the transport of
canopy-derived dissolved organic matter (DOM) to
the forest floor. This study examined the character of
stemflow DOM for four tree species over four pheno-
phases (leafless, emergence, leafed, and senescence
for deciduous species and leafed-winter, emergence,
leafed- spring/summer, and senescence for conifer-
ous species) occurring in temperate forests; namely,
Betula lenta L. (sweet birch), Fagus grandifolia Ehrh.
(American beech), Liriodendron tulipifera L. (yellow
poplar), and Pinus rigida Mill. (pitch pine). Ameri-
can beech exhibited the lowest average specific UV
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absorbance at 254 nm (SUVA,s,) values, while yel-
low poplar displayed the highest values. SUVA,s,
values were largest in senescence and smallest in
emergence. The spectral slope ratio was lower for
pitch pine than the deciduous tree species. Humifica-
tion index (HIX) values decreased across all species
during the emergence phenophase. The developed
and validated stemflow-specific four-component par-
allel factor analysis (PARAFAC) model demonstrated
the combined influence of interspecific and temporal
fluctuations on the composition of humic and protein-
like substances within stemflow. By separating and
examining stemflow DOM independent of through-
fall, our study provides fresh insights into the spati-
otemporal dynamics of stemflow inputs to near-trunk
soils that may inform hot spots and hot moments
theories.

Keywords Dissolved organic matter - Stemflow -
Carbon cycling - Fluorescence spectroscopy -
Phenophase

Introduction

Throughfall and stemflow are important pathways
for the transfer of water, solutes, and particulates to
the forest floor (Parker 1983; Levia et al. 2011, 2023;
Levia and Germer 2015; Siegert et al. 2017; Chen
et al. 2019; Cayuela et al. 2019). Similar to through-
fall (McDowell et al. 2020), stemflow mediates the
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transfer of dissolved organic matter (DOM) from tree
canopies to the forest floor, helping to shape biogeo-
chemical cycling in wooded ecosystems (e.g., Levia
et al. 2012; Ryan et al. 2022). Due to the high aque-
ous solubility and mobility of DOM, it is leached
and transported from the foliage, bark, and twigs via
throughfall and stemflow, thereby enriching the sur-
rounding ecosystem (Van Stan et al. 2017; McDow-
ell et al. 2020). As a spatially localized input (e.g.,
Carlyle-Moses et al. 2018; Llorens et al. 2022), stem-
flow can impact soil moisture levels, groundwater
recharge, as well as the composition and functioning
of the soil microbial community (Levia and Germer
2015).

Characterization of absorbance spectral indices
have been reported for throughfall and stemflow of a
variety of deciduous and coniferous species, includ-
ing Acer saccharum Marsh. (sugar maple), Betula
alleghaniensis Britt. (yellow birch), Fagus grandifo-
lia Ehrh. (American beech), Liriodendron tulipifera
L. (yellow poplar), Juniperus virginiana L. (eastern
red cedar), Picea abies L. (Norway spruce), and Pinus
sylvestris L. (Scots pine) (Inamdar et al. 2012; Levia
et al 2012; Cooper et al. 2016; Stubbins et al. 2017;
Van Stan et al. 2017; Thieme et al. 2019; Wagner
et al. 2019; Ryan et al. 2022). These studies reported
throughfall and stemflow specific UV absorbance at
254 nm (SUVA,;s,) values within the range of 1.6 to
6.2 L mg-C™' m™!, demonstrating that the distribu-
tion between aliphatic vs. aromatic compounds vary
among tree species. However, few studies (Levia
et al. 2012; Ryan et al. 2022) have reported absorb-
ance ratios at 250:365 nm (E,:E;), spectral slope, or
spectral slope ratio (Sg) values for throughfall and
stemflow, finding that these characterizations may be
associated with soluble lignin degradation byprod-
ucts and humic acid isolates in stemflow. Such data
are valuable because stemflow plays an important role
in shaping the dynamics of the soil carbon cycle and
groundwater recharge (Levia and Germer 2015). Var-
iations in these metrics among tree species, especially
within individual storms, could exert notable impacts
on the temporal dimension of biogeochemical reac-
tivity in near-trunk soils (Levia et al. 2012).

Some studies have reported fluorescence charac-
terization using parallel factor analysis (PARAFAC)
modeling of both stemflow and throughfall sam-
ples, finding that throughfall and stemflow DOM
consists of humic-like, fulvic-like and protein-like
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components (Cooper et al. 2016; Van Stan et al. 2017;
Thieme et al. 2019; Ryan et al. 2022). The distribu-
tion of the components differ between the tree spe-
cies examined, emphasizing the impact of species-
specific processes. For sugar maple, yellow birch, and
Bahamas pine, Cooper et al. (2016) and Ryan et al.
(2022) found the fluorescence index (FI) and biologi-
cal index (BIX) were consistent with terrestrial, aro-
matic, tree-derived sources.

A few studies have analyzed the temporal varia-
tion of stemflow DOM absorbance (Levia et al. 2012;
Van Stan et al. 2017; Ryan et al. 2022). These studies
examined differences in stemflow DOM within indi-
vidual rainfall events (Levia et al. 2012), among rain-
fall events (e.g., Van Stan et al. 2017), between leafed
and leafless states (Levia et al. 2012), from mature
green to senescence to leafless states (Ryan et al.
2022), and with or without epiphyte coverage (Van
Stan et al. 2017). Ryan et al. (2022) determined that
climatic and seasonal effects impacted the character
of the DOM components as a function of the leafed
and senescence seasons. However, the relationship
between DOM composition and these processes is not
fully understood, especially stemflow DOM quality
with respect to phenophase and carbon cycling in for-
est ecosystems.

The objective of this study is to quantify the
absorbance and fluorescence signatures of stemflow
DOM for four major tree species throughout differ-
ent phenophases (i.e., leafless, emergence, leafed, and
senescence for deciduous species and leafed-winter,
emergence, leafed- spring/summer, and senescence
for coniferous species) of a temperate eastern forest
of the United States. Our emphasis on stemflow is
partly motivated by its localized nature to forest soils
(e.g., Levia and Germer 2015; Michalzik et al. 2016;
Llorens et al. 2022) which can engender the crea-
tion of hot spots in the proximal area of tree trunks.
For instance, the median DOC flux-based stemflow
enrichment ratio (expressed per unit trunk basal
area) for yellow birch was 72 as compared to 6 for
the throughfall flux-based enrichment ratio, illustrat-
ing the potential for stemflow to influence forest soils
(Ryan et al. 2022). To the authors’ knowledge, this is
the first study to characterize the optical spectroscopy
of stemflow DOM in relation to four different pheno-
phases, developing a solely stemflow-based PARA-
FAC model. Analyzing stemflow DOM independently
from throughfall promotes a deeper interpretation of
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its chemical composition, which may improve under-
standing surrounding the creation of localized hot
spots and hot moments in near-trunk soils.

Materials and methods
Study area

This study was conducted within the Fair Hill Natu-
ral Resources Management Area in Cecil County,
Maryland, USA (39° 42" N, 75° 50" W). Situated in
the Chesapeake Bay watershed, the site has an aver-
age elevation of 70 m above sea level (Siegert et al.
2016). The region experiences a continental climate
characterized by hot and humid summers, as well
as mild to cool winters, featuring well-defined sea-
sons. Annual mean high and low air temperatures
are 19.1 °C and 7.2 °C, respectively, with an average
annual precipitation of 1193 mm for the period from
1991 to 2020 (U.S. Climate Normals 2023). The sum-
mer months (July through September) typically con-
stitute the driest period, while spring (April through
June) emerges as the wettest season (Siegert et al.
2016). The geological substrate of the study area is
the metamorphic Mt. Cuba Wissahickon Formation,
predominantly comprised of pelitic gneiss and schist,
with minor occurrences of pegmatite and amphi-
bolite. Soil classification places it within the Gle-
nelg series, characterized by its deep, well-drained
nature and moderate topography. The valley soils are
Oxyaquic Dystrudepts, occasionally experiencing
seasonal water saturation, while the shallower hillside
soils may be characterized as loamy, mixed, mesic
Lithic Dystrudepts. Geologically, the site falls within
the Piedmont geologic regime of the Mid-Atlantic
region (Inmadar et al. 2012).

Vegetation primarily consists of a deciduous forest,
complemented by a small Pinus rigida Mill. (pitch
pine) community. Notable tree species include Liri-
odendron tulipifera L. (yellow poplar), Fagus gran-
difolia Ehrh. (American beech), and Betula lenta L.
(sweet birch). Canopy trees in the study area exhibit
a mean tree height of 27.8 m, a stand density of 225
trees ha™!, a stand basal area of 36.8 m? ha™!, and an
average diameter at breast height (dbh) of 40.8 cm
(Levia et al. 2010). To account for the full diameter
range of each tree species at the study site, care was
taken to collect stemflow from trees of all diameters

over the course of study. The dbh range of trees sam-
pled for each species is as follows: American beech
14.2 to 65.3 cm, sweet birch 14.3 to 49.0 cm, yellow
poplar 17.9 to 79.0 cm, and pitch pine from 27.7 to
46.6 cm. It is important to note that the bark mor-
phology differs among the four test species. Whereas
mature yellow poplar and pitch pine are rough-barked
species with furrows and ridges in the bark, Ameri-
can beech is a smooth-barked species without fur-
rowed bark. The bark of sweet birch consists of a
platy structure that has smoother surfaces with some
fissures between plates. Its bark roughness increases
with tree size as the smoother bark of smaller trees
becomes more platy and more fissures develop
between the platy structures.

Field instrumentation and sample collection

Stemflow collars, crafted from plastic tubing, were
affixed to each tree, with the tubing length custom-
ized based on tree circumference (measured from
dbh). The tubing was halved lengthwise and sealed to
the tree using silicone sealant to ensure a watertight
connection. The remaining uncut tubing was linked
to a 121 L high-density polyethylene container. New
polyethylene plastic bags were put in the stemflow
collection bins just prior to each sampled rain event.
Stemflow was collected over a 14-month period.
Stemflow was collected in clean 1 L amber jars that
were rinsed with stemflow water specific to each tree
before sample collection. These samples were filtered
on the same day to prevent degradation and stored at
4 °C for subsequent analysis. To confirm that polyeth-
ylene bags did not impact carbon analyses, we intro-
duced 18 MQ ultrapure water (Milli-Q, Millipore,
Burlington MA, USA) into the bags, subjected them
to agitation, allowed them to stand for 24 h, filtered
them, and conducted carbon concentration analysis.
The results revealed no significant changes.

Dissolved organic carbon (DOC)

Following determination of electrical conductivity
and pH (WTW ProfiLine pH/Cond 3320 Multiparam-
eter Meter), samples were vacuum-filtered through
a 0.7 pum, 47 mm glass fiber filter (Whatman GF/F
1825-047) (Shigihara et al. 2008). Filtered samples
were analyzed for non-purgeable organic carbon
(NPOC), akin to dissolved organic carbon (DOC),
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using a Shimadzu TOC-LCSH/CSN (Shimadzu,
Kyoto, Japan) with the 680 °C combustion catalytic
oxidation method and quantified against a 100 mg
L~! standard prepared from a 1000 pg mL~! total
organic carbon standard solution (Thermo Scientific,
Specpure®), with auto-dilutions ranging from 2 to
100 mg L', Stemflow DOC concentrations were ana-
lyzed over a 14-month period.

Stemflow optical properties

Optical properties of stemflow were measured for
samples collected over a 14-month period. Filtered
DOC samples were diluted with 18 MQ ultrapure
water (Milli-Q, Millipore, Burlington MA, USA) to
10 mg-C L™! to ensure the absorbance was less than
1.0 to prevent inner filter light screening effects (IFE)
(Kalbitz et al. 2000). The ultraviolet (UV)-visible
absorbance spectrum (Fig. S1) was analyzed every
1 nm from 200 to 800 nm on an Agilent Cary 60
UV-Vis Spectrophotometer (Agilent Technologies,

Inc., Santa Clara, California) with a 1-cm quartz
cuvette. Specific ultraviolet absorbance (SUVA,s,),
spectral slope ratio (Sg), and E,:E; were determined
using the equations in Table 1.

Stemflow DOM fluorescence was measured on
a Horiba Scientific Aqualog (Horiba Instruments,
Edison, NJ, USA) with a 1-cm quartz cuvette of fil-
tered samples diluted to an absorbance less than 1.
Excitation-emission matrices (EEMs) were scanned
using excitation from 200 to 600 nm, every 3 nm and
emission from 200 to 600 nm every 4 px (2.33 nm)
(Fig. S2). EEMs were blank subtracted using 18 MQ
ultrapure water, and prior to export corrected for IFE
in the Aqualog software v. 4.0. FI, humification index
(HIX), BIX, and freshness index (f:a) were deter-
mined using the equations in Table 1.

Statistical analysis

Parallel factor analysis (PARAFAC) was employed
to model EEM spectra to resolve the fluorescent

Table 1 Absorbance and fluorescence characterization and description of variables adapted from Inamdar et al (2012) and Hansen

etal. (2016)

Equation Description Source
Absorbance
SUVA,s, abssss abs,s, = absorbance at 254nm Weishaar et al. (2003)
LDOC1/100 [DOC] =concentration of DOC of the sample
(mg-C/L)
1/100 =pathlength in m
Sk 10g(M) S975-2905/S350_400= slope of the absorbance Helms et al. (2008)
S350-400 between wavelength 275 nm to 295 nm and
350 nm to 400 nm, respectively
E,:E; abszs0 abs,s, = absorbance at 250nm Peuravuori and Pihlaja (1997)
absses abs,;e; = absorbance at 365nm
Fluorescence
FI Lmoaro 370 470/ I370 520= Intensity at 370 nm excitation McKnight et al. (2001); Cory et al. (2010)
L7052 and 470 nm or 520 nm emission, respec-
tively
HIX _ Ehussawo 21254,435—480/ 21254,300—345: Ohno (2002)
L hsian-us+Lhssass-s0 The summation of intensities at excitation
254 nm from 435 to 480 nm and 300 nm to
345 nm emission, respectively
BIX Lo L1080/ 1310.430= Intensity at 310 nm excitation Huguet et al. (2009)
Loz and 380 nm or 430 nm emission, respec-
tively
Bra 10250 I10,250= Intensity at 310 nm excitation and Parlanti et al. (2000); Wilson and Xenopoulos

MAXUs10280-T310346) 280 nm emission

(2009)

MAX(I510.80- 1310,346)= Maximum intensity
at 310 nm excitation and between 280 and

246 nm emission
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components in stemflow DOM using the StaRdom
package (Pucher et al. 2019) in R v. 4.2.2. Raman and
Rayleigh scattering were removed as well as excita-
tion wavelengths below 250 nm and emission wave-
lengths above 580 nm to minimize noise outside the
spectral range of interest. A total of 153 EEMs from
sampled stemflow DOM were normalized to their
maximum fluorescence intensity to prevent high cor-
relation from low fluorescence signals. A 4-compo-
nent model (Fig. S3) converged explaining 99.3% of
fluorescent data and was validated by both split-half
analysis (Fig. S4) with Tucker’s congruence coeffi-
cient>0.99 for all samples and also by random ini-
tialization, to ensure results are global rather than
local minima (Stedmon and Bro 2008).

General descriptive statistics, including maxima,
minima, average, median, and standard deviation,
were calculated for stemflow DOC concentrations as
well as optical properties (SUVA,s,, Sg, E,:Es, FI,
HIX, BIX, pB:a, %C1, %C2, %C3, and %C4). Sig-
nificant (p-value <0.05) differences between the spe-
cies were determined for DOC concentrations and
optical properties using the Kruskal-Wallis one way
ANOVA with ranks due to a non-normal distribution
of the stemflow data. When the Kruskal-Wallis test
determined a significant finding among the four tree
species, the post hoc Dunn’s test for multiple pair-
wise comparison with the Bonferroni adjustment,

Fig.1 Average DOC 120 +

was employed to identify statistically significant dif-
ferences between specific tree species. The analysis
sequence also was performed for phenophase com-
parisons within the dataset. Statistical analyses were
conducted in SigmaPlot v. 15.0.

Results
Dissolved organic carbon

DOC was analyzed with respect to both species and
phenophase (Fig. 1). Each species’ lowest average
DOC concentrations occurred during emergence. Yel-
low poplar and sweet birch both displayed the highest
average DOC concentration during the leafed pheno-
phase (Fig. 1; Table S1). For American beech, senes-
cence had the highest DOC concentration (19.05 mg
L'+ 11.34). Pitch pine showed a marked difference
only between emergence and the other three pheno-
phases, with emergence being roughly half that of the
other phenophases (Fig. 1; Table S1).

Optical properties: absorbance
Absorbance characteristics across species and phe-

nophase showed distinctive patterns for each spectral
index (Tables 2 and 3). American beech exhibited the

concentration for each tree
species (American beech,
sweet birch, yellow poplar,
and pitch pine) and grouped
by phenophase (leafless/
leafed—winter, emergence,

I | eafless/leafed-winter

T Emergence

L Leafed/leafed - spring/summer
X Senescence

| EEER All phenophases

leafed/leafed—spring/ 80 +
summer, senescence), with ‘_"\
error bars displaying 95% —
: o

confidence intervals é 60 -
O
(@]
()]

40 +

American beech sweet birch

o

yellow poplar

pitch pine
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Table 2 Average tree

. - Ameri- Sweet birch (n=39) Yellow poplar (n=37) Pitch pine (n=36)
species-specific absorbance can beech
and fluorescence (n=41)
characterization with 95%
confidence intervals, all SUVA,s, 2554042  2.66+0.36 4.15+0.60 3.91+0.44
phenophases combined (L mg
C'm™
E,:E; 451+0.11  4.80+0.22 5.59+0.18 4.79+0.13
Sk 1.17+0.02  1.17+0.03 1.28+0.02 1.02+0.02
FI 1.51+0.02  1.44+0.02 1.38+0.01 1.31+£0.02
HIX 0.71+0.06  0.73+0.06 0.75+0.06 0.69+0.06
B:a 0.50+0.02 0.45+0.01 0.52+0.01 0.43+0.02
BIX 0.52+0.04 0.49+0.05 0.52+0.01 0.43+0.01
Table 3 Averagg Leafless / leafed Emergence (n=12) Leafed / Leafed— Senescence (n=18)
phenophase-specific —winter (n=69) spring/summer
absorbance and fluorescent (n=54)
characterization with 95%
confidence intervals, all tree SUVA,;,  3.01+0.36 2.31+0.61 3.43+£0.47 4.50+0.33
species combined (L mg
Cc'm™
E,:E; 5.07+0.17 4.79+0.21 4.83+0.17 4.74+0.21
Sk 1.18+0.03 1.13+0.05 1.15+0.03 1.14+0.05
FI 1.38+0.02 1.42+0.03 1.44+0.03 1.44+0.04
HIX 0.73+0.05 0.45+0.17 0.76 +£0.05 0.76 +£0.04
B:a 0.44+0.01 0.53+0.06 0.51+0.01 0.48 +0.02
BIX 0.45+0.01 0.53+0.06 0.55+0.04 0.48+0.03

lowest mean SUVA,s, values (2.55 L mg C™' m™),
while yellow poplar displayed the highest values
(Table 2). SUVA,s, values indicate two distinct
groups among tree species (p-value < 0.0001, Dunn’s
test), with American beech and sweet birch having
mean SUVA,s, values<3 and pitch pine and yel-
low poplar with SUVA,, values>3.9. Phenophases
exhibited substantial variation, with the highest mean
SUVA,;, values observed during senescence (4.50
L mg C' m™!) and the lowest during emergence
(231 L mg C~ ' m™!) (Table 3). There was minimal
variance (6°>=0.006) observed between the leafed/
leafed-spring/summer and leafless/leafed-winter
conditions.

Yellow poplar exhibited the highest E,:E; value,
whereas American beech displayed the Ilowest
with statistically significant distinctions observed
across species (p-value <0.0001, Dunn’s test) with
the one exception of pitch pine and sweet birch
(p-value=0.661, Dunn’s test) (Table 2). The leafless/
leafed-winter phenophase had the highest E,:E; value

@ Springer

at 5.07, a notable deviation from the other pheno-
phases (ranging from 4.74 to 4.83) (Table 3).

Sg exhibits a differing pattern in comparison to
E,:E; and SUVA,s, across various species, with
groupings related to tree-classification (deciduous vs.
coniferous) (Table 2). Notably, the conifer pitch pine,
which had one of the higher SUVA,,values along
with yellow poplar, did not have a higher Sg, unlike
yellow poplar (average Sy for pitch pine is 1.02, com-
pared to 1.17, 1.17, and 1.28; p-value pitch pine vs
yellow poplar/American beech/sweet birch <0.0001,
Dunn’s test, p-value yellow poplar/American beech/
sweet birch range 0.112 to 0.293, Dunn’s test)
(Table 2).

Optical properties: interspecific and phenophase
comparisons among indices

EEMs of the four tree-species (Fig. S1) revealed
significant interspecific differences in FI values
(p-value <0.0001, one-way ANOVA) (Table 2).
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American beech exhibited the highest mean FI at
1.51, while pitch pine displayed the lowest at 1.31,
consistent with the DOM deriving primarily from
trees. Among the deciduous species, BIX val-
ues did not significantly differ (p-value=0.2950,
one-way ANOVA) and maintained an approxi-
mate mean value of~0.50 (Table 2). Conversely,
pitch pine BIX was significantly lower com-
pared to the deciduous species, at a value of 0.43
(p-value=0.004, Dunn’s test). Across the four
phenophases, HIX was the only index that var-
ied, marked by a significant reduction (0.45 com-
pared to 0.72-0.76) during the emergence phase
(p-value < 0.0001Dunn’s test; Table 3). In con-
trast, the FI, f:a, and BIX exhibited stability and
remained largely unaffected by phenophase, with
ranges of 1.38-1.44, 0.44-0.53, and 0.45-0.55,
respectively (Table 3).

600 T
550 A
500
450 1

400 -

Emission (nm)

350

300 -

250 -

PARAFAC model

The validated PARAFAC model components (labeled
as C#) (Fig. 2) were analyzed on a per species and
per phenophase basis. Each identified component
(Table 4) represents fluorescent compounds or groups
of compounds whose fluorescence varies indepen-
dently from the other components (Stedmon and
Bro 2008). Statistically significant variations were
observed in the distribution of component loadings
across species and phenophases (Fig. 3). Yellow
poplar exhibited notable differences from the other
species in terms of C1 and C3 percent loadings (yel-
low poplar C1=26.69% and C3=43.31%, Ameri-
can beech/pitch pine/ sweet birch C1=30.88% and
C3=34.10%; (p-value <0.0001, Dunn’s test; Fig. 3).
Percent loading for C2 significantly differed (p-val-
ues ranged between <0.0001 and 0.002, Dunn’s test)
among most species (American beech=17.62%,
sweet birch=19.88%, yellow poplar=17.41%,

C2

200

600 T

550 1

500

450 1

400

Emission (nm)

350

300 -

250 +

200 + + + + +
200 250 300 350 400 450

I 1
T T

500 550
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Fig. 2 4-component excitation-emission spectra for normalized stemflow parallel factor analysis model
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Table 4 Components

dentified from PARAFAC Component iinxr:li)tationmax (nm)/emission,,, Component identifier
model and their excitation
and emission wavelength cl 330/415 Microbial humic-like
faxima 2 275, 345/ 490 Terrestrial oxidized humic-like
C3 250/ 440 Terrestrial reduced humic -like
C4 275/ 340 Protein-like/small organic molecules

B 0 %C4
1 [ %C3
00 %C2
& T O %C1
£ ]
S s
®©
o 4
|
-—
c
o) 1
c
(]
Q_ ——
S
o 1
o is
(=]
N o9 4
0 ' ! ! ! Leafless/ Emerggence Leafed/ Senescence
American  sweet yellow pitch Leafed Leafed
beech birch poplar pine eared- eated-
winter spring/
summer
Fig. 3 A Species-specific (American beech, sweet birch, yel- leafless/leafed—winter, emergence, leafed/leafed—spring/

low poplar, and pitch pine) component loading percentage (C1,
C2, C3 and C4) from all phenophases. B Phenophase-specific

pitch pine=24.83%), except for American beech
and yellow poplar (p-value=0.714, Dunn’s test).
C4 contribution was significantly distinct (p-value
ranged between 0.014 to 0.025, Dunn’s test) among
pitch pine, American beech, and sweet birch (pitch
pine=10.25%, American beech=17.06%, sweet
birch=15.44%) (Fig. 3). Seasonally, C1, C2, and C4
displayed a consistent pattern, showing similarities
between leafed/leafed-spring/summer and emergence
(C1=27.56%, C2=17.24%, C4=22.48%), both of
which were significantly different (p-value <0.0001
for all 3 components, Dunn’s test) from the leaf-
less/leafed-winter and senescence phenophases
(C1=31.60%, C2=21.54%, C4=28.88%) (Fig. 3).
%C2 and %C3 are affected by both species and
phenophase where the relative loadings of C2 and
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summer, senescence) component loading percentage (C1, C2,
C3 and C4) for all species

C3 for American beech and sweet birch both follow
the same general trend (emergence < leafed < senes-
cence/leafless) while pitch pine follows a different
trend with different loading values, suggesting the
likelihood of electron transfer phenomena within the
stemflow DOM that is both species and phenophase
dependent (Fig. 4.; Table S2).

Discussion

Overall, we found statistically significant variations
among tree species across a range of indices, includ-
ing SUVA,,, E,:E;, Sg, BIX, HIX, and FI. For exam-
ple, both HIX and SUVA,, exhibit significant pheno-
phase differences during emergence, while SUVA,s,
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also exhibits a difference during senescence. These
variations can be at least partially attributed to an
influence of lignin degradation byproducts. The
development of the PARAFAC model in this study
that derives solely from stemflow DOM EEMs is the
first to our knowledge. Of the four identified compo-
nents, three (C1, C2, C4) display patterns with phe-
nophase, which shed light on the relative distribution
of specific aromatic moieties within stemflow DOM
throughout different times of the year. The PARA-
FAC model also reveals interpsecific differences,

XN Emergence Leafed /

beech birch poplar pine

XXX Senescence
Leafed - spring/summer

(American beech, sweet birch, yellow poplar, and pitch pine)
with error bars denoting 95% confidence intervals

notably, in the relative loadings of C2 and C3, which
may indicate differences in the DOM redox states.

Stemflow DOM characterization by optical indices

Our stemflow optical indices are generally congruent
with prior studies (see review by Chin et al. 2023),
indicating a diversity of functional group types that
could be attributed to microbial or terrestrial sources.
Bacteria inhabiting corticular surfaces (Hudson et al.
2023), for example, could be a source of stemflow
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DOM, while bacterial and hyphal feeders populat-
ing bark and associated epiphytic mosses and lichens
(Ptatscheck et al. 2018) could also modify the car-
bon pool that contributes to stemflow DOM. For
the optical indices based on absorbance, SUVA,s,
values (standardized for comparison using the dec-
adic absorption coefficient) of stemflow DOM sam-
ples fell within previously reported ranges of 1.9 to
6.2 L mg C~' m™! (Levia et al. 2012; Stubbins et al.
2017; Thieme et al. 2019). Generally, elevated values
of SUVA,;, indicate greater proportions of aromatic
moieties within the DOM (Chin et al. 1994). E,:E,
and Sy, also fall within previously reported ranges (2.9
to 6.7 and 0.9 to 1.4 respectively; Levia et al. 2012).
Differences in E,:E; and Sy have correlated to differ-
ences with molecular mass in other studies (Helms
et al. 2008), but it is not certain that this relationship
necessarily applies in the same manner in the context
of stemflow.

Likewise, the fluorescent indices are also consist-
ent with previous literature. For example, FI (1.31 to
1.51), is within expected ranges reported for a variety
of both terrestrial surface waters (Chin et al. 2023),
and DOM end-member isolates (McKnight et al.
2001; Cawley et al. 2013). It is worth noting that the
end-member values from isolates extracted from sur-
face water sources (but not stemflow) fall within the
range of our data. The FI corresponds to the spectral
range associated with various quinoid moieties (Cory
and McKnight 2005). Consequently, fluctuations
in FI, given its nature as a ratio, signify shifts in the
composition and/or relative proportion of these qui-
noid groups. Compositional differences may include:
(1) variation in the specific molecules, such as lignin
and varying extent of its degradation byproducts; (2)
alterations in the redox states (which can impact fluo-
rescence wavelengths); or (3) the presence of micro-
bially derived material (Cory and McKnight 2005).
For example, a lower FI can indicate terrestrially-
derived matter (McKnight et al. 2001), such as that
formed by decomposition of plant materials (Malcom
1990; McKnight et al. 2001). In the case of stemflow,
such DOM may relate to humic substances released
through the decomposition of bark (Guggenberger
et al. 1994).

HIX reflects the relative fluorescence loading
between the area of the EEM that includes humic
peaks vs. the area where more amino-acid (protein) or
small aromatics tend to fluoresce. In this study, HIX
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ranges from 0.54 to 0.91, with an average of 0.77.
These generally lower values indicate limited humi-
fication for the DOM (Ohno 2002), which is consist-
ent with their origin in the canopy rather than the soil
(D’Andrilli et al. 2022). It is, however, worth noting
that humic acids are found in trees and absorb nutri-
ents that promote robust growth (Fernandez-Escobar
et al. 1996). For BIX, a range of values within 0.8
to 1.0 typically signifies the influence of microbial
sources within DOM. Our findings are consistently
below 0.6, which suggests a minimal contribution
from microbial precursors (Hansen et al. 2016) and/or
high concentrations of soluble lignin (Guggenberger
and Zech 1994) which fluoresces at lower wave-
lengths, potentially overpowering microbial signals.

Stemflow DOM PARAFAC components

This is the first study to our knowledge to develop
a PARAFAC model derived solely from stemflow
EEMs. Identifying and characterizing stemflow DOM
components in relation to other water systems gener-
ally implies that stemflow is a major source for hot
spots, i.e., stemflow-influenced zones, such as near-
trunk soils where stemflow may engender a dispro-
portionately high rate of biogeochemical activity in
the soil. Inamdar et al. (2012) found similar fluores-
cent components through PARAFAC in other envi-
ronmental compartments at the Fair Hill Natural
Resource Management Area, the same overall site
as this study. For example, C5, one of their humic-
like components, was quantified in litter, wetland soil
water, shallow groundwater and deep groundwater.
Stemflow, enriched with organic material from bark,
leaves, and other canopy sources (e.g. aphid honey-
dew) delivers a concentrated pulse of carbon directly
to the soil (Michalzik et al. 2016). This distinctive
characteristic of stemflow underscores its significance
as a concentrated input of carbon within localized
areas around tree boles.

Components from the PARAFAC model matched
172 previously reported components (>0.95 similar-
ity score) in the OpenFluor database (Murphy et al.
2014). Based on these similarities, C1 is identified
as consistent with others derived from microbially
derived ‘“humic-like” or “fulvic-like” compounds
(Garcia et al. 2015; Li et al. 2016; Zhuang et al.
2022). This is a group of chemical compounds that
fluoresce in a region in which decomposed plant
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material typically fluoresces, which would explain
an increase in C1 across all species during senes-
cence. C2 is identified as consistent with an oxidized
humic-like peak and C3 as consistent with a reduced
humic-like peak, which matches fluorescent compo-
nents from other terrestrially sourced DOM (Sted-
mon et al. 2003; Yamashita et al. 2011; Lambert et al.
2016; Imbeau et al. 2021). C4 is identified as consist-
ent with a protein-like, low molecular weight peak
(Osburn et al. 2016; Wheeler et al. 2017; Cabrera
et al. 2020; Ryan et al. 2022). Several compounds
containing different fluorophores are known to fluo-
resce in this region with similar signature to proteins
and amino acids (Aiken 2014). Tannins and lignin
phenols are among these compounds (Aiken 2014),
which are commonly found in the bark of the trees
(Guggenberger et al. 1994).

Species variation in DOM characterization

In general, stemflow serves as a transport vehicle for
nutrient-rich and bioavailable inputs into the forest
floor, and these “hot spots” of concentrated material
may play a number of ecologically important roles,
such as affecting the microbial diversity in near-stem
soils (Rosier et al. 2016). Different plant species will
contribute to this influx of nutrients and materials
from stemflow to various extents, depending on both
canopy structural characteristics and precipitation
regime (Levia and Frost 2003). Thus, the species-spe-
cific stemflow composition is critical in understand-
ing where and to what degree such hot spots may
occur in a forested ecosystem. For instance, stemflow
composition and fluxes of major cations and organi-
cally bound C, N, and S from European beech are
influenced by low infestation levels of aphids, which,
in turn, affect the trophic interactions in the phyllo-
sphere (Michalzik et al. 2016).

An example of species variation with stemflow
DOM is that yellow poplar and pitch pine exhibit
higher SUVA,s, values compared to sweet birch
and American beech trees. These elevated values
suggest greater proportions of aromatic compounds
(Chin et al. 1994) within stemflow (Table 2). The
primary source of these aromatic substances in
stemflow DOM is believed to be lignin and its
degradation products, major polyphenolic compo-
nents of vascular plants that are washed from tree

surfaces (Guggenberger and Zech 1994), particu-
larly bark (Guggenberger et al. 1994). Yellow pop-
lar also exhibits the highest E,:E; ratio, indicative
of lower molecular mass solutes, possibly contain-
ing lignin byproducts that are degraded to a further
extent. This is consistent with having higher-nor-
malized absorbance around 254 nm, which would
increase SUVA,s, as well. In contrast, American
beech shows the opposite trend with respect to both
SUVA,s, and E,:E; (Levia et al. 2012), suggesting
the lignin in its stemflow is less degraded.

Garcia et al. (2015) reported a decline in C1 in
surface water of a forested catchment during emer-
gence, consistent with our observations in Ameri-
can beech. The site primarily featured Nothofagus
pumilio, a member of the Fagaceae family, sug-
gesting that deciduous tree species in the vicinity
of catchments can influence DOM composition,
specifically C1 and FI. Our findings exhibit sig-
nificant variation among species, specifically with
American beech having the highest FI. It is unclear
whether stemflow C1’s relationship holds for other
species within the Fagaceae family.

Pitch pine has the lowest S and is the only sta-
tistically different value from the other species
(Table 2). A possible explanation for this is the
presence of terpenes in coniferous trees. Certain
terpenes such as myrcene, terpinene, and pinene,
absorb at longer wavelengths (Bones et al. 2009),
which would influence the denominator of the Sy
(Table 1). Pinene is the most prominent terpene in
pitch pine (Son et al. 2015).

In terms of fluorescent components, pitch pine
stemflow also stands out from the other tree species.
C4 is significantly different between pitch pine and
sweet birch, although the precise reason for this is
unclear. However, all species show unique differ-
ences between C2 and C3 relative loadings across
phenophases (Fig. 4). As these components are
consistent with oxidized/reduced humic-like mate-
rials, fluctuations in the extent of oxidation on a
per-species and per-phenophase basis demonstrates
a potential cyclic yearly relationship for each tree
species. Such findings may demonstrate the impact
of redox moieties on variations in DOM among tree
species, perhaps by comparing C2 and C3 loadings
to understand quinine composition on near-trunk
soils.
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Phenophase variation in DOM characterization

Stemflow is a significant driver of carbon cycling
dynamics (Ryan et al. 2022). Seasonal variation
underscores how hot moments, triggered by changes
in seasons, intensify the flow of water down tree
trunks, enhancing the leaching of organic matter and
enriching stemflow with carbon-rich compounds.
Ultimately, these “hot moments”, temporal events
caused by factors such as temperature, amplify carbon
fluxes through stemflow, affecting soil carbon dynam-
ics, microbial activity, and decomposition rates. We
observe that phenophases alter the carbon composi-
tion in stemflow, consistent with previous work by
Levia et al. (2012) with stemflow absorbance, Ryan
et al. (2022) in a throughfall/precipitation/ stemflow
model, and Wheeler et al. (2017) in a litter leachate
model.

During senescence, SUVA,, values are highest
(Table 3), indicating increased entrainment of aro-
matic carbon, such as lignin and its byproducts, as
leaves drop and scar tissue forms to protect branches.
Compared to Ryan et al. (2022), who observed no
trend, and Wheeler et al. (2017), with senescence
being the lowest in litter leachate, this observation
is unique to stemflow. In contrast, SUVA,s, is low-
est during emergence (Table 3), suggesting that either
(1) lignin utilization and other necessary chemical
species for leaf formation; or (2) lignin is potentially
less degraded (i.e., fewer molecules absorbing at
254 nm). Among the deciduous species investigated,
a drop in HIX was observed during emergence. One
explanation for this decrease may be the quenching of
fluorescence by Fe (II), causing a shift toward shorter
wavelengths (Jia et al. 2021). Bennet and Oserkowsky
(1933) showed a rapid rise in iron concentrations in
sap flux in early spring before stabilizing to a lower
concentration for the rest of the year, similar to the
trend for HIX witnessed in this study. It could also
reflect an increase in components that fluoresce in
the protein-like region, perhaps derived from amino
acids or other small molecules. However, in the case
of pitch pine, variations in HIX were evident during
both senescence and emergence (Fig. S5). Interest-
ingly, we observed no significant changes in E,:E;
and Sy between phenophases, suggesting consistent
degradation of lignin within a species. The FI and
BIX did not show trends either, suggesting that the
components of DOM that give rise to those regions
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where those indices derive are more consistent
throughout the year.

Prior research indicates that during the leafless
season, an absence of foliage and lower air tempera-
tures enhances stemflow-bark contact time (Levia and
Frost 2003), thereby increasing SUVA,s, (Levia et al.
2012), consistent with our study which also shows
SUVA,;, increasing with the onset of lower air tem-
peratures during senescence (Table 3), although win-
ter SUVA,s, values were lower, possibly due to the
inclusion of the evergreen pitch pine. C1, C2, and
C4 also exhibited seasonal groupings, with leafed/
leafed-spring/summer and emergence phases dif-
fering significantly from leafless/leafed-winter and
senescence phases. This observation suggests that the
components in stemflow DOM undergo seasonal pat-
terns despite not being revealed by the other fluores-
cent indices above, which may be due to those indices
being largely defined as ratios, so a lack of change in
FI, BIX, etc. could be from a counterbalance of com-
ponent shifts. C1 and C2 both increase during the
leafless/leafed-winter phenophase (leafed to leafless,
C1~27% to 31%, C2~17% to 21%) but C4 decreases
during that time (C4~22% to 8%). Part of the reason
for this may be the increased influence of substantial
quantities of canopy-based biodegradable, hydro-
philic neutral carbohydrates during the leafed season
creating an increase in microbial activity feeding on
the carbon pool. This increase in activity will alter
the type of carbon observed and change the propor-
tions of components (Guggenberger and Zech 1994;
Michalzik et al. 2001). The higher percentage of C4
in stemflow during emergence and the leafed season
may be partly due to the larger aboveground surface
areas (both foliar and woody) compared to dormancy,
leading to the degradation and leaching of diverse
and complex aromatics, including lignin and tannins
(Guggenberger et al. 1994), which fluoresce in this
region.

Further research is required to validate a relation-
ship between E,:E; and solute molecular mass in
stemflow. E,:E; is largely species but not phenophase
dependent in this study, raising an interesting ques-
tion as to what this index actually indicates in stem-
flow. Perhaps is it simply a marker of conjugation,
as more conjugated molecules (longer polyphenolic
polymer chains) will absorb at higher wavelengths,
which could be consistent with extent of lignin deg-
radation. Also, the precise factors contributing to HIX
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variations in emergence remain unclear, but further
experiments on humic substances and iron concentra-
tions in different species throughout the four pheno-
phases is recommended to understand the in-situ pro-
cesses utilizing humic substances for regrowth during
emergence in these species.

Conclusion

The study illuminates the role of stemflow in the
transfer of water and solutes to the floor of forest eco-
systems that likely help contour near-trunk water and
biogeochemical cycling. A comprehensive analysis of
the absorbance and fluorescent signatures of stemflow
DOM across different phenophases of four major tree
species in temperate eastern forests has shown that
aromatic, metal-binding, and large molecular mass
solutes play a significant role in stemflow DOM.
Further, this study developed a stemflow-specific
PARAFAC model that identified key components
in stemflow DOM and their relationship with differ-
ent species, which offers a deeper understanding of
stemflow’s chemical composition and its potential in
creating localized hot spots and hot moments in near-
trunk soils. The findings confirm the presence of aro-
matic DOM compounds in stemflow, partly derived
from lignin and its degradation products. Significant
variations in DOM properties among tree species and
phenophases were observed, highlighting the impor-
tance of species-specific analyses and the impact of
phenological shifts on stemflow DOM quality.

The stemflow-specific PARAFAC model has
yielded insights, such as identifying components,
cyclic redox relationships, and seasonal patterns, on
the composition and dynamics of stemflow DOM
across different tree species and phenophases. The
model has identified four components, with C1 rep-
resenting microbially derived "humic-like" or "ful-
vic-like" compounds, exhibiting increased presence
across all species during senescence. C2 was identi-
fied as an oxidized humic-like peak, while C3 rep-
resented a reduced humic-like peak, aligning with
fluorescent components found in other terrestrially-
sourced DOM. Additionally, C4 was characterized
as a protein-like, low molecular weight peak. Besides
interspecific differences, C1, C2, and C4 display pat-
terns with phenophase, which shed light on the rela-
tive distribution of specific aromatic moieties within

stemflow DOM throughout different times of the
year, and in general reveal more variation than ratios
from fluorescence indices alone can describe, provid-
ing a more specific understanding of shifts in molecu-
lar composition with respect to stemflow processes.
The study raises questions about the relationships
between certain fluorescent components of stemflow
DOM, such as the interplay between oxidized and
reduced quinones and their potential cyclic interac-
tions within certain species. This research provides
valuable insights into the finer temporal variations
that help reveal carbon cycling dynamics with respect
to phenophase.
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