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contained a higher percentage of protein-like DOM 

fluorescence than stemflow while stemflow was char-

acterized by a higher percentage of humic-like DOM 

fluorescence. DOM absorbance spectral slopes in 

yellow birch (Betula alleghaniensis) stemflow were 

significantly higher than in sugar maple (Acer sac-

charum) stemflow. DOM optical metrics were not 

influenced by rainfall volume, but percent protein-like 

fluorescence increased in throughfall during autumn 

when leaves senesced. Given the potential influence 

of tree-derived DOM fluxes on receiving soils and 

downstream ecosystems, future modeling of DOM 

transport and soil biogeochemistry should represent 

the influence of differing DOM quality in throughfall 

and stemflow across tree species and seasons.

Keywords Dissolved organic matter · Throughfall · 

Stemflow · Forested watersheds · Carbon cycling · 

Fluorescence spectroscopy

Abstract Tree-derived dissolved organic matter 

(DOM) comprises a significant carbon flux within 

forested watersheds. Few studies have assessed the 

optical properties of tree-derived DOM. To increase 

understanding of the factors controlling tree-derived 

DOM quality, we measured DOM optical properties, 

dissolved organic carbon (DOC) and calcium concen-

trations in throughfall and stemflow for 17 individual 

rain events during summer and fall in a temperate 

deciduous forest in Vermont, United States. DOC 

and calcium fluxes in throughfall and stemflow were 

enriched on average 4 to 70 times incident fluxes 

in rain. A multiway model was developed using 

absorbance and fluorescence spectroscopy to further 

characterize DOM optical properties. Throughfall 
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Introduction

Terrestrial vegetation exerts substantial influence 

on global hydrological and biogeochemical cycles 

(Hutjes et al. 1998). In forested ecosystems, the first 

interactions between water inputs and terrestrial car-

bon sources typically occur within the tree canopy, 

where precipitation is partitioned into throughfall and 

stemflow. Throughfall is precipitation that falls on 

and through the canopy to the forest floor and typi-

cally comprises the largest fraction of incident precip-

itation (Hewlett 1982; Levia and Frost 2006). Stem-

flow is precipitation that moves along tree surfaces 

to the base of tree trunks and accounts for a lower 

percentage of total intercepted rainfall (< 10%) in for-

ests globally (Levia and Germer 2015). Quantifying 

the influence of vegetation on aquatic solute dynam-

ics in forested ecosystems is of particular importance 

because tree canopies globally are the primary inter-

ceptor of continental rainfall (Angelini et al. 2011).

Throughfall and stemflow are enriched in dis-

solved organic matter (DOM) and other solutes rela-

tive to precipitation (Ponette-González et  al. 2020; 

Van Stan and Stubbins 2018). Meteorological condi-

tions such as the size of precipitation events influence 

solute fluxes in throughfall and stemflow where sol-

utes are generally diluted by increasing water input 

(Siegert et  al. 2017). However, climate change is 

altering the hydroclimatic factors influencing fluxes 

of these biogeochemically active solutes. In the east-

ern United States, intensification of the water cycle is 

increasing rain event frequency and intensity (Hun-

tington et al. 2009), potentially accelerating the trans-

fer of tree-derived carbon and nutrients in through-

fall and stemflow to forest soils. Dissolved organic 

carbon (DOC) in throughfall and stemflow can be 

highly biolabile with 10 to 70% DOC being respired 

in laboratory incubations over several days (Behnke 

et  al. 2022; Howard et  al. 2018; Qualls and Haines 

1992). The periodic supply of water and biolabile car-

bon in throughfall and stemflow induce ecological hot 

moments that feed downstream microbial communi-

ties (McClain et al. 2003; Qualls 2020). Storm-driven 

fluxes of tree-derived DOM are delivered more fre-

quently through time to the forest floor than annual 

leaf fall, which occurs predominantly as a pulse in 

fall. At both annual and event scales, tree-derived 

DOM fluxes can also be several times larger than 

fluvial export from forests (McDowell and Likens 

1988; Ryan et al. 2021a). Thus, forested ecosystems 

internally produce and process large quantities of bio-

geochemically active DOM. The influence of these 

tree-derived DOM fluxes on downstream ecosystems 

remains poorly understood (Van Stan and Stubbins 

2018). Tracing tree-derived DOM is necessary for 

accurately accounting for terrestrial-to-aquatic eco-

system carbon transfers which represent a signifi-

cant flux within the global carbon cycle (Drake et al. 

2018).

The downstream fate of DOM washed and leached 

from forest vegetation is influenced by DOM chemi-

cal composition. Previous studies have used molecu-

lar spectroscopy and mass spectrometry to show tree-

derived DOM is a complex mixture of aliphatic and 

aromatic molecules with fluorophores resembling 

both protein-like and humic-like fluorescence derived 

from lignin-degradation byproducts, freshly produced 

biomolecules, and atmospheric deposition (Hernes 

et  al. 2017; Inamdar et  al. 2012; Levia et  al. 2012; 

Stubbins et  al. 2017; Van Stan et  al. 2017). These 

studies agree with more abundant studies of leaf lit-

ter and bark chemistry characterized as biolabile 

polyphenols (Cuss and Guéguen 2015; Tanase et  al. 

2019). While absorbance and fluorescence features 

of DOM have been widely used to characterize DOM 

in freshwaters (Fellman et al. 2010), reports of DOM 

optical properties in throughfall and stemflow are 

rare in comparison to reports of DOC concentrations 

(Inamdar et al. 2011; Singh et al. 2015; Van Stan et al. 

2017). Whereas forest type and climate are known 

to influence quantities of DOC and other solutes in 

throughfall and stemflow (Henderson et  al. 1977; 

Ponette-González et  al. 2016), less well known are 

the factors influencing DOM quality. Factors known 

to influence throughfall and stemflow water fluxes 

such as precipitation amount, intensity, wind direc-

tion, tree species and tree morphology may also influ-

ence tree-derived DOM quality. DOM optical proper-

ties have been shown to differ among tree species in 

leaf litter leachate (Cuss and Gueguen 2013; Wheeler 

et al. 2017) and in throughfall and stemflow from dif-

ferent tree species (Levia et al. 2012; Stubbins et al. 

2017; Van Stan et  al. 2017). Seasonal variations in 

throughfall solute dynamics have been documented 

particularly for temperate deciduous forests with dis-

tinct phenological seasons (or “phenoseasons”) (Van 

Stan et al. 2012). However, more data are needed to 

quantify changes in tree-derived DOM quality due to 
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phenoseason to inform ecosystem models. Character-

izing and tracing the optical properties of tree-derived 

DOM is also of particular concern to humans because 

tree-derived DOM is a known precursor to harmful 

disinfection byproducts generated during drinking 

water treatment (Chen et al. 2019; Chow et al. 2009). 

Thus, optical techniques can be important monitoring 

tools for assessing the quantity and timing of disin-

fection byproduct precursors exported from forested 

watersheds.

Given that tree-derived DOM fluxes can be several 

times greater than stream fluxes draining the same 

forest (Ryan et  al. 2021a), subtle changes in DOM 

quality could have important implications for catch-

ment carbon cycling. Thus, further work is warranted 

to describe how tree-derived DOM quality varies 

among precipitation, throughfall, and stemflow. Our 

objective in this study was to advance understand-

ing of the variability of tree-derived DOM optical 

properties among flow paths, tree species, event size 

and season. We present concentrations and optical 

properties of DOM in throughfall and stemflow in a 

temperate forested watershed in Vermont, USA. We 

hypothesized that DOM optical properties will differ 

between throughfall and stemflow and with species 

and season. We include calcium in this study because 

it is an essential macronutrient for plant growth and 

a dominant inorganic ion by mass in natural waters 

that provides context for inorganic solute dynamics 

to compare with DOM dynamics. These results add 

to the limited literature reporting spatial and seasonal 

dynamics of tree-derived DOM quality and provide 

foundational information applicable to quantify-

ing DOM sources and carbon cycling in ecosystem 

models.

Methods

Site description

The study area was the 40.5-ha headwater forested 

W-9 catchment in the Sleepers River Research 

Watershed in Vermont, USA (elevation range 519 to 

672 m; Fig. 1). Mean annual air temperature for the 

site is 4.8 °C from 1991 to 2018, and snowfall com-

prises 20%–30% of annual precipitation primarily 

between November and April (Shanley 2000; Shan-

ley et al. 2021). Trees in the watershed have not been 

selectively harvested since 1960 when it came under 

management of United States governmental research 

agencies (Shanley et  al. 2015). Dominant tree spe-

cies are sugar maple (Acer saccharum Marsh.), yel-

low birch (Betula alleghaniensis Britt), and white ash 

(Fraxinus americana Ehrh.), with minor amounts of 

balsam fir (Abies balsamea L.), red spruce (Picea 

rubens Sarg.), and American beech (Fagus grandi-

folia Ehrh.). A survey completed in 2011 of 404 liv-

ing trees measured in 76 plots (100  m2 each) across 

the watershed found that sugar maple and yellow 

birch comprised 75% and 11% of the total basal 

area, respectively (white ash = 8%). Mean diameter 

at breast height (DBH) for sugar maple and yellow 

birch was 26.4  cm (n = 296) and 29.2  cm (n = 37), 

respectively (white ash = 35.7 cm; n = 19). The forest 

has no substantial tree stress or mortality from legacy 

acid deposition in the area due to well-buffered soils 

(Shanley et al. 2004).

Sample collection and processing

Throughfall and stemflow were collected in W-9 

for 17 rain events from June to November 2018. 

Throughfall was collected along four transects of 

3.0  m each and one transect of 12.2  m using alu-

minum troughs secured 80 cm above the forest floor 

and draining downslope to plastic collection bins. 

Coarse plastic mesh covered the troughs to exclude 

leaves and other debris. Stemflow was collected 

from sugar maple (Acer saccharum Marsh.) and yel-

low birch (Betula alleghaniensis Britt) trees which 

together comprise the dominant hardwood species in 

the watershed (Park et  al. 2008). Stemflow was col-

lected from two mature trees of each species using 

low-density polyethylene plastic collars sealed to the 

bark with silicone caulk. The stemflow tubing drained 

to a sealed plastic bucket. The depth of standing water 

in throughfall and stemflow collectors was measured 

after each rain event and converted to volume using a 

depth to volume calibration curve established for each 

collector type. Stemflow tree diameter at breast height 

ranged from 30 to 33  cm and canopy area ranged 

from 52 to 107  m2 (Table S1). Throughfall and stem-

flow collectors were cleaned with a brush and deion-

ized water prior to and after all measured precipita-

tion events. All sampling materials were precleaned 

with acidified deionized water (pH 2), triple rinsed 

with deionized water, and rinsed with sample water 
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prior to collection. Bulk precipitation, throughfall and 

stemflow samples were filtered on site using 0.22 μm 

filters (polyethersulphone, Waterra) after each rain 

event. Precipitation samples in this study refer only to 

rainfall as no snow or ice events were measured dur-

ing the study period.

Solute concentrations

Aliquots of each sample for analysis of DOC were 

transferred to pre-combusted glass vials and acidified 

to pH 2 with 6 N hydrochloric acid (HCl) and refrig-

erated (6 °C) in the dark until analysis within 4 weeks 

of sampling. DOC was measured as non-purgeable 

organic carbon using a high-temperature catalytic 

combustion instrument (detection limit: 0.024  mg-C 

 L−1; TOC-L by Shimadzu). Calibration standards 

were prepared using a potassium hydrogen phthalate 

stock solution in MilliQ water (1000 mg-C  L−1). Dis-

solved calcium  (Ca2+) was measured at the Forestry 

Sciences Laboratory of the Northern Research Station 

(USDA Forest Service) according to Sebestyen et al. 

(2020) using inductively coupled plasma optical 

emission spectroscopy (ICP-OES; detection limit: 

0.05  mg-Ca2+  L−1). Additional nutrients and major 

ions including iron were measured but were excluded 

from further analysis due to values lower than the 

analytical limits of detection (15 to 85% of samples). 

All solute data are available in the accompanying data 

release (Ryan et al. 2021b).

Optical measurements

Absorbance and fluorescence of DOM were meas-

ured on filtered, non-acidified sample aliquots using 

an Aqualog™ Fluorescence and Absorbance Spec-

trometer and 1-cm quartz cuvettes (Horiba, Irvine, 

CA, USA). Samples were stored at 6  ˚C in the dark 

and equilibrated to room temperature (21 to 23  ˚C) 

immediately prior to analysis within 2  weeks of 

sampling. Absorbance spectra of chromophoric 

DOM (CDOM) were measured from 200 to 600 nm 

Fig. 1  Map of precipitation, throughfall and stemflow collection locations (Catchment outlet: 44° 29′ 26″ N, 72° 09′ 44″ W NAD27)
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and blank corrected using ultrapure water (Milli-Q, 

Millipore). Excitation-Emission-Matrices (EEMs) 

were generated by recording fluorescence emission 

from 212 to 619 nm (1 nm intervals) during excita-

tion from 242 to 596  nm (5  nm intervals). Samples 

with raw absorbance values exceeding 2 absorbance 

units were diluted to below 0.3 absorbance units to 

ensure greater than 50% transmission for all samples 

(Hansen et al. 2018). Lamp and cuvette performance 

were monitored daily throughout data collection. 

Fluorescence EEMs of ultrapure Milli-Q water (Mil-

lipore) blanks were collected daily.

Data analysis

Rain event water yields of throughfall and stemflow 

were calculated by normalizing the volume of water 

collected to the surface area of the trough or the 

canopy area, respectively. Throughfall and stemflow 

event solute yields were calculated by multiplying the 

event water yield by the concentrations in the bulk 

event water sample. To assess stemflow water yield 

efficiency and solute enrichment to the basal area for 

each tree with respect to precipitation and throughfall, 

dimensionless funneling ratios (FR) and flux-based 

enrichment ratios (ER) were calculated for each tree 

and stemflow event (Levia and Germer 2015) (Eq. 1, 

2),

where  SY is the stemflow event water yield  (mm3), 

P is the precipitation event depth (mm), B is the tree 

basal area  (mm2), and  CS and  CP are the solute con-

centrations of stemflow and precipitation, respec-

tively. The flux-based enrichment ratios in through-

fall compared to precipitation were also calculated 

(Eq. 3),

where T is the throughfall event yield (mm), and  CT 

is the solute concentration in throughfall.

Napierian absorption coefficients were calculated 

according to Eq. 4:

(1)FR =

S
Y

P × B

(2)ER
S,P

=

S
Y
× C

S

P × B × C
P

(3)ER
T ,P

=

T × C
T

P × C
P

where A is absorbance and l is the path length in 

meters (Kirk 1994). Specific UV absorbance at 

254 nm  (SUVA254, L mg-C−1  m−1), was calculated by 

dividing the decadic absorption coefficient at 254 nm 

 (m−1) by the DOC concentration (mg-C  L−1) for 

each sample (Weishaar et al. 2003). Higher  SUVA254 

values indicate higher absorbance per unit carbon 

due generally to increased aromaticity of the DOM 

(Weishaar et  al. 2003). The slopes of log-linearized 

absorbance spectra between 275 and 295 nm (S275:295) 

were calculated according to (Helms et  al. 2008). 

Decreasing  S275:295 has been associated with increas-

ing molecular weight in estuary waters (Helms et al. 

2008).

Fluorescence EEMs were blank subtracted and 

corrected for instrument-specific bias and inner filter 

effects following Murphy et al. (2013). Each preproc-

essed EEM was normalized to the Raman peak area 

of the blank collected daily (Lawaetz and Stedmon 

2009). Rayleigh and Raman scatter interferences were 

removed and were not interpolated prior to further 

data analysis. To characterize the fluorescent DOM 

quality of throughfall and stemflow, we generated a 

three-dimensional model using parallel factor analysis 

(PARAFAC). PARAFAC models are useful for iden-

tifying uncorrelated fluorophore components contrib-

uting to the overall DOM fluorescence within a group 

of samples (Bro 1997). The PARAFAC model was 

fit to preprocessed EEMs using the staRdom R pack-

age (Pucher et  al. 2019). Precipitation samples were 

excluded from model development to reduce model 

noise since these samples had low overall fluores-

cence. Each EEM was normalized to maximum fluo-

rescence prior to fitting the model to minimize con-

centration effects on model results. The model was 

fitted using random initialization (100 starts) under 

a non-negativity constraint following recommended 

procedures (Pucher et al. 2019). The final PARAFAC 

model was validated using split-half validation and 

Tuckers Congruence Coefficients (TCC > 0.99). The 

sample-specific maximum fluorescence (Fmax) for 

each model component was used to compare model 

results across samples. The final PARAFAC model 

components were compared to relevant fluorophores 

reported in the OpenFluor database (Murphy et  al. 

2014). Conventional fluorescence peaks (B, T, A, 

(4)a = 2.303 ×
A

l
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M, C) and indices (FI, freshness, BIX), were also 

extracted from corrected EEMs using the staRdom 

R package according to the references therein (Coble 

1996; Huguet et  al. 2009; McKnight et  al. 2001; 

Ohno 2002). All fluorescence indices are reported in 

the accompanying data release (Ryan et al. 2021b).

As a dominant cation in natural waters, the concen-

tration of  Ca2+ was used in the interpretation of DOM 

trends. The molar ratio of  Ca2+ to DOC was used as 

a relative indicator of organic versus inorganic solute 

removal from tree surfaces. All data from individual 

replicate throughfall and stemflow collectors were 

used in box plots and summary statistics. However, 

samples from replicate collectors were averaged prior 

to assessing relations with event volume or season to 

reduce the influence of replicate samples on model 

significance.

The Shapiro–Wilk test and visual inspection of 

the data using quantile–quantile plots were used to 

determine when median values or ranges should be 

reported to reduce the influence of skew on sum-

mary statistics. To ascertain the general strength and 

direction of linear and log-linear solute relations with 

storm size quantified as rainfall event volume, Pear-

son’s correlation coefficients (r), p-values and coeffi-

cients of determination  (r2) were calculated for each 

solute and flow path. Methods for linear and nonlin-

ear least squares estimation were implemented in R to 

fit linear and exponential decay models.

Results

Precipitation partitioning

Precipitation, throughfall and stemflow samples 

were collected for 17 rain events ranging from 3 to 

72  mm (median = 25  mm). The dataset was skewed 

toward smaller events with only one event greater 

than 40  mm and 12 events less than 30  mm (Shap-

iro–Wilk test p < 0.005). Throughfall event water 

yield ranged from 2 to 62  mm (median: 25  mm). 

Stemflow event water yields ranged from 0.01 to 

0.30  mm (median = 0.07  mm). Mean (± standard 

deviation) stemflow funneling ratios were greater 

than one for both sugar maple (mean = 2.1 ± 1.5) and 

yellow birch (3.0 ± 1.8) indicating stemflow input to 

the forest floor at a tree base generally exceeded mean 

areal rainfall amounts expected in the absence of the 

tree.

Dissolved organic carbon and solute concentrations

In comparison to precipitation, throughfall and 

stemflow were enriched in DOC (Fig.  2A). Mean 

DOC concentrations in mixed stand throughfall 

(10 ± 8.1 mg-C  L−1) were lower than for sugar maple 

(50 ± 44 mg-C  L−1) and yellow birch (36 ± 25 mg-C 

 L−1) stemflow. Median flux-based enrichment 

ratios for DOC concentrations were higher for sugar 

maple (76) and yellow birch (72) stemflow than for 

throughfall (6.3; Table S2). Throughfall and stemflow 

were also enriched in  Ca2+ relative to precipitation 

(Fig.  2B). Calcium concentrations ranged from 0.06 

to 2.4 mg  L−1 in precipitation, 0.2 to 4.4 mg  L−1 in 

throughfall, 0.1 to 22  mg  L−1 in sugar maple stem-

flow, and 0.2 to 7  mg  L−1 in yellow birch stemflow 

(Shapiro Wilk test for normality p < 0.001). Median 

flux-based enrichment ratios for  Ca2+ in throughfall, 

sugar maple stemflow and yellow birch stemflow 

were 4, 30, and 15, respectively. The molar ratio of 

 Ca2+:DOC ranged from 0.01 to 1.0 and was higher 

for precipitation than for throughfall or stemflow 

(Fig. 2C).

Chromophoric dissolved organic matter

Absorbance spectra for throughfall and stemflow 

decreased roughly exponentially from 250 to 600 nm. 

Mean Napierian absorbance coefficients at 254  nm 

(a254) for precipitation (3.5 ± 3.0   m−1) were lower 

than those of throughfall (68 ± 48  m−1), sugar maple 

stemflow (530 ± 430  m−1), and yellow birch stemflow 

(230 ± 150   m−1; Fig.  2D). Median enrichment ratios 

for a254 were also higher for sugar maple and yel-

low birch stemflow (> 200) than for throughfall (24; 

Table S2).

Spectral slopes between 275 and 

295  nm  (S275:295) for sugar maple stemflow 

(mean = 0.014 ± 0.003   nm−1), yellow birch stem-

flow (0.015 ± 0.001   nm−1) and throughfall 

(0.015 ± 0.001   nm−1) were lower than for precipita-

tion (0.022 ± 0.005   nm−1; Fig.  2E).  SUVA254 values 

were highest for sugar maple stemflow (4.4 ± 2.4 L 

mg-C−1   m−1), followed by yellow birch stemflow 

(3.1 ± 1.5 L mg-C−1  m−1) and throughfall (3.4 ± 1.2 L 
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mg-C−1   m−1), and lowest for precipitation (1.4 ± 0.9 

L mg-C−1  m−1; Fig. 2F).

Fluorescent dissolved organic matter

A four-component PARAFAC model (Fig.  3) best 

described the dataset. PARAFAC model components 

were classified according to known aquatic DOM 

fluorescence peaks (Fellman et al. 2010; Hansen et al. 

2016). Of the four components, C1, C2, and C3 were 

classified as representing humic-like DOM fluores-

cence. C1 and C2 corresponded closely to the classic 

A and C peaks of humic-like DOM fluorescence. C3 

was a blue-shifted humic-like peak similar to peak M 

(Coble 1996). C4 is similar to classic peak B and is 

consistent with the optical properties of protein-like 

or “fresh” DOM, though fluorescence in this region 

is not necessarily due to free amino acids, proteins, or 

microbially-derived, freshly produced DOM (Aiken 

2014; Coble 1996).

Overall fluorescence intensities (R.U.) followed 

the order sugar maple stemflow > yellow birch stem-

flow > throughfall > precipitation (Fig.  4). Peak 

fluorescence intensities in precipitation EEMs were 

10 times lower than for throughfall or stemflow 

(Fig.  4A). Throughfall was enriched in protein-like 

fluorescence (C4) compared to stemflow, while sugar 

maple stemflow was enriched in humic-like fluores-

cence (C2) compared to throughfall and yellow birch 

stemflow (Fig.  5A). The ratio of percent humic-like 

C2 to percent protein-like C4 was found to be use-

ful in discriminating between samples with each 

flow path clustered separately on a biplot (Fig.  5B; 

Table S3; ANOVA p < 0.01). The percent humic-like 

components, %C1 and %C3, were not significantly 

different among all sample types and the percent pro-

tein-like component %C4 was not significantly differ-

ent between sugar maple and yellow birch stemflow 

(Table  S3). Precipitation EEMs were characterized 

by lower percentages of humic-like (C2) DOM fluo-

rescence and higher overall variability (Fig.  5). The 

mean fluorescence index was similar for through-

fall (1.5) and stemflow (1.4) samples and but higher 

for precipitation (1.7). The mean biological index 

was ~ 0.4 for throughfall and stemflow samples but 

similarly higher for precipitation (0.6).

Median flux-based enrichment ratios for  Ftot 

were also higher for sugar maple and yellow birch 

Fig. 2  Boxplots and jit-

ter plots of A dissolved 

organic carbon (DOC), B 

 Ca2+, C the molar ratio of 

 Ca2+ to DOC, D Napierian 

absorbance coefficient at 

254 nm (a254), E absorb-

ance spectra slope from 275 

to 295 nm (S275:295), and F 

specific UV absorbance at 

254 nm  (SUVA254) across 

flow paths. Boxes depict 

the median and first and 

third quartiles. Whiskers 

extend to the minimum or 

maximum value no further 

than 1.5 times the inner 

quartile range
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stemflow (> 150) than for throughfall (16; Table S2). 

Median flux-based enrichment ratios for humic-like 

fluorescence C2 in throughfall (median > 100) and 

stemflow (median > 1000) were higher than for DOC 

concentrations (< 100).

Solute and quality relations with precipitation event 

size

We assessed linear and log-linear relations of con-

centrations and optical metrics versus precipitation 

event volume for throughfall and stemflow. Data from 

replicate collectors were averaged prior to modeling 

relations with event volume to reduce the influence 

of replicate samples on model significance. Quan-

titative variables such as solute concentrations and 

absorbance and fluorescence intensities displayed sig-

nificant decreasing trends with increasing event size 

(Table  S4). Since a primary mechanism of decreas-

ing solutes with increasing incident precipitation is 

dilution, nonlinear models were fit for the selected 

quantitative parameters DOC, a254,  Ftot, and  Ca2+, 

showing approximately exponential decreases with 

increasing precipitation (Fig.  6). Exponential decay 

slopes were more similar within sample types for 

DOC, a254,  Ftot, and  Ca2+ than for the same variables 

across sample types (Fig. 6). For example, the mean 

(± s.d.) of all modeled decay slopes for sugar maple 

stemflow (0.23 ± 0.06) was higher than for throughfall 

(0.13 ± 0.04) and yellow birch stemflow (0.08 ± 0.02; 

Table  S4). No trends were observed for DOM opti-

cal qualitative metrics such as  SUVA254, absorbance 

spectral slopes, or percent PARAFAC components.

Seasonal influence on throughfall and stemflow 

quality

Assessing seasonal influence on throughfall and 

stemflow concentrations was not possible due to 

the strong influence of storm event volume on sol-

ute flux, the limited number of storms sampled, 

and an unequal distribution of storms sampled 

across seasons. However, DOM optical metrics 

were not significantly influenced by storm event 

volume (p > 0.1; Table S4), allowing assessment of 

seasonal variability in DOM quality. For instance, 

Fig. 3  Excitation emission 

spectra for normalized par-

allel factor analysis model 

components. Wavelengths 

of peak excitation (Ex.) and 

emission (Em.) for each 

component are displayed. 

Secondary excitation peaks 

are in parentheses
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 SUVA254, percent protein-like fluorescence (%C4), 

and  Ca2+:DOC visualized over the sampling period 

indicate changing throughfall and stemflow quality 

during the fall season (Fig. 7).  SUVA254 in through-

fall collected in late September and October during 

leaf senescence (4.7 L mg-C−1   m−1; n = 15) was 

significantly elevated in comparison to events with 

mature leaves during summer months (mean = 3.1 L 

mg-C−1  m−1; n = 62; Fig. 7A; t-test p-value < 0.001). 

Similarly, percent C4 in throughfall collected from 

fall events (mean = 48%; n = 15) was higher than in 

events during summer months (mean = 31%; n = 62; 

Fig.  7B; t-test p-value < 0.001). The molar ratio of 

 Ca2+ to DOC was also elevated in throughfall dur-

ing fall storms (0.053 ± 0.023) compared to summer 

storms (0.041 ± 0.016; t-test p-value < 0.1; Fig. 7C). 

In stemflow, data were more variable across seasons 

and consistent statistical trends were not found.

Discussion

Precipitation partitioning

The median percentage of precipitation converted 

to throughfall (96%) was higher than for forests 

globally (76%; Sadeghi et al. 2020) but more simi-

lar to the nearby Hubbard Brook forest (∼  90%) 

(Leonard 1961). Using the slope of the linear rela-

tion of throughfall yield versus event precipitation, 

Ryan et al. (2021a) estimated that 88% of precipi-

tation is converted to throughfall for the events in 

this dataset. For both sugar maple and yellow birch, 

the percentage of precipitation converted to stem-

flow (median = 0.2%) fell within the lower range of 

previous studies globally (< 10%; median = 2.2%; 

Sadeghi et  al. 2020). Yellow birch trees (median 

funneling ratio = 2.5) generated more stemflow per 

Fig. 4  Example excitation-

emission matrices for A 

precipitation, B mixed-

canopy throughfall, C 

sugar maple stemflow, and 

D yellow birch stemflow. 

Representative examples 

were selected based on the 

median %C2:%C4 ratio 

within each sample group 

during September, 2018
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canopy area than sugar maple trees (1.7) likely due 

to differences in bark structure where yellow birch 

bark is thin and smooth, while sugar maple bark is 

thick and furrowed (Levia and Herwitz 2005; Levia 

et al. 2010). Although event size and species were 

the primary factors assumed to be influencing vari-

ability in throughfall and stemflow water yields in 

this study, unmeasured factors such as wind direc-

tion and tree morphology likely impacted results 

as well (Levia and Frost 2006; Levia and Germer 

2015). Overall, precipitation partitioning was typi-

cal of temperate deciduous forests thus we expect 

the event scale solute dynamics discussed below to 

be applicable to these systems.

Solute concentrations

DOC concentrations in precipitation 

(mean = 1.3 ± 1.2  mg-C  L−1) were similar to the 

long-term average concentration for precipitation 

at Sleepers River Research Watershed (1.1  mg-C 

 L−1), and fell within the range for rainfall glob-

ally (mean = 2.9 ± 1.9  mg-C  L−1; Iavorivska et  al. 

2016). DOC concentrations in throughfall 

(mean = 10 ± 8.1  mg-C  L−1) and stemflow (yel-

low birch = 35 ± 25; sugar maple = 50 ± 44) also fell 

within the ranges previously reported for a variety of 

forest types (7 to 482 mg-C  L−1; Van Stan and Stub-

bins 2018). These concentrations are higher than the 

long-term average stream DOC concentration in W9 

(4.1 mg-C  L−1) and for rivers globally (~ 4 mg-C  L−1; 

Mulholland 2002).

Median  Ca2+ concentrations in precipitation 

(0.3  mg  L−1) and throughfall (1.0  mg  L−1) were 

similar to those reported for sugar maple and yel-

low birch throughfall in a nearby broadleaf mixed 

forest in New Hampshire (precipitation = 0.16  mg 

 L−1; throughfall =  ~ 1.5  mg  L−1; Eaton et  al. 1973). 

Median stemflow concentrations for  Ca2+ (yellow 

birch = 1.2  mg  L−1; sugar maple = 4.0  mg  L−1) and 

flux-based enrichment ratios (yellow birch = 15; sugar 

maple = 29) were also similar to broadleaf stemflow 

reported in the Mid-Atlantic region (Maryland; 0.8 to 

2.7 mg  L−1; ratios = 3 to 15; Levia et al. 2011). Out-

side of coastal zones, calcium in rainfall is sourced 

from aeolian erosion, biomass burning, or human 

activity such as cement production (Ponette-González 

et al. 2016). The basin is underlain by calcareous rich 

glacial till (DeKett and Long 1995). Thus, dry dep-

osition of local soil dust and subsequent dissolution 

may have contributed to calcium fluxes.

The flux-based enrichment ratios of DOC indicated 

that stemflow (median =  ~ 70) was more enriched 

than throughfall (6), a pattern commonly attributed 

to the increased contact time with tree surfaces per 

unit water yield along stemflow flow paths (Stubbins 

et  al. 2020). Similarly, the deeply furrowed bark of 

sugar maple likely contributed to higher DOC con-

centrations than the smooth, papery bark of yellow 

birch. DOC and  Ca2+ were most enriched in sugar 

maple stemflow (Fig. 2), possibly due to higher water 

absorption capacity of sugar maple bark and inter-

actions of epiphytic fauna and biota along the stem-

flow flow path (McGee et  al. 2019). Elevated DOC 

Fig. 5  A Mean percent PARAFAC component for each flow 

path. Error bars represent 1 standard deviation. B Percent 

PARAFAC component C2 (humic-like) versus percent C4 

(protein-like) for all samples colored by sample type
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and  Ca2+ concentrations and enrichment ratios indi-

cate that trees substantially altered rainwater before it 

reached the forest floor, potentially providing impor-

tant carbon sources for soil microbial communities 

and downstream ecosystems. Consideration of DOC 

and  Ca2+ enrichment in throughfall and stemflow is 

of particular concern to studies estimating carbon 

budgets and weathering where data from open canopy 

weather stations do not accurately represent inputs to 

the forest floor.

Dissolved organic matter optical properties

The a254 values observed here for rainfall 

(median < 3   m−1) are consistent with previous stud-

ies reporting low absorbance in rainwater (< 4  m−1 at 

300 nm) (Yang et al. 2019). In comparison to precipi-

tation, a254 values in throughfall (median > 50   m−1) 

and stemflow (> 200   m−1) were significantly ele-

vated and confirm the general chromophoric nature 

of tree-derived DOM. Mean a254 for sugar maple 

(530 ± 430   m−1) and yellow birch (230 ± 150   m−1) 

stemflow in this study were greater than the high-

est mean value reported for epiphyte-covered cedar 

trees in coastal Georgia (60 ± 30  m−1; Van Stan et al. 

2017), although values up to 526   m−1 were reported 

for southern live oak (Stubbins et al. 2017).

The observed approximate exponential decrease in 

absorbance with increasing wavelength was similar to 

previous absorbance spectra of throughfall and stem-

flow (Stubbins et  al. 2017), leaf leachates (Frimmel 

and Bauer 1987; Zhao et  al. 2020), and other natu-

ral waters (Massicotte et al. 2017). Spectral slopes for 

the log-linearized spectra between 275 and 295  nm 

 (S275–295) for throughfall and stemflow in this study 

(0.013 to 0.015  nm−1) were similar to maple leaf litter 

leachates (0.012 to 0.015  nm−1; Meingast et al. 2020) 

and fell within the range for natural waters broadly 

(0.012 to 0.023   nm−1; Spencer et  al. 2012). Previ-

ous reports of  S275–295 in rainwater are more variable 

(0.006 to 0.023  nm−1) due to low chromophoric DOM 

concentrations (Yang et al. 2019). Decreasing  S275–295 

Fig. 6  Selected solute con-

centrations and quantitative 

DOM optical metrics versus 

storm event size for A, B, 

C dissolved organic carbon 

(DOC), D, E, F Napierian 

absorbance coefficient at 

254 nm (a254), G, H, I the 

sum of PARAFAC compo-

nent fluorescence  (Ftot), and 

J, K, L dissolved calcium 

 (Ca2+)
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has been associated with increasing molecular weight 

in estuary waters (Helms et  al. 2008). Although 

molecular weight was not measured in this study, 

Stubbins et al. (2017) used high resolution mass spec-

trometry to report higher molecular weight present in 

live oak stemflow  (S275–295 = 0.014   nm−1) compared 

to live oak throughfall  (S275–295 = 0.016  nm−1). If this 

relation broadly holds true for tree-derived DOM, 

our results suggest sugar maple stemflow (mean 

 S275–295 = 0.014   nm−1) may be higher in molecular 

weight than yellow birch stemflow and throughfall 

(mean = 0.015   nm−1). Future studies investigating 

downstream processing of tree-derived DOM may 

reveal important ecological implications arising from 

differences in DOM composition due to species-spe-

cific sources.

The specific UV absorptance  (SUVA254) in 

throughfall and stemflow (range = 2.9 to 4.5 L 

Fig. 7  Throughfall and 

stemflow qualitative metrics 

A  SUVA254, B percent 

PARAFAC component 4 

(%C4), and C molar ratio of 

 Ca2+ to DOC versus sample 

date
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mg-C−1   m−1) fell within the range reported for pre-

vious studies (1.7 to 6.3 L mg-C−1   m−1; Levia et al. 

2012; Van Stan et al. 2017; Wagner et al. 2019), and 

United States rivers (1.3 to 4.6; Spencer et al. 2012). 

Higher  SUVA254 values indicate higher absorbance 

per unit carbon due generally to increased aromatic-

ity of the DOM (Weishaar et  al. 2003). The influ-

ence of iron was not considered a cause of high 

 SUVA254 values (> 5 L mg-C−1   m−1) because the 

ratio of iron to DOC in all samples was less than 

0.1, an interference threshold previously determined 

by Poulin et  al. (2014).  SUVA254 for sugar maple 

stemflow (median = 4.5 L mg-C−1   m−1) was higher 

than yellow birch and throughfall (medians =  ~ 2.9 

L mg-C−1   m−1), suggesting DOM in sugar maple 

stemflow contains more aromatic DOC compared to 

throughfall and yellow birch stemflow.

PARAFAC model results matched 87 previously 

reported components (> 0.95 similarity score) in the 

OpenFluor database (Murphy et  al. 2014). Humic-

like components (C1, C2, and C3) matched fluores-

cence components described in headwater streams 

(Garcia et  al. 2015; Graeber et  al. 2012; Yamashita 

et  al. 2011) and rivers of varied latitude and sur-

rounding land use (Dalmagro et  al. 2019; Lambert 

et al. 2016; Walker et al. 2013; Williams et al. 2010). 

Humic-like component C2 also matched fluorescence 

components published from peatland rivers (Zhou 

et  al. 2019), plant material (Derrien et  al. 2018), 

and forest soils more closely associated with plant-

derived organics and fulvic acids (McKnight et  al. 

2001; Wu et  al. 2021). Carboxylated lignin-derived 

aromatics are enriched in throughfall and stemflow 

(Guggenberger and Zech 1994) likely contributing 

to the humic-like DOM optical properties observed 

here. The protein-like component C4 matched fluo-

rescence present in tropical rainforest throughfall 

(Osburn et  al. 2018) and fresh DOM released from 

stream hyporheic zones (Harjung et al. 2018). In leaf 

leachates and other natural waters, fluorescence in the 

EEM region described as “protein-like” in this study 

has been shown to correlate with lower molecular 

weight molecules (Cuss and Gueguen 2013; Stub-

bins et  al. 2014) and nitrogen-containing aromatics 

such as amino acids (e.g. tryptophan; Yamashita and 

Tanoue 2003). However, different compound classes 

containing different fluorophores can exhibit similar 

fluorescence properties (Aiken 2014; Wünsch et  al. 

2015). It may be more plausible that the fluorescence 

of dissolved wash off and leachate from live vegeta-

tion in this study is derived from simple phenols, tan-

nins, and lignin-derived polyphenols associated with 

plant materials. Further compound specific analyses 

would help elucidate the chemical composition of 

tree-derived fluorescent DOM.

Fluorescence signatures unique to throughfall and 

stemflow are difficult to discern since both humic-

like and protein-like fluorescence co-occur in pre-

cipitation (Yang et  al. 2019), throughfall and stem-

flow (Inamdar et  al. 2012; Van Stan et  al. 2017), 

and in leaf litter leachates (Cuss and Gueguen 2013; 

Wheeler et al. 2017). Throughfall and stemflow could 

be enriched in protein-like fluorescence from freshly 

leached or microbially produced DOM while also 

containing degraded DOM contributing to humic-like 

fluorescence. In this study, the lower overall fluores-

cence intensity (Fig. 4) and higher percentage of C4 

(Fig. 5) in throughfall compared to stemflow is con-

sistent with lower flow path residence times associ-

ated with throughfall supplying simpler and less 

diverse molecules. The higher variability of percent 

fluorescence components in precipitation is attrib-

uted to lower quantities of fluorescent DOM contrib-

uting to greater noise in the PARAFAC model for 

those samples. We found no relation between storm 

volume and percent PARAFAC components in pre-

cipitation. However, other studies have shown that 

rainwater originating from terrestrial air masses have 

higher DOC and humic-like fluorescence than marine 

sourced air masses (Yang et al. 2019). While protein-

like fluorescence was also present in stemflow, the 

greater contact time of stemflow with tree surfaces 

could have allowed for a longer processing time of 

plant-derived DOM, degrading it into more diverse, 

complex aromatics contributing to a more dominant 

humic-like fluorescence signature.

In summary, tree-derived DOM is optically 

characterized by having higher a254, lower  S275-295, 

higher  SUVA254, and a greater percentage of humic-

like and protein-like fluorescence than DOM in 

rainfall. Classical interpretation of these DOM 

optical metrics suggests tree-derived DOM is com-

prised of a complex mixture of aromatic compounds 

including lower molecular weight simple phenols 

and higher molecular weight lignin-derived poly-

phenols. It is important to note that inferences about 

the chemical significance of DOM optical proper-

ties are based primarily upon work in rivers, lakes, 
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and the ocean. Further study is warranted to deter-

mine whether these classical interpretations of 

DOM optical properties hold for the presumably 

freshly produced DOM being washed from live veg-

etation. Regardless of the chemical composition of 

tree-derived DOM, differences in optical properties 

in this study indicate DOM quality varies between 

sugar maple and yellow birch trees. Thus, tree-

derived DOM chemical composition is expected to 

vary across other tree species. Our results show-

ing the prominence of longer wavelength emission 

(C2) in sugar maple stemflow (Figs. 4, 5) supports 

previous work demonstrating species-specific dif-

ferences in DOM optical properties (Levia et  al. 

2012; Wheeler et  al. 2017). In this system, the 

percentage of humic-like fluorescence (C2) dis-

tinguished between sugar maple and yellow birch 

stemflow, while the percentage of protein-like fluo-

rescence (C4) was distinct for throughfall (Fig. 5B, 

Table S3). The ratios of these fluorescence regions 

are often calculated in common fluorescence indices 

(e.g.; fluorescence index). However, no index differ-

entiated between sample flow paths as well as the 

percentages of PARAFAC components. Developed 

for aquatic systems, the fluorescence index (FI) is 

negatively correlated with aromaticity where values 

of ~ 1.4 are indicative of terrestrial derived DOM 

(McKnight et  al. 2001). Mean FI determined for 

throughfall (1.5) and stemflow (1.4) in this study are 

consistent with terrestrial, aromatic, tree-derived 

sources. In leaf litter leachates, FI values can vary 

widely (1.3 to 2.0) but averaged 1.6 for naturally 

abscised cottonwood leaf leachates (Wymore et  al. 

2015). The biological index (BIX) was originally 

proposed to indicate autochthonous DOM sources 

in estuaries for values greater than one (Huguet 

et  al. 2009). The low BIX reported for throughfall 

and stemflow in this study (~ 0.4) was also indica-

tive of DOM associated with allochthonous sources 

in aquatic systems and was similar to mean values 

reported from sugar maple and paper birch leaf 

leachates (0.5) (Meingast et al. 2020). Future work 

should include PARAFAC analysis for improved 

precision when considering DOM optical proper-

ties as a DOM tracer through soils and downstream 

ecosystems. The overall variability of DOM optical 

metrics within throughfall and stemflow suggests 

additional hydrometeorological factors other than 

flow path and species influence DOM quality.

Climatic and seasonal effects

A general pattern of decreasing solute concentrations 

in throughfall and stemflow with increasing rain event 

volume has been described for both DOC (Comiskey 

1978; Duval 2019; Ryan et al. 2021a; Van Stan et al. 

2017) and inorganic ions (Germer et al. 2007; Levia 

et al. 2011). However, increases in solute concentra-

tions with increasing event volume have also been 

reported potentially driven by variable precipitation 

intensity or the presence of dense epiphyte communi-

ties (Hansen et  al. 1994; Van Stan et  al. 2017). We 

interpret the decrease in DOC and  Ca2+ concentra-

tions with increasing event size, often described well 

by an exponential decay model (Fig. 6), as a result of 

dilution by rain of sources available to be washed off 

or leached from tree surfaces (Kazda 1990). Expo-

nential decay slopes modeled in this study for DOC 

concentrations versus event size (0.07 to 0.24  mm−1) 

were similar to those for a deciduous swamp 

(∼ 0.03  mm−1) in Ontario, Canada (Duval 2019) and 

for cedar and live oaks (∼ 0.1  mm−1) in the southeast 

United States (Van Stan et al. 2017). However, mod-

eled slopes should be compared with caution since 

the range of storm event sizes available for each sys-

tem and flow path as well as other statistical treat-

ments of data prior to modeling can influence slope 

values. Similar to DOC, CDOM absorbance (a254) 

and total fluorescence intensity  (Ftot) showed dilution 

with increasing event volume precluding the exami-

nation of phenoseasonal trends for these variables in 

this study.

Decreasing DOM concentrations in throughfall 

and stemflow for larger events suggest that the first 

pulse of DOM-rich water occurring early within 

an event may define the bulk DOM composition of 

throughfall and stemflow for a given event. Qualita-

tive DOM optical metrics (e.g.,  S275:295,  SUVA254, % 

PARAFAC components) did not show dilution trends 

using linear or log-linear models (Table S4; p > 0.3) 

indicating that flow path type was the principal factor 

controlling DOM optical properties while event size 

exerted minor influence. Thus, the minimal influence 

of event size on DOM quality allowed comparison of 

DOM optical properties across phenoseasons (Fig. 7). 

During the fall season, the leaching of organic pig-

ments from leaves during senescence likely influ-

enced the increase in  SUVA254 in throughfall due 

to anthocyanin and carotenoid pigments which are 
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responsible for fall colors (Lee et al. 2003). The vari-

ability of  SUVA254 also increased during fall storms, 

particularly for stemflow (Fig.  7A).  SUVA254 values 

considered high (> 5 L mg-C−1   m−1) and low (< 1 

L mg-C−1   m−1) did not correspond with unusually 

large or small rain events and have been previously 

reported for rain and throughfall (Levia et  al. 2012; 

Stubbins et al. 2017). Changes in  SUVA254 could be 

caused by processes that remove aliphatic molecules 

(e.g., microbial respiration) or add aromatics (e.g., 

vegetation leachates). River water contains a blended 

mixture of both aliphatic and aromatic DOM from 

multiple sources and thus typically ranges from 1.3 

to 4.6 L mg-C−1   m−1 (Spencer et  al. 2012). How-

ever, Weishaar et al. (2003) estimated that a  SUVA254 

of 6 corresponds to approximately 50% aromatic-

ity which suggests some stemflow samples in this 

study could have reached nearly 80% aromaticity. 

Overall, the increased variability of  SUVA254 under-

scores the importance of measuring individual storm 

events where DOM dynamics may not be detected in 

monthly or seasonally integrated samples.

While  Ca2+ and DOC concentrations could not be 

compared across seasons due to the influence of event 

volume on these solute concentrations,  Ca2+:DOC 

was elevated in fall versus summer storms indicat-

ing leaching and wash off processes associated with 

these solutes may differ across seasons. Organic mat-

ter content and leachable ions such as  Ca2+ have pre-

viously been shown to increase in throughfall during 

senescence due to physiological changes or physical 

deterioration of leaf cuticles (Eaton et al. 1973). Hud-

son et al. (2018) reported an increase in  SUVA254 in 

water extractions of senescent versus non-senescent 

American beech leaves across the eastern United 

States. Consistent with these studies, our data show 

an increase in percent protein-like fluorescence (%C4) 

in throughfall during the senescent period (Fig.  7) 

suggesting that increased leaching of aromatic pig-

ments associated with senescent leaves are driving 

this pattern. Wheeler et al. (2017) reported an overall 

increase in the proportion of humic-like fluorescence 

in leaf extracts during senescence in four sites in 

the eastern United States. However, two of the three 

protein-like fluorescence components in the Wheeler 

et  al. (2017) study also increased along an increas-

ing senescence gradient. Comparisons between 

throughfall and leaf leachate study results are com-

plicated by the rinsing and cutting of leaf litter prior 

to leaching experiments which removes material that 

is most likely washed from leaf surfaces by through-

fall. Microbial-derived DOM is one additional possi-

ble contributing source to protein-like fluorescence in 

throughfall and future studies quantifying microbial 

activity on leaf surfaces during senescence may help 

elucidate this contribution. In this study, changes in 

stemflow DOM quality were not consistently different 

between mature leaf and senescent leaf types possi-

bly due to the limited interactions of stemflow with 

changing leaves while bark characteristics remain 

more similar across seasons.

Increasing temperature, growing season length, 

precipitation, and storm intensity in the New England 

region of the United States due to climate change is 

likely to change the timing of tree-derived DOM 

fluxes delivered to the forest floor (Huntington et al. 

2009; Ryan et al. 2021a). Similarly, changing pheno-

season timing also impacts tree-derived solutes and 

DOM quality (Wheeler et  al. 2017). Solute leach-

ing from leaves is typically least during leaf emer-

gence and greatest during senescence (Van Stan et al. 

2012). Winters have greater relative warming due to 

climate change (Campbell et  al. 2005). Thus, more 

tree-derived DOM is likely to be delivered to soils 

earlier in the growing season while fall senescence is 

likely to be delayed under future warming (Estiarte 

and Penuelas 2015). Over longer time scales shift-

ing distribution of tree species could influence spe-

cies-specific tree-derived DOM quality (Iverson and 

Prasad 2002). Given the importance of annual leaf lit-

ter processing in aquatic ecosystems (McDowell and 

Fisher 1976) and the potential of tree-derived DOM 

to contribute to harmful disinfection byproducts dur-

ing drinking water treatment (Chen et al. 2019; Chow 

et  al. 2009), understanding the factors controlling 

tree-derived DOM quality is an important scientific 

goal. In this study, phenoseason did not impact the 

amount of DOM delivered to the forest floor (Fig. 6), 

However, phenoseason did impact the quality of 

DOM in throughfall. Thus, future studies should con-

sider phenoseason as an important factor influencing 

throughfall and stemflow DOM quality.

Conclusion

Precipitation partitioning by the mixed hardwood for-

est in Sleepers River Research Watershed enriched 
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throughfall and stemflow in DOM and  Ca2+ relative 

to rainwater. Stemflow from sugar maple and yellow 

birch trees was more enriched than throughfall, and 

sugar maple stemflow was more enriched than yellow 

birch stemflow, likely due to differing flow path water 

residence times and bark characteristics. Further work 

is needed to incorporate the substantial enrichment of 

throughfall and stemflow in modeling the response of 

soil and downstream ecosystems to precipitation.

DOM optical metrics in throughfall and stemflow 

in this study were characteristic of complex mixtures 

of aromatic compounds similar to those reported pre-

viously for tree-derived DOM broadly (Van Stan and 

Stubbins 2018). The PARAFAC model of DOM fluo-

rescence distinguished DOM in throughfall, stemflow, 

and rainfall according to percent protein-like (%C4) 

versus percent humic-like (%C2) fluorescence more 

effectively than traditional EEM indices. Thus, future 

studies could assess whether the considerable differ-

ences in DOM optical properties between through-

fall and stemflow could be used to inform DOM loss 

mechanisms along subsurface flow paths to streams.

The apparent dilution of DOM and  Ca2+ washed 

and leached from tree surfaces with increasing storm 

volume did not impact DOM optical properties. How-

ever, DOM optical properties were altered by pheno-

season. These results support our initial hypothesis 

and suggest that flow paths and species composition 

are fundamental factors influencing DOM optical 

properties. As growing seasons for temperate for-

ests increase in duration, we expect increased annual 

fluxes of DOM in throughfall and stemflow associ-

ated with mature leaves phenotype that appear earlier 

in the growing season. Thus models of DOM trans-

port through forested ecosystems should be used to 

probe the implications of differing DOM quality in 

throughfall and stemflow across species and pheno-

season. Future studies that advance understanding 

of tree-derived DOM quality will allow more robust 

accounting of carbon transfers across terrestrial-

aquatic boundaries.
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