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the hypermaritime climate of the region. Condensed 
aromatics contributed as much as 38% relative abun-
dance of spruce and hemlock bark leachates sug-
gesting coniferous trees are potential sources of con-
densed aromatics to surface waters. Soil leachates 
showed soil wetness dictates DOM composition and 
processing, with wetland soils producing more aro-
matic formulae and allowing the preservation of tradi-
tionally biolabile, aliphatic formulae. Biodegradation 
impacted soil and tree DOM differently, and though 
the majority of source-specific marker formulae were 
consumed for all sources, some marker formulae per-
sisted. Tree DOM was highly biolabile (> 50%) and 
showed compositional convergence where process-
ing homogenized DOM from different tree sources. 
In contrast, wetland and upland soil leachate DOM 
composition diverged and processing diversified 
DOM from different soil sources during bioincuba-
tions. Increasing precipitation intensity predicted 

Abstract  To investigate how source and process-
ing control the composition of “terrestrial” dissolved 
organic matter (DOM), we combine soil and tree 
leachates, tree DOM, laboratory bioincubations, and 
ultrahigh resolution Fourier-transform ion cyclotron 
resonance mass spectrometry in three common land-
scape types (upland forest, forested wetland, and poor 
fen) of Southeast Alaska’s temperate rainforest. Tree 
(Tsuga heterophylla and Picea sitchensis) needles and 
bark and soil layers from each site were leached, and 
tree stemflow and throughfall collected to examine 
DOM sources. Dissolved organic carbon concentra-
tions were as high as 167 mg CL−1 for tree DOM, 
suggesting tree DOM fluxes may be substantial given 
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with climate change in Southeast Alaska will increase 
tree leaching and soil DOM flushing, tightening link-
ages between terrestrial sources and DOM export to 
the coastal ocean.

Keywords  Dissolved organic matter · FT-ICR 
MS · Tree DOM · Soil DOM · Microbial processing · 
Condensed aromatics

Introduction

The composition and thus ecological role of dissolved 
organic matter (DOM) is controlled by its source 
and processing history along the terrestrial-aquatic 
continuum (Antony et  al. 2017; Hansen et  al. 2016; 
Shirokova et al. 2019; Wagner et al. 2019b). Precipi-
tation interacts with forest vegetation and soil, leach-
ing DOM from multiple sources along its flowpath to 
form terrestrially-sourced allochthonous DOM. Pre-
cipitation first encounters tree canopies, where it can 
flow down tree trunks as stemflow or pass through 
branches as throughfall, accruing “tree DOM” 
sourced from a combination of deposition, microbial 
metabolites, and plant-derived molecules (Guggen-
berger et  al. 1994; Van Stan and Stubbins 2018). 
Precipitation that is not intercepted by tree canopies 
either runs off the landscape as surface flow with-
out interaction with soil organic matter, or infiltrates 
into soils and leaches DOM along soil flowpaths 
(D’Amore et al. 2012; Inamdar et al. 2012). Riverine 
DOM composition can shift with changing source 
contributions, demonstrating the importance of 
source to DOM character (Behnke et al. 2020; Kurek 
et al. 2021; Wagner et al. 2019b). However, microbial 
processing in headwater streams can also homogenize 
DOM before it reaches watershed outlets, minimiz-
ing the relevance of specific DOM sources to over-
all DOM composition (Harfmann et al. 2019; Rossel 
et al. 2013). Elucidating the balance between micro-
bial homogenization and source specificity in dictat-
ing DOM composition will allow us to better assess 
the importance of terrestrial DOM source in dictating 
DOM chemistry.

The Northeast Pacific Coastal Temperate Rainfor-
est (NPCTR) of Southeast Alaska provides an ideal 
location in which to assess the impacts of source ver-
sus processing on terrestrial DOM composition. The 
annual land-to-ocean flux of dissolved organic carbon 

(DOC) from Southeast Alaskan watersheds is mas-
sive, and currently equates to ~ 20% the flux from the 
entire contiguous United States due to the high DOC 
yield (Edwards et al. 2021). Further, soil and tree bio-
mass in the NPCTR contain substantial carbon stocks 
(Buma et al. 2016; Heath et al. 2011; McNicol et al. 
2019) and temperate rainforests such as the NPCTR 
have the highest carbon density of any forest ecosys-
tem (Keith et al. 2009), providing sizable and varied 
carbon sources for DOM leaching. Southeast Alaskan 
landscapes experience substantial precipitation, with 
precipitation intensity projected to increase with cli-
mate change, potentially influencing the magnitude of 
DOM fluxes to the productive coastal ocean (Bidlack 
et al. 2021; Lader et al. 2020; Nash et al. 2018). Rain 
and subsequent runoff allow leaching and transporta-
tion of carbon from sources to streams as DOM. The 
balance of source identity versus microbial process-
ing in dictating DOM composition remains unclear 
but is a critically important component of regional 
carbon biogeochemistry.

Here we use ultrahigh resolution Fourier-transform 
ion cyclotron resonance mass spectrometry (FT-ICR 
MS) to examine DOM composition from common 
terrestrial carbon sources to NPCTR watersheds. 
We further pair FT-ICR MS with laboratory bioin-
cubations to determine how microbial processing 
impacted the chemical composition of the following 
tree and soil endmember sources: (1) soil leachates 
in the three most prevalent landscape units (poor fen, 
forested wetland and upland forest) in the NPCTR 
(D’Amore et al. 2015a; McNicol et al. 2019); (2) lea-
chates from western hemlock (Tsuga heterophylla) 
and Sitka spruce (Picea sitchensis), which are the 
two dominant tree species in the NPCTR; and 3) 
stemflow and throughfall (hereafter, “tree DOM”) 
of spruce and hemlock. We assess whether specific 
DOM sources contain unique chemical signatures 
and whether sources retained compositionally distinct 
DOM signatures after microbial modification.

Methods

Site description

Sampling took place in Aangooxa Yé (referred to in 
past studies as Fish Creek) watershed near Juneau, 
Alaska (Fig.  1; D’Amore et  al. 2015a). Sampling 
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occurred during the snow-free period in order to cap-
ture terrestrial DOM sources during the main runoff 
period including spring snowmelt (May) and sum-
mer water table draw-down (June to early August) 
(Fellman et  al. 2009a). Aangooxa Yé and its sub-
catchments have previously been established as a 
hydropedologic observatory (D’Amore et  al. 2012), 
and the hydrology, biogeochemistry, and soil car-
bon dynamics of these catchments have been exten-
sively studied for the past decade (e.g. D’Amore et al. 
2015a; Fellman et  al. 2008, 2020). The area has a 
moderate maritime climate with cool summers, mild 
winters, and substantial precipitation (~ 2,000 mm at 
sea level). Aangooxa Yé watershed (36 km2; 487 m 
mean elevation) contains coniferous forest, forested 
wetlands, emergent wetlands, and alpine areas that 
seasonally accumulate snow that persists throughout 
much of the summer.

The three study landscape types have specific 
hydrodynamics that impact carbon accumulation 
and flux in the NPCTR. Poor fens (fen) cover ~ 9% of 
the NPCTR and are a largely unforested and poorly-
drained wetland type (D’Amore et al. 2015a; National 
Wetlands Working Group 1988). The poor fen sub-
catchment has organic soils classified as Typic Cry-
ohemists that are acidic (pH < 4.0) with peat accu-
mulation of > 2 m, and a vegetation community that 

contains Sphagnum mosses (Sphagnum spp.), shore 
pine, ericaceous shrubs, and sedges (Fellman et  al. 
2008). It has a mean elevation of 253 m, a mean slope 
of 6.6%, and an estimated soil C stock of 556 Mg C 
ha−1 to 2 m deep (D’Amore et al. 2015a).

Forested wetlands cover ~ 12% of the NPCTR 
(D’Amore et  al. 2015a). The forested wetland sub-
catchment contains organic soils classified as Terric 
Cryohemists with acidic (pH < 4.0) peat 0.50–0.75 m 
deep overlying glacial till (Fellman et al. 2008), and 
is characterized as a raised peatland swamp (National 
Wetlands Working Group 1988). The forested wet-
land contains vegetation communities with Sphag-
num mosses, blueberry (Vaccinium spp.), and skunk 
cabbage (Lysichiton americanum) beneath an over-
story of western hemlock and Sitka spruce. The 
hydrodynamics of the forested wetland and poor fen 
differ in both the seasonality and conductivity of the 
surface organic layers, but soils in both show oscillat-
ing aerobic and anaerobic conditions (D’Amore et al. 
2010, 2015a). The sub-catchment has a mean eleva-
tion of 240  m, a mean slope of 15.5%, and an esti-
mated soil carbon content of 376  Mg C ha−1 in the 
organic layers (D’Amore et al. 2015a).

Upland forests cover ~ 78% of the NPCTR. The 
upland forest sub-catchment has soils classified 
as Typic Haplocryods with acidic organic matter 

Fig. 1   Sampling design 
for the three landscape 
types in Aangooxa Yé/
Fish Creek watershed near 
Juneau, Alaska. Soil layers 
for upland forest, forested 
wetland, and poor fen are 
shown. Both spruce and 
hemlock were sampled for 
bark and needle leachates 
(along with a combined epi-
phyte leachate), stemflow, 
and throughfall
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over colluvial material on steep slopes with a mean 
elevation of 392  m, a mean slope of 19.4%, and an 
estimated soil carbon content of 245  Mg C ha−1 to 
0.80  m deep (D’Amore et  al. 2015a; Fellman et  al. 
2008). Upland forest vegetation is also primarily 
blueberry, western hemlock, and Sitka spruce.

Tree DOM collection

Tree DOM samples were collected for analyses from 
a storm in both June (the first large rain event after 
the watershed was not subject to snow and ice on 
branches) and August to capture event variability 
from the upland and forested wetland following an 
adaptation of previously published methods (Stubbins 
et  al. 2017). All glassware for tree DOM collection 
was pre-cleaned (pH 2 ultrapure water bath; ultrapure 
water rinsing; combusted for > 4  h at 450 °C) prior 
to deployment. Twenty-four glass throughfall col-
lectors were placed under 12 trees (three spruce and 
three hemlock at each of the forested wetland and 
upland sites). An additional two glass collectors were 
placed in a nearby unforested site to collect rainfall. 
Stemflow samplers consisted of precleaned collars 
cut from (acid leached and ultrapure water rinsed) 
polyethylene tubing installed on each tree circling the 
trunk ~ 1.5 m from the ground. Precleaned glass sam-
pling containers were attached to each tubing collar 
outflow at the time of deployment before the storms. 
After each rain event, sample volumes were meas-
ured. Concentrations of DOC were measured (see 
below for method) for each tree DOM sample sepa-
rately when sample volumes allowed and composited 
by sample type when volumes were too small. Tree 
DOM samples from the first storm sampling were 
composited by tree species, catchment, and sample 
type for FT-ICR MS and stored frozen in precleaned 
(acid-rinsed) polycarbonate bottles until extraction. 
Sample volumes from the only sampled August storm 
large enough to sample for DOC concentration during 
the field season were too small to allow FT-ICR MS 
analysis or bioincubations.

Tree leachates

Tree leachate samples were collected twice to match 
tree DOM collection, in June and August, and leached 
using an adaptation of previously detailed methods 
(Johnston et  al. 2019; Textor et  al. 2019). Needles 

and bark from three hemlock and three spruce trees 
in both the forested wetland and upland sub-catch-
ments were collected by clipping branches, bark, and 
foliage. Samples were composited by tree species, 
sample type, and catchment. Epiphytes (lichens and 
moss) from both tree species and catchments were 
collected and composited as an epiphyte sample type. 
All tree leachate samples were oven-dried at 50 °C for 
24 h. Dried samples were placed in 500 g of Milli-Q 
water in acid-cleaned polycarbonate bottles and left to 
leach in the dark for 3 h (Table S1).

Soil layer characterization, collection, and leachates

Soil sampling occurred twice, in spring (May) and 
late summer (August). A soil pit was excavated at 
each site and soil genetic horizons were deline-
ated that corresponded to previously characterized 
pedons in close proximity at the site (see D’Amore 
et al. 2015a). In the poor fen, soil samples were col-
lected from the Oi (~ 0–10 cm deep) and Oe horizon 
(~ 10–50  cm deep). In the forested wetland, the Oe 
(~ 5–25  cm deep), Oa (~ 25–45  cm deep), and a B 
horizon (~ 45–70 cm deep; Bw) were sampled. In the 
upland forest, the Oi (~ 0–10 cm deep), and a B hori-
zon (~ 20–45  cm deep; Bs) were sampled. Samples 
were returned to the laboratory where 40 g dry weight 
of each soil horizon as leached in a 0.001 M NaHCO3 
solution (prepared with ultrapure water) for 24 h on a 
shaker table in the dark (Textor et al. 2019).

DOC measurements and biodegradable DOC

Samples for DOC from all water sources were filtered 
through pre-combusted (> 4  h at 450 °C) Whatman 
GF/F filters (0.7 µm pore size) and stored refrigerated 
in sample rinsed and pre-combusted (> 4  h at 550 
°C) amber glass vials or acid-cleaned polycarbonate 
bottles until analysis within 48 h of collection (Stub-
bins and Dittmar 2012). For soil leachates, water was 
initially prefiltered through a Whatman GF/D filter 
(pre-combusted > 4  h at 450 °C; 2.7  µm pore size). 
Concentrations of DOC were determined via non-
purgeable organic C analysis on a Shimadzu TOC-
LC/TN analyzer. Samples were acidified and sparged 
to remove inorganic C followed by high-tempera-
ture combustion and analysis on the TOC analyzer 
(Stubbins and Dittmar 2012). Biodegradable DOC 
(BDOC) of leachates and tree DOM were calculated 
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as the difference in DOC concentration before and 
after a 14-day incubation expressed as a percent loss 
of DOC (Textor et al. 2019). Triplicate filtered (> 4 h 
at 450 °C 0.7 μm Whatman GF/F) leachates and sam-
ples were amended with a 1% microbial inoculum 
(made by filtering leachate water through 2.7  μm 
GF/D filters) and were nutrient amended based on 
doubled Redfield ratios of inorganic nitrate and phos-
phate (KNO3 and Na2HPO4; 106C:32  N:2P). Thus, 
nutrients were added to each sample in equal pro-
portions based on the initial DOC concentration of 
each sample to prevent nutrient limitation during the 
incubations (Howard et  al. 2018; Vonk et  al. 2015). 
Incubations were kept in the dark on a shaker table 
at 20 °C with lids cracked to allow oxygen exchange. 
After 14  days, aliquots were re-filtered and DOC 
measured for the end time point.

Fourier‑transform ion cyclotron resonance mass 
spectrometry

Aliquots for FT-ICR MS analysis were frozen in 
pre-cleaned polycarbonate bottles until extraction. 
Solid-phase extraction of samples was conducted 
using reverse phase Bond Elut Priority PolLutant 
(PPL) columns (100  mg; Agilent) (Dittmar et  al. 
2008). Carbon normalized volumes of acidified (pH 
2) samples (40  μg C mL−1 target concentrations for 
JT Baker HPLC grade methanol elutes) were passed 
through pre-cleaned PPL columns. Elutes were stored 
at -20° C until analysis on a custom-built FT-ICR 
MS equipped with a passively shielded 9.4 T magnet 
(Oxford Instruments, Abington, Oxfordshire, U.K.) at 
the National High Magnetic Field Laboratory (Tal-
lahassee, Florida, U.S.A.; Kaiser et al. 2011; Stenson 
et al. 2003) with direct infusion negative electrospray 
ionization. Each mass spectrum collected consisted of 
100 coadded time domain acquisitions. Since extrac-
tion and ionization are not 100% efficient, FT-ICR 
MS spectra provide data on the extracted and ionized 
fraction of the DOM pool and cannot be assumed to 
capture all formulae present in DOM samples.

Molecular formulae were assigned to peaks 
with > 6σ root-mean-square baseline noise with pre-
viously described guidelines (Koch et al. 2007) with 
PetroOrg ©™ software (Corilo 2015). Formulae 
assignment boundaries were C1-45H1-92N0-4O1-25S0-2 
and a mass accuracy ≤ 300  ppb (Kellerman et  al. 
2018). The modified aromaticity index (AImod; 

used to assess the degree of unsaturation based on 
molecular formula) was calculated (Koch and Ditt-
mar 2006, 2016). Compound classes were defined 
using AImod and elemental ratios as follows: poly-
phenolics (0.5 < AImod ≤ 0.66); condensed aromat-
ics (AImod > 0.66); highly unsaturated and phenolic 
(AImod ≤ 0.5, H/C < 1.5, O/C ≤ 0.9; HUPs); aliphatics 
(1.5 ≤ H/C ≤ 2.0, O/C ≤ 0.9 and N = 0); N-containing 
aliphatic compounds (also known as peptide-like 
formulae; 1.5 ≤ H/C ≤ 2.0, O/C ≤ 0.9 and N > 0); and 
sugar-like (O/C > 0.9). Though unique molecular for-
mulae can be assigned to FT-ICR MS peaks, each 
formula can represent numerous structural isomers 
(Hertkorn et  al. 2007). Therefore, the term “com-
pound” refers to the different compounds the formu-
lae represent rather than a specific isomer and is used 
in reference to compound classes only. Relative abun-
dances of each formula were determined by normal-
izing each peak magnitude to the sum of all assigned 
peaks in each sample. The contributions of the com-
pound classes were then calculated as the sum of all 
the relative abundances of each peak in each com-
pound class divided by the summed abundances of all 
assigned formulae in each sample expressed as per-
centages. Similar calculations were used to determine 
the relative abundances of compounds containing 
different elemental compositions (e.g. CHO, CHON, 
CHOS, CHONS).

Bioconsumed/bioproduced molecular formu-
lae were identified as formulae that were present or 
absent in the analytical window above > 6σ root-
mean-square baseline noise in all initial bioincubation 
spectra for a DOM source (e.g. hemlock throughfall) 
and similarly absent or present in all final bioincuba-
tion spectra for that DOM source, due to a combina-
tion of biological processes and any potential changes 
in ionization. Unique marker formulae were identified 
as formulae that appeared in all initial spectra for a 
given DOM source and in none of the samples for 
the comparable DOM sources. For example, formu-
lae unique to spruce stemflow DOM appeared in all 
initial spruce stemflow spectra and none of the ini-
tial samples for other DOM sources, be they soil lea-
chates or other tree samples.

Statistical analyses

In our study, we performed three statistical com-
parisons: (1) between soil leachate DOM from the 
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three landscape types; (2) between spruce and hem-
lock sourced DOM; and (3) between needle and 
bark DOM. Our goal for sampling in both May/June 
and August was to increase our sample size for the 
DOM composition analyses rather than evaluate 
seasonal patterns in DOM composition. Bioincuba-
tions allowed us to examine the changes occurring 
to DOM during microbial processing, which causes 
the majority of annual carbon dioxide emissions 
from DOM at these latitudes and contributes more 
to DOM degradation than does photochemistry in 
short, shaded streams (Groeneveld et  al. 2016; Koe-
hler et  al. 2014). Differences in tree DOM between 
needle and bark leachates, tree species, and tree DOM 
type were tested with Welch two-samples t-tests in 
R (R Core Team 2019) using rstatix (Kassambara 
2020). Kruskal–Wallis tests and Wilcoxon’s tests to 
assess differences between soil leachates in the three 
sub-catchments were performed in R. Principal com-
ponent analysis (PCA) was used to examine rela-
tionships between FT-ICR MS compound and het-
eroatomic classes in R (R Core Team 2019) using the 
ggfortify package (Horikoshi and Tang 2016; Tang 
et al. 2016) with variables scaled to unit variance to 

make them comparable. This technique reduces con-
tinuous multivariate data dimensionality while retain-
ing information on dataset variability.

Results

DOC concentration and DOM composition

Canopy, trunk, and soil DOM sources varied in con-
centration and biolability of DOC and in FT-ICS 
MS data bulk metrics (Fig.  2; Table  1), and com-
pound class and heteroatom class relative abundances 
(Fig.  3; Table  2). Concentrations of DOC in the 
full suite of tree DOM samples ranged from 22.9 ±  
3.3 mg CL−1 in hemlock throughfall to 88.7 ±  
19.5 mg CL−1 in spruce stemflow (Table  1) with 
maximum values of 66 and 167 mg CL−1 for spruce 
throughfall and stemflow samples. Concentrations 
of DOC were on average greater in stemflow than 
throughfall samples (t4.39 = 4.56, p < 0.01; Fig.  2; 
Table S2 for statistics). Rainfall DOC concentrations 
were minimal (0.5 ± 0.0 mg CL−1) indicating pre-
cipitation did not noticeably contribute to tree DOM 

Fig. 2   Canopy (through-
fall and needle leachates), 
trunk (stemflow and bark 
leachates), forested wet-
land (FW), fen, and upland 
DOC concentrations and 
FT-ICR MS bulk metrics. 
Throughfall and stemflow 
values are indicated by the 
colored points in the canopy 
and trunk categories; those 
boxes represent needle and 
bark leachate data. The 
median is represented by 
a horizontal line, boxes 
extend to the 25th and 75th 
percentiles, and whiskers 
extend to the minimum 
or maximum value or 1.5 
times the interquartile range 
past the box (whichever is 
nearer the median). The 
black dots are outlying 
points past the whiskers’ 
range
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samples. Of the leachates, hemlock bark produced the 
most DOC (37.2 ± 5.5 mg CL−1), while spruce bark 
produced the least (24.3 ± 4.2 mg CL−1; Table  1). 
There was no significant difference between average 
hemlock and spruce leachate DOC concentrations 
(p = 0.14; Table  S2). Soil leachate DOC concentra-
tion did not vary across the three landscape types 
(p = 0.07; Table  1 for concentrations; Table  S3 for 
statistics).

There were no significant differences between 
spruce and hemlock when needle and bark leachate 
data or tree DOM samples for each species were 
combined for any FT-ICR MS compound classes or 
metrics for the initial sample timepoints. However, 
there were some significant differences between 
bark and needle leachates when including both spe-
cies (Table S2). The mean H/C weighted average of 
the bark (0.88 ± 0.02) was significantly lower than 
that of the needles (1.08 ± 0.03; Fig. 2; t10.4 = − 5.11, 
p < 0.001). Mean AImod weighted average was higher 
for bark than for needles (Fig.  2; 0.52 ± 0.01 vs. 
0.39 ± 0.02; t11.5 = 5.42, p < 0.001). Heteroatom-
containing formulae were more abundant in nee-
dles than bark; CHON (t7.13 = − 3.39, p < 0.05) and 

CHOS (t8.01 = − 1.81, p = 0.11) formulae made up 
0.2 ± 0.1 and 1.4 ± 0.5%RA of bark and 3.1 ± 0.9 
and 5.1 ± 2.0%RA of needle leachates, respectively 
(Table  2; Fig. S1). Bark contained relatively more 
condensed aromatics than did needles (t9.62 = 8.31, 
p < 0.0001; 28.5 ± 2.5 vs. 5.6 ± 1.1%RA; Fig. 3), and 
slightly but not significantly more polyphenolics 
(t7.96 = 1.78, p = 0.11; 29.2 ± 0.8 vs. 23.2 ± 3.2%RA; 
Fig.  3). Conversely, needles exceeded bark for pep-
tide-like formulae (t7.01 = − 2.67, p < 0.05; 1.2 ± 0.4 
vs. 0.0 ± 0.0%RA; Fig.  3), and had slightly but 
not significantly higher aliphatic (t7.98 = −  1.36, 
p = 0.21; 8.97 ± 2.8 vs. 5.0 ± 0.8%RA) and sugar-like 
(t8.12 =  − 1.63, p = 0.14; 0.3 ± 0.1 vs. 0.2 ± 0.0%RA) 
contributions.

Molecular compositions identified by FT-ICR 
MS were distinct in upland soil leachates compared 
to the combined wetland soil leachates. The upland 
soils had a smaller contribution of polyphenolics and 
condensed aromatics (19.0 ± 1.3 and 9.8 ± 2.0%RA; 
Table  2 for individual layers; Fig.  3) while they 
made up a greater contribution in the forested wet-
land and fen soils grouped together as wetland soils 
(30.4 ± 1.7 and 26.1 ± 1.8%RA respectively; Table  1 

Fig. 3   Canopy (through-
fall and needle leachates), 
trunk (stemflow and bark 
leachates), forested wet-
land (FW), fen, and upland 
FT-ICR MS compound 
classes. Throughfall and 
stemflow values are indi-
cated by the colored points 
in the canopy and trunk 
categories; those boxes 
represent needle and bark 
leachate data. The median is 
represented by a horizontal 
line, boxes extend to the 
25th and 75th percentiles, 
and whiskers extend to the 
minimum or maximum 
value or 1.5 times the 
interquartile range past the 
box (whichever is nearer 
the median). The black dots 
are outlying points past the 
whiskers’ range
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for means by soil layer; significance levels for differ-
ences between watersheds in Table S3). Similarly, the 
upland soils had a lower mean AImod weighted aver-
age but greater mean H/C and O/C weighted averages 
than the wetlands lumped together (Fig.  2 for sub-
catchment values).

Tree and soil leachate BDOC and biodegradation 
driven shifts in DOM composition

Spruce stemflow had the highest BDOC of tree 
DOM samples (11.0 ± 1.0%), while minimal change 
was observed in spruce throughfall (0.8 ± 0.9%; 
Table 1; Fig. 2). No BDOC data were obtained from 
hemlock stemflow because of insufficient stemflow 
sample volume. Spruce stemflow had significantly 
greater BDOC than spruce and hemlock throughfall 
(t6.00 = 3.46, p < 0.05; Table S2 for statistics). Of the 
needle and bark leachate samples, spruce needles 
yielded the highest BDOC (56.0 ± 3.2%), while hem-
lock bark was the least bioavailable (10.4 ± 1.6%; 
Table 1). There was no significant difference between 
BDOC of spruce and hemlock leachates (t41.1 =   
−  1.79, p = 0.08). Needle leachates had significantly 
higher BDOC than bark leachates (t26.6 = − 10.8, 
p < 0.001). Percent BDOC was low in all soil leachate 
incubations, ranging from 5.3 ± 1.0% in fen Oe to no 
detectable decrease in both forested wetland Oe and 
fen Oi (Table  1). Soil leachate BDOC did not vary 
across the three landscape types (p = 0.23; Table 1 for 
percent BDOC; Table S3 for statistics).

A PCA of DOM composition for all tree leachates 
and tree DOM samples (and their final incubation 
time points) showed differences in DOM composi-
tion leached from different parts of the trees as well 
as some homogenization of DOM composition after 
biodegradation (Fig.  4a). On PC1, needles showed 
greater %RA of aliphatics, peptide-like, HUPs, and 
CHON- and CHOS-containing formulae, and lower 
%RA of condensed aromatics, polyphenolics, and 
CHO-containing formulae (Fig.  4b). Bark leachates 
clustered on the negative end of PC1. PC2 was domi-
nated by %RA of sugar-like and CHONS-contain-
ing formulae, with needles separating slightly due 
to lower values and stemflow samples separating 
slightly due to greater relative abundances. The rain 
sample and epiphyte leachates grouped with the nee-
dles. No obvious separation by tree species occurred.
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A PCA of DOM composition for soil leachates and 
soil leachate bioincubations showed differences in 
DOM composition from soil leached from each sub-
catchment and different directions of compositional 
change throughout the incubation in each sub-catch-
ment (Fig.  4c). The upland soils separated from the 
wetland soils, and the final wetland time-points sepa-
rated further from the initial wetland time-points. A 
greater %RA of condensed aromatics, polyphenolics, 
and CHON-containing formulae were most prevalent 
in final wetland soils while a greater %RA of HUPs, 
sugar-like and CHONS-containing formulae were 
indicative of upland soils (Fig. 4d).

Bioproduced formulae exceeded bioconsumed 
formulae in the fen and forested wetland (1193 
vs. 670 and 738 vs. 132, respectively; Fig.  5). In 

contrast, there were fewer bioproduced than bio-
consumed formulae in the upland site (181 vs. 
265). Bioconsumed formulae in the upland had 
the highest AImod weighted average, while the for-
ested wetland had the lowest (0.51 ± 0.01 and 
0.18 ± 0.02). The opposite held true for biopro-
duced formulae, with the lowest AImod weighted 
average in the upland and highest in forested wet-
land (0.43 ± 0.01 and 0.69 ± 0.00, respectively). The 
upland had the lowest mean H/C and O/C weighted 
averages for bioconsumed formulae and the highest 
for bioproduced formulae (0.90 ± 0.02, 0.38 ± 0.01, 
0.93 ± 0.02, and 0.54 ± 0.01, respectively), while the 
forested wetland had the highest for bioconsumed 
formulae and the lowest H/C for bioproduced for-
mulae (1.39 ± 0.03, 0.56 ± 0.02, and 0.62 ± 0.01). 

Fig. 4   a, b PCA of DOM composition for all tree leachates 
and stemflow and throughfall samples, along with their final 
incubation time points, to examine controls on aboveground 
tree DOM sources impacted by rainfall leaching. c, d PCA 
of DOM composition for both sets of soil leachates and soil 

leachate bioincubations to examine controls on belowground 
soil DOM sources impacted by both rainfall and groundwater 
leaching. a/c sample locations in PCA space and b/d loadings. 
Large symbols are initial incubation time points, small sym-
bols are final incubation timepoints
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The fen had the lowest bioproduced O/C weighted 
average (0.28 ± 0.00).

Biodegradation reduces source‑specific marker 
formulae

Unique formulae (present in all samples from one 
DOM source and in no samples from any other 

DOM source) were identified in less than half of the 
tree leachates or tree DOM samples and all but one 
soil leachate (Table 3; Table S4 for unique formulae 
list). Most sources had fewer than five unique formu-
lae, while spruce stemflow had 176 unique formulae 
identified. Of the unique formulae, nearly all formu-
lae (90%) were bioconsumed in all samples over the 
course of the 14-day incubations. Unique formulae 
in hemlock throughfall, fen Oi, forested wetland B, 
upland Oi, and upland B leachates were completely 
consumed.

Discussion

Soil wetness drives DOM composition and microbial 
processing

Leachable DOM in wetland soils was more aromatic 
than in upland soils, as supported by the greater con-
tributions of condensed aromatics and polypheno-
lics and higher AImod in wetland soils (Figs. 2 and 3; 
Tables 1 and 2). Phenolic compounds have long been 
associated with organic matter preservation in wet-
land soils where anaerobic conditions limit phenolic 
oxidation (Freeman et al. 2001; Limpens et al. 2008). 
These findings suggest that phenolic compound 
breakdown was likely inhibited in the saturated wet-
land soils while enhanced in the well aerated upland 
soils.

Antecedent soil saturation and associated anaero-
bic conditions appear to be a primary control on soil 
leachate DOM composition and drive a divergence 

Fig. 5   Formulae either bioconsumed (blue) or bioproduced (red) in all soil incubations for the a fen, b forested wetland, and c 
upland

Table 3   Number of unique molecular formulae present in 
all samples from one DOM source and in no samples from 
any other DOM sources. Number and percent of those unique 
molecular formulae that were completely bioconsumed during 
bioincubations (- represents no unique formulae at the start of 
incubations)

Tree DOM source # unique in all # (%) bio-consumed

Spruce needle 0 –
Spruce throughfall 0 –
Spruce bark 1 0 (0)
Spruce stemflow 176 162 (92)
Hemlock needle 0 –
Hemlock throughfall 1 1 (100)
Hemlock bark 0 –
Hemlock stemflow 0 –
Epiphytes 11 9 (82)
Fen Oi 1 1 (100)
Fen Oe 4 3 (75)
Forested wetland Oe 0 –
Forested wetland Oa 20 12 (60)
Forested wetland B 1 1 (100)
Upland Oi 36 36 (100)
Upland B 1 1 (100)
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in composition between wetland and upland sites 
during bioincubations (Fig.  4c, d). Each soil layer 
progressed along PC1 from the initial to final time 
point with the direction of movement depending on 
the type of soil (wetland and upland layers moving 
farther apart). DOM leached from wetland soils had 
high consumption of high H/C, aliphatic, sugar-like, 
and peptide-like formulae (Fig.  5; Tables  1 and 2), 
which were likely targets for microbial degradation 
since high H/C ratio-formulae have greater stored 
energy (Hopkinson et  al. 1998; Smith et  al. 2018; 
Textor et al. 2019). When the soil layers were leached 
and incubated in the laboratory, soil microbes were 
likely exposed to more aerobic conditions than were 
originally present in  situ. Thus, it is possible that 
aerobic incubation lifted the anoxic hold on the biola-
bile, energy-rich compounds that microbes could con-
sume, increasing the relative abundance of aromatic 
DOM remaining following incubation. During peri-
ods of abundant precipitation, NPCTR soils become 
saturated and anerobic, while during dry periods in 
spring and early summer, water table drawdown leads 
to deeper soil aerobic zones (D’Amore et  al. 2015b; 
Emili and Price 2013). Therefore, our leaching meth-
ods may partially mimic the regular fluctuations in 
water table height previously observed in the wetland 
sites (D’amore et al. 2010).

The opposite trend in DOM composition follow-
ing laboratory incubations was observed in the upland 
leachates. Microbial processing decreased the %RA 
of condensed aromatics (Antony et  al. 2017; Ban-
dowe et  al. 2019), and a number of condensed aro-
matic formulae were completely consumed (Fig.  5). 
Bioproduced formulae were mainly located in the 
center of H/C versus O/C space. The same pattern of 
more centralized formulae in H/C versus O/C space 
was previously seen in DOM with increasing soil 
depth (Roth et  al. 2019), contracting into the HUPs 
region which increased its %RA in this study’s upland 
soil leachates (unlike in the wetland leachates). This 
convergence in the center of van Krevelen space of 
DOM molecular composition is common during 
microbial processing (Behnke et al. 2021; Kellerman 
et  al. 2018; Roth et  al. 2019). Since upland soils in 
the NPCTR are usually unsaturated (D’Amore et  al. 
2015a), it is likely no dramatic reoxygenation took 
place during leaching. Biolabile DOM is consumed 
in  situ by microbial communities as it is produced, 

preventing the accumulation of specific DOM com-
pound classes as observed in the wetland sites.

These compositional shifts during bioincubation 
occur despite overall low bioavailability of soil lea-
chate DOC (1.5–5.3% or < 0.5 mg CL−1; Table  1). 
Some otherwise biodegradable DOC may have been 
lost or modified during the drying process prior to 
leaching, partially explaining these low BDOC val-
ues. However our values are generally consistent 
with previous soil and peatland BDOC trends in the 
NPCTR and elsewhere (Fellman et al. 2017; Hansen 
et  al. 2016; Payandi-Rolland et  al. 2020; Shirokova 
et  al. 2019). Our findings thus support the idea that 
microbial degradation of DOM leached from soils can 
shift DOM composition even with marginal decreases 
in DOC concentration (< 10%; Hansen et al. 2016).

Tree DOC in the NPCTR​

To our knowledge, these are the first reported 
throughfall or stemflow DOC concentrations for the 
northern NPCTR. Stemflow samples had higher aver-
age DOC concentrations than throughfall (Fig. 2a) as 
previously reported in both coniferous (Thieme et al. 
2019) and deciduous (Howard et al. 2018; Van Stan 
et al. 2017) temperate forests. This is likely because 
stemflow has longer residence time in contact with 
the tree trunk and thus greater opportunity to leach 
organic material.

Our mean hemlock and spruce throughfall and 
stemflow values (Table  1) were greater than almost 
all reported throughfall (median: 11 mg CL−1) and 
stemflow (median: 22 mg CL−1) values from a global 
review of different forest tree DOM characteristics 
(Van Stan and Stubbins 2018). These high DOC con-
centrations are not surprising due to the large surface 
area of spruce and hemlock needles and the trees’ 
multilayered bark. Lower canopy-wide through-
fall DOC values of 19.8 ± 10.8 mg CL−1 have been 
reported for the Southern NPCTR where the for-
est is dominated by a different mix of conifer spe-
cies (Emili and Price 2013). The lower contribution 
of Sitka spruce in the Southern NPCTR may explain 
the lower DOC concentrations, given spruce’s con-
sistently higher DOC concentrations found in this 
study, though the concentration differences could 
also be due to variations in canopy coverage of trees 
sampled. Though stemflow and throughfall vol-
ume were not systematically assessed for this study, 
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hemlock throughfall reached > 3.4 cm deep and a sin-
gle spruce’s stemflow exceeded 600 mL for one two-
day storm event (data not shown). We hypothesize 
that because of the abundant regional precipitation 
(Lader et  al. 2020), resulting in high stemflow and 
throughfall volumes, and the high DOC concentra-
tions reported here, there is potential for large mobi-
lization of tree DOM during storm events which may 
contribute to watershed carbon export if not mineral-
ized or stabilized in soils before delivery to surface 
waters. These results highlight the importance of 
measuring regional stemflow and throughfall fluxes 
and including tree sources in future studies that inves-
tigate the origins of DOM in forested watersheds.

DOM compositional differences between bark and 
needles

Dramatic compositional differences between nee-
dle and bark leachates demonstrate more variation 
between individual tree canopies and trunks than 
between species. Needle leachates were composition-
ally unique, with the majority clustering together in 
the PCA (featuring high peptide-like, aliphatic, and 
N- and S- contribution) while bark leachates, stem-
flow, and throughfall intermingled, suggesting the 
stronger resemblance of natural tree DOM to bark 
leachates than to needle leachates (Fig.  4a-b). Satu-
ration of needles and tree trunks occurs during large 
rain events, but the processes of leaching in the labo-
ratory may more closely resemble fallen needles or 
bark in standing water on the forest floor. The simi-
larity of the composition of hemlock and spruce lea-
chates (both for bark and for needles) likely stems 
from the species’ close evolutionary relationship and 
makes molecular source attribution of DOM to a spe-
cific species challenging. Tsuga species and Picea 
species are part of adjacent clades in the Pinaceae 
family (Gernandt et  al. 2018). This presumably 
explains their molecular similarity compared to other 
pairs of trees whose tree DOM has been studied in the 
past which belonged to different families and whose 
molecular differentiation corresponded with their 
phylogenetic separation (Stubbins et  al. 2017; Van 
Stan et al. 2017).

Aromatic and high molecular weight formu-
lae enrichment in oak stemflow versus through-
flow has been attributed to greater contact with bark 
and canopy soils (Stubbins et  al. 2017), since bark 

microtopography can increase water-bark contact 
time and the potential for leaching aromatic DOM 
(Levia et  al. 2012). The aromatic stemflow and 
throughfall in this study (mean AImod for tree DOM 
ranging from 0.39 to 0.49) suggests rainfall intercept-
ing spruce and hemlock trees has substantial bark 
interaction, possibly due to the conifers’ thin needles 
directing throughfall over small bark covered twigs.

A vegetation source of condensed aromatics

In this study, formulae termed condensed aromat-
ics based on certain basic assumptions about DOM 
chemistry and stoichiometry (Koch and Dittmar 
2006, 2016) contributed as much as 38.4%RA to tree 
bark leachate DOM (Fig.  3b). Condensed aromatics 
also contribute substantially to wetland leachate and 
tree DOM. These tree DOM condensed aromatic 
values were up to four times higher than those previ-
ously reported in Southeast Alaskan streams, though 
use of different FT-ICR MS instruments complicate 
direct comparison due to individual instrument set-
tings (< 10%; Behnke et al. 2020; Fellman et al. 2020; 
Holt et  al. 2021), and substantially exceeded con-
densed aromatics in a global riverine DOM survey 
analyzed on the same instrument used in this study 
(< 20%; Kellerman et al. 2018).

Condensed aromatic formulae are often thermo-
genic and are regularly associated with fossil fuel or 
biomass burning (Dittmar and Koch 2006; Koch and 
Dittmar 2006; Kramer et  al. 2004). Their presence 
in ecosystems has been used as a marker of combus-
tion byproducts such as soot aerosols (Spencer et al. 
2014; Stubbins et  al. 2012), and their presence in 
stemflow and throughfall has previously been attrib-
uted to rainfall washing deposition products off trees 
(Stubbins et al. 2017; Van Stan and Stubbins 2018). 
Combustion byproducts are widely deposited even in 
remote regions and have long potential lifetimes in 
the atmosphere (Khan et al. 2016; Ogren and Charl-
son 1983; Xu et al. 2009). Pollutants can accumulate 
on both leaves and bark of trees via dry deposition 
(Schulz et  al. 1999; Xu et  al. 2018). Therefore, it is 
possible that tree bark in Southeast Alaska (which 
stays on trees longer than needles) serves as a long-
term integrator of deposited combustion byproducts.

However, bark leachates of both species studied 
here had far higher condensed aromatic contribution 
than did needle leachates. Tree canopies have been 
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shown to limit atmospheric deposition on surfaces 
underneath them (Liu et  al. 2007), suggesting that 
bark under the thick evergreen canopy are less likely 
to receive deposition than are the canopies them-
selves. Given the extensive and year-round canopy 
cover of spruce and hemlock trees, it appears unlikely 
that anthropogenic combustion byproducts could be 
deposited in such great abundance on tree bark and 
yet leave needles (the first interception point between 
tree and sky) so unaffected. Fire is rare in the coastal 
temperate rainforest of Southeast Alaska, with fire 
return intervals on the scale of thousands of years 
(Lertzman et al. 2002), so regional biomass burning 
is an unlikely condensed aromatic source.

Recently, multiple studies have identified the 
probability of non-combustion based (Wagner et  al. 
2019a) and terrestrial sources of condensed aromat-
ics, with increasing condensed aromatic contribution 
corresponding to allochthonous, terrestrial inputs 
(DiDonato et  al. 2016; Johnston et  al. 2020; Kel-
lerman et  al. 2018) including in Southeast Alaska 
(Behnke et  al. 2020; Holt et  al. 2021). Our findings 
suggest a conifer bark source of condensed aromatics 
may supplement the background depositional sources 
present in the study site. Bark microrelief increases 
water-bark interactions, leaching, and production of 
aromatic hydrocarbons and highly aromatic DOM 
(Levia et  al. 2012), and fungi inhabit the crevasses 
and inner bark of trees (Magyar 2008; Tejesvi et  al. 
2005). Some fungi produce ligninolytic enzymes 
that can degrade lignin through radical intermedi-
ates (Higuchi 2004). Hydroxyl radicals (which can 
be generated by a variety of processes) have in turn 
been shown to produce condensed aromatic formulae 
from lignin through decarboxylation and condensa-
tion (Waggoner et  al. 2015; Waggoner and Hatcher 
2017). Further, fungi are capable of biosynthesizing 
condensed aromatic cores through enzyme-medi-
ated cyclization and condensation (Gao et al. 2016). 
Though the mechanism has not been tested here and 
should be the subject of future study, we think it pos-
sible that fungal mediated lignin degradation occur-
ring within bark crevasses may lead to the formation 
of condensed aromatic formulae through pathways 
similar to those previously observed (Waggoner 
et  al. 2015; Waggoner and Hatcher 2017), particu-
larly since biological processes have already been 
suggested to form condensed aromatics (Chen et  al. 
1998; Daisy et al. 2002). This terrestrial source may 

then be preserved in the wetland soils either due to 
leaching from bark decaying on the forest floor, or 
due to transport and retention of condensed aromatic 
formulae via water from trees to soil.

Microbial degradation homogenizes tree DOM 
sources and resolves soil DOM sources

In this study, DOM from diverse tree sources 
became more similar with microbial processing 
(Fig. 4a), as observed during the microbial buffering 
and compositional convergence previously proposed 
to decrease the diversity of plant leachate DOM 
(Harfmann et al. 2019; Hensgens et al. 2021). This 
contrasts with the soil leachate final time points, 
which progress towards the outside of PC1, sepa-
rating from the initial time points as microbially 
degraded soil DOM became more diverse (Fig. 4c). 
The high biolability of the tree DOM incubations in 
this study may in part explain their compositional 
stability. Since all compound classes present in tree 
DOM samples are at least moderately bioavailable 
in at least one tree DOM sample, the uniform deg-
radation of different yet all bioavailable compound 
classes throughout the tree DOM dataset appears to 
have not provided the uniform compositional shift 
often associated with microbial degradation of soil 
DOM (Hansen et al. 2016; Textor et al. 2019).

Microbial buffering and compositional conver-
gence do not appear to hold true for the soil lea-
chates, even at the bulk level. Initial soil wetness 
dictated the greater separation of final than initial 
soil leachates on PC1 (Fig.  4c). Therefore, though 
most of the marker molecular formulae from spe-
cific soil layer sources disappear during microbial 
degradation, the fundamental separation between 
DOM sourced from wetland soils versus upland 
soils strengthens. Though exact watershed residence 
time is not known, the 14-day bioincubations are 
substantially longer than the hours to a few days 
response time of the sub-catchments to changes in 
precipitation (Fellman et  al. 2009b, 2020). These 
findings suggest that the source-specific marker 
formulae that persisted throughout the incuba-
tion are conservative; those and possibly more of 
the source-specific formulae are likely to remain 
unmodified through the watershed’s flow network. 
How well this reflects in  situ processing of soil 
DOM by microbes upon natural leaching remains to 
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be seen, but the concept of source convergence and 
homogenization via microbial buffering (Harfmann 
et al. 2019) appears limited to freshly leached plant 
inputs.

Future implications for terrestrial DOM sources in 
the NPCTR​

Climate change in the NPCTR is predicted to alter 
carbon storage and decomposition rates along with 
hydroclimatology as warming is projected to shift 
the dominant form of precipitation from snow to rain 
in winter (Bidlack et  al. 2021; McAfee et  al. 2014). 
Decreasing annual snowpack causes smaller and ear-
lier snowmelt pulses, leading to lower flows in late 
summer and early fall (Shanley et  al. 2015) and a 
possible increase in summer drought events (Lader 
et  al. 2020; Mote and Salathé 2010). Warming-
induced drought enhancement combined with high 
rates of evapotranspiration in spring and early sum-
mer could lead to increasing water table drawdown 
and expanding aerobic zones for DOM processing 
in soils (D’amore et al. 2010, 2015a; Emili and Price 
2013). Further, the predicted increase in high inten-
sity rain events in the region (Lader et al. 2020) has 
the potential to increase the flux of tree DOM to for-
est floors. Storm events have the ability to shunt ter-
restrially sourced DOM further downstream than 
under baseflow conditions by bypassing microbial 
degradation along the terrestrial-aquatic continuum 
(Raymond et al. 2016; Wagner et al. 2019b). It is thus 
possible that intensifying hydroclimatic regimes in 
the NPCTR will lead to more highly bioavailable and 
less degraded DOM (including more source-specific 
molecular formulae) being exported to coastal oceans 
during storm events, moving the location of DOM 
processing towards the ocean.

Conclusions

We have documented the unique molecular signatures 
and characteristics of DOM sources in the Northern 
NPCTR, and uncovered the following trends:

(1)	 The soil saturation gradient dictates initial DOM 
composition of soil leachates and the composi-

tional shift that DOM undergoes during micro-
bial processing.

(2)	 Differences between DOM produced from the 
canopy and trunk of a given tree are greater than 
differences between species. Tree DOC flux may 
be substantial and needs to be quantified.

(3)	 Coniferous trees in the NPCTR may be a previ-
ously unrecognized source of condensed aromatic 
formulae to DOM (possibly via fungal mediated 
lignin degradation). These could be transported 
to surface waters and exported from catchments.

(4)	 Biodegradation removes unique marker formulae 
of individual source leachates but retains bulk 
source DOM characteristics. In soils, biodegrada-
tion leads to a divergence rather than a conver-
gence of soil DOM composition in contrast to the 
homogenizing effect of biodegradation on plant 
leachate DOM.
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