
PNAS  2025  Vol. 122  No. 35 e2409104122� https://doi.org/10.1073/pnas.2409104122 1 of 10

RESEARCH ARTICLE | 

Significance

 Logging is widespread and 
growing in frequency, partly to 
increase terrestrial carbon 
sequestration. However, logging 
can change the amount and 
reactivity of stable soil organic 
matter that becomes dissolved in 
water, thereby offsetting some of 
its efficacy as a natural climate 
solution. Using a paired-
catchment experiment, we 
observed a short-lived increase in 
concentrations of stream carbon 
but persistent shift in its 
molecular composition toward 
greater reactivity after logging. 
We estimated that these changes 
to dissolved organic matter pools 
were large enough to switch 
logging from a carbon-sink to 
carbon-neutral or even carbon-
source. Our work revises 
downward potential carbon 
sequestration in wood products 
from hemi(boreal) forests and 
suggests that best management 
practices can be improved to 
make logging sequester more 
carbon.
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Global demand for wood products is increasing forest harvest. One understudied conse-
quence of logging is that it accelerates mobilization of dissolved organic matter (DOM) 
from soils to aquatic ecosystems where it is more easily rereleased to the atmosphere. Here, 
we tested how logging changed DOM in headwaters of hardwood-dominated catchments 
in northern Ontario, Canada. We applied a before-after-control-impact experiment across 
four catchments for 3 y and measured DOM monthly during ice-free seasons. DOM con-
centration in streams from logged catchments quadrupled, on average, only for the first 
2 mo postharvest, but resulting changes to the molecular composition of DOM persisted 
for at least 2 y. Ultrahigh-resolution mass spectrometry revealed that DOM composition 
within logged streams became more available for microbial use and chemically diverse 
than in controls, with novel highly unsaturated polyphenols, carboxylic-rich alicyclic, and 
nitrogen-containing formulae. The molecular composition of stream DOM measured 
fortnightly postharvest was most similar to the DOM composition of surrounding soils, 
likely due to increased hydrological connectivity. Alongside carbon being more likely to be 
released into the atmosphere, we estimate that selective logging increased the total flux of 
dissolved organic carbon in streams by 6.4% of the carbon extracted as timber. Although 
these estimates are short-lived, they should affect the millions of hectares that are logged 
annually. Carbon accounting of forestry, including as a natural climate solution, must now 
consider the transport and fate of DOM from land into water.

dissolved organic matter | streams | logging

 Long-lasting wood products and subsequent forest regrowth generated from logging are 
increasingly used as natural climate solutions to sequester atmospheric carbon ( 1 ,  2 ). 
However, logging inherently disturbs the ability of forests to sequester carbon, potentially 
offsetting the very benefits it aims to achieve. One disturbance caused by logging involves 
changing carbon export from soils into receiving waters. In northern Sweden, logging 
practices were found to mobilize 8 to 18% of annual terrestrial net ecosystem produc-
tivity from soils into headwater streams as dissolved organic matter (DOM), partly 
because the loss of tree cover enhanced soil wetness and expanded saturated areas ( 3 ). 
Similar increases in DOM export have been found in other boreal forests ( 4 ), but ref.  5   
reported no change, and decreases have been reported in some temperate ( 6 ) and tropical 
systems ( 7 ). Despite the potentially large flux, the amount of terrestrial carbon lost 
downstream during logging versus that stored in harvested biomass is rarely measured 
and often assumed negligible. Once released as DOM into headwaters by logging, 
terrestrial carbon may be more likely to be respired back to the atmosphere than in 
unimpacted streams or had it remained as mineral-associated organic matter in soils ( 8 ). 
The likelihood of terrestrial carbon returning to the atmosphere ultimately depends on 
the composition of DOM entering headwaters. Forest harvesting activities can change 
DOM composition by increasing overland and near surface lateral flow, physically dis-
turbing soils with heavy machinery, and generating woody debris ( 9   – 11 ). Compared 
with soils, especially mineral-associated organic matter, DOM is also far more reactive 
because it is readily available for microbial metabolism ( 12 ,  13 ). Quantifying the amount 
and composition of carbon exported from soils into waters after logging is now needed 
to estimate accurately the efficacy of natural climate change solutions and design more 
effective forest management practices.

 Once logging-displaced carbon enters waterways, its fate as a carbon source or sink will 
partly depend on the interactions among the thousands of different compounds within 
DOM. Each compound in a DOM mixture has unique intrinsic properties that influence 
how it interacts with other compounds and physicochemical and biological processes ( 14 ). 
These interactions—termed the “ecology of molecules” ( 14 ,  15 )—can be measured from 
the presence of unique molecular formulae in a mixture (termed “chemodiversity”) and the 
proportion of different compound classes, typically identified based on elemental ratios of 
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individual formulae ( 16 ). Both chemodiversity and compound 
composition influence microbial metabolic efficiency and physic-
ochemical reactivity ( 16 ,  17 ) and thus the likelihood of compounds 
being respired to the atmosphere ( 18 ). For example, carboxylic-rich 
alicyclic molecules (CRAMs) containing relatively intermediate 
H:C and O:C ratios tend to be less reactive, and so may persist 
longer in the environment ( 19 ,  20 ), whereas high H:C (>1.5) non-
aromatic and high N and P-containing formulae ( 21   – 23 ) are pref-
erentially degraded by microbes and so may be more easily respired 
( 24 ,  25 ). Advances in ultrahigh-resolution mass spectroscopy 
(UHR-MS) now provide an opportunity to characterize the ecology 
of molecules and its implications for forest carbon budgets.

 Here, we report how logging changes the quantity and molec-
ular composition of DOM in headwater streams to reflect sur-
rounding hillslope soils. Headwater streams are where forest runoff 
is first channeled into downstream waters and collectively account 
for most of the stream length on Earth ( 26 ). Because temperate 
forests are major timber producers and are expected to face increas-
ing harvest pressure under climate change ( 27 ), we undertook an 
experiment in four hardwood-dominated headwater catchments 
in Canada. Two catchments were selectively harvested, each with 
paired unharvested controls with nearly identical climate, under-
lying geology, size, and topography (Materials and Methods ). We 
quantified spatial and temporal differences in DOM molecular 
composition before and after forest harvest over 3 y using an 
asymmetrical before-after-control-impact (BACI) statistical 
design. Water was collected monthly during the ice-free season 
both from the channel heads of streams within each catchment 
and from soil porewaters at multiple depths along hillslopes. We 
measured DOM composition with complementary analytical 
chemistry approaches, namely Fourier-transform ion cyclotron 
resonance mass spectrometry (FT-ICR MS) and optical spectros-
copy. Although optical properties cannot resolve the ecology of 
molecules, they are easier to measure at high temporal resolution 
than individual molecular formulae, and so can serve as a useful 
indicator of changes in chemodiversity and compound classes 
( 28 ). We then tested how DOM concentration and composition 
changed across the period immediately before and after logging 
(i.e., 2020) and the entire study period (i.e., 2019 to 2021) to 
separate both short- and long-term impacts of logging. By repli-
cating catchments and sampling repeatedly through time, our 
asymmetrical BACI design was particularly powerful for detecting 
pulse responses to disturbances and changes to temporal variability 
alongside mean effects ( 29 ). Overall, we report large changes in 
DOM composition that will ultimately influence the efficacy of 
wood products as a nature-based climate solution, and we identify 
the sources of these changes in upland soils to improve forest 
management aimed at climate change mitigation. 

Results

The Immediate Mobilization of DOM after Forest Harvest. 
Consistent with past evidence that forest harvest increases DOM 
export to streams (3), we found DOM concentrations were 
temporarily elevated in the logged catchments relative to the controls 
in 2020, the year of harvest (Fig. 1 and SI Appendix, Table S1). 
Because we modeled the effect of time on DOM concentrations 
as a continuous variable, we could identify that differences in 
concentrations were largest between 2 mo (i.e., by the end of 2020) 
and 7 mo (i.e., by spring 2021) after harvest within the longer 
3-y study period (Fig. 1 and SI Appendix, Table S1). The sampling 
frequency, particularly immediately postlogging, may influence 
precise peak identification; the observed peak is the largest captured 
by our design. This short-term selective forest harvest (Materials and 

Methods) largely offset the decline in DOM seen in the controls 
after increased seasonal discharge (30, 31) (Fig. 1B and SI Appendix, 
Fig. S1). The estimated rate of change in DOM concentrations 
observed in the harvested streams (0.08 mg C L−1 d−1; SE: ± 0.31 mg 
C L−1 d−1, P = 0.023) was large enough that the mean concentration 
increased by 100% from initial values (1.22 ± 0.38 mg C L−1 d−1) 
and by 600% relative to the controls by the end of the growing 
season (Fig. 1B). Cation and heavy metal concentrations increased 
similarly in the streams of the harvest sites, indicative of increased 
nutrient leaching from disturbed soils (4) (SI Appendix, Table S2). 
These elevated DOM concentrations returned to baseline levels by 
2021 (SI Appendix, Table S3).

 To compare the stream DOM fluxes with estimates of carbon 
removed as wood biomass by logging, we estimated carbon export 
in runoff associated with harvesting. We multiplied the modeled 
difference in DOM concentrations between the harvest and con-
trol catchments from October-November 2020 by the correspond-
ing monthly runoff averaged in 9 similarly sized local catchments 
(Materials and Methods ). The values were then converted to areal 
units based on catchment size. We estimated that the harvested 
sites exported an additional 13 kg C mo−1  ha−1  (SE: ± 4 kg C mo−1  
ha−1 ) of DOM compared to the nonharvested catchments. If this 
increase remained constant for the first year postharvest (n = 8 
nonwinter months), an additional ca. 6.4% of the carbon that 
was harvested as above-ground woody biomass would be lost to 
the streams solely through increased DOM export (Materials and 
Methods ). While our estimate represents the maximum effect of 
forest harvesting on DOM export in a single logging event, others 
have found these effects to persist for months to years ( 3 ). We also 
assume that differences between harvest and control catchments 
disappear by the next growing season consistent with our 2021 
observations ( Fig. 1B  ). Although seemingly small, the 6.4% of 
woody biomass that we found was lost to downstream waters is 
large enough to switch logging from a carbon sink to carbon 
neutral or even carbon source. Recent estimates indicate that wood 
products from (hemi)boreal forests store a net of 22 Tg C y−1 , 
when multiplying global transfer from forests into wood products 
( 32 ,  33 ) by the amount of wood production in majority (hemi)
boreal countries (Canada, Russia, Sweden, Finland, Norway, 
Lithuania, Latvia, and Estonia) (FAO, 2023). As DOM losses to 
waterways are generally excluded from forest carbon accounting, 
we estimated that logging-induced DOM export would cause an 
additional 16 Tg C y−1  loss across (hemi)boreal forests. We derived 
this number by multiplying the loss of DOM (6.4%) by the prod-
uct of the gross amount of carbon lost globally from harvest activ-
ities (1,040 Tg C y−1 ;  34   – 36 ) and contribution of (hemi)boreal 
countries (24.1%) to global harvest activities. This unaccounted 
pathway would reduce net (hemi)boreal wood product storage to 
6 Tg C y−1 , demonstrating that current estimates may overstate 
forestry’s climate benefits in northern regions. The net change in 
carbon may even be negative if best management practices (BMPs) 
are not applied or downstream losses of carbon are larger than 
reported here, e.g., ref.  37 . For example, a meta-analysis incorpo-
rating data from multiple studies with similar soil type and iden-
tical forest harvesting practices to our study indicates that logging 
reduces soil C by a mean 11.2% (SE: ± 5.7%, n = 945) ( 38 ). More 
broadly, our study illustrates how accounting for aquatic losses of 
soil carbon in monitoring and modelling has a major impact on 
forest policy and climate change mitigation strategies.  

Changes to DOM Composition Persist after Forest Harvest. Our 
results suggest that while there is an increase in DOM concentration 
only in the first 2 mo after harvest, which subsequently returns to 
predisturbance levels (Fig. 1B and SI Appendix, Tables S1–S3), the D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 "

SA
IN

T
 M

IC
H

A
E

L
'S

 C
O

L
L

E
G

E
, L

IB
R

A
R

Y
 S

E
R

IA
L

S 
L

IB
R

A
R

IA
N

" 
on

 S
ep

te
m

be
r 

16
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

19
2.

80
.6

4.
21

6.



PNAS  2025  Vol. 122  No. 35 e2409104122� https://doi.org/10.1073/pnas.2409104122 3 of 10

molecular composition of DOM in streams remained influenced 
by forest harvest well after the initial DOM pulse (SI Appendix, 
Figs. S7 and S8 and Table S3). We initially characterized the mean 

or bulk character of DOM using optical properties because we 
could measure these at high temporal resolution, i.e., monthly for 
3 y during the ice-free season (39). We found that the humification 

Fig. 1.   DOM concentrations were elevated in streams of the harvest relative to the control sites immediately after logging. (A) Map of experimental catchments 
within the Batchewana Watershed, ON, Canada. The four replicate catchments were named based on the impact classification. Control sites were unharvested, 
and logged sites were logged in late September 2020 (bolded dashed line in Bottom panel). Sites with the same symbol emphasis (bold or light) indicate a control-
harvest pair based on climate, geology, and catchment size and topology. (B) DOM concentrations faceted by year (2019, 2020, and 2021) and treatment (logged 
upper, control lower). Estimated mean ± 95% CI for temporal trends were plotted as blue lines ± bands where there were statistically significant differences 
between treatments (SI Appendix, Table S1). (C) The difference harvest control for the paired catchments relative to the control (additional DOM metrics in 
SI Appendix, Figs. S8 and S9).
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index (HIX), which is a unitless measure of the complexity of 
DOM, increased by 62.5% from a mean of 5.17 (SE: 2.73) before 
the harvest to 8.40 (SE: 3.83) within 2 mo after harvest (P = 
0.034, SI Appendix, Table S2). This result indicated that DOM 
was becoming more polycondensed (lower H:C ratio), or, more 
soil-like (40). The increase in HIX was a mean 4.56 (SE: 1.75) 
larger than in the controls between 2019 and 2021 (P = 0.041). 
In contrast to the increase postharvest, HIX declined between 
2019 and 2021 by a mean of 30.1% in the control catchments 
(SE: 7.2) from a mean of 18.37 (SE: 2.22) to 12.83 (SE: 2.27;  
P = 0.007), indicating long-term leaching of soil DOM only into 
the harvested streams (SI Appendix, Fig. S1). None of the other 
optical properties varied with logging (SI Appendix, Figs. S7 and 
S8 and Table S3).

 To identify changes in DOM composition, we associated the 
optical properties with UHR-MS. We detected 7,444 distinct 
molecular formulae across all streams using FT-ICR MS of 
solid-phase extractable DOM collected monthly during the 
ice-free season in 2020. A fraction of these molecular formulae 
(13% and 16%) were positively and negatively correlated with 
HIX, respectively ( Fig. 2A  ). Although there are uncertainties in 
analyzing the intensities of molecular formulae, these are propor-
tional to concentrations for individual molecules ( 41 ) and so can 
be used to identify trends in each molecule using rank-based 
correlations. We correlated commonly used descriptive traits of 
molecular formulae to the strength of the correlation between the 
relative intensity of each formula and the HIX value of the cor-
responding DOM pool across all sampling dates in 2020. We 
found that molecular formulae that were more positively associ-
ated with HIX had larger values of the formula-based estimate of 
aromaticity ( Fig. 2B  ; AImod , ρ = 0.62, P  < 0.001), which indicates 
the presence of condensed aromatic structures ( 42 ). The associa-
tion with AImod  was stronger than with any other metric ( Fig. 2B  ). 
This result confirms that stream DOM was becoming more like 
surface soil postlogging and was confirmed by leaching studies 
performed at the site ( 43 ). Studies in lake sediment have found 
that AImod  strongly correlates with the relative abundance of aro-
matic highly unsaturated compounds ( 44 ), further supporting a 
terrestrial origin to the HIX signal rather than changes produced 
in-stream ( 45 ,  46 ). While our results indicate that logging trans-
ported terrestrial-like compounds downstream, the fate of these 
compounds is less clear. Most of the compounds that correlated 

with HIX in our study had H:C < 1.1 ( Fig. 2A  ) and AImod  > 0.25 
(SI Appendix, Fig. S1 ), suggesting that the compounds added to 
streams postlogging may be more reactive than those in prelogging 
conditions.        

 We found that logging substantially increased the potential for 
soil carbon to be processed downstream by microbes compared with 
natural temporal variation observed in control streams. We first 
calculated the potential energy released by each molecular formula 
based on the Gibbs free energy (GFE) associated with the oxidation 
of carbon ( 47 ,  48 ). Compounds with a higher GFE yield less energy 
and so are preferentially respired rather than used to construct bio-
mass ( 47 ). Although we found that GFE differed by only a mean 
of 6% between control and harvest streams before logging, its 
decline in harvest streams after logging was four times greater than 
in the controls (SI Appendix, Fig. S2 and Table S4 , P  = 0.024), indi-
cating that the compounds added to streams were relatively more 
likely to be respired ( 47 ). Compounds in the harvested streams were 
also predicted to undergo greater microbial processing after logging. 
We calculated the potential number of biochemical transformations 
that each molecule could undergo, which depends on how com-
pounds react with each other in the environment. Transformations 
are only considered to be present if both end-members of a known 
reaction are present ( 49   – 51 ). Our analysis revealed a statistically 
significant difference in the number of transformations between 
sampling periods (before and after logging) between harvest and 
control streams (P  = 0.043, SI Appendix, Fig S3 and Table S5 ). There 
was a mean 52% (SE: 33%) increase in the number of transforma-
tions that each formula could undertake in logged streams after 
forest harvest versus the controls (SI Appendix, Fig. S3 and Table S5 ). 
Together, these results indicate that the changes in the molecular 
composition of DOM after logging are likely to increase outgassing 
and further reduce the carbon sink capacity of forestry.  

The Terrestrial Source of Increasing Stream Chemodiversity. 
We expected that forest harvest would reduce chemodiversity in 
streams as DOM became homogenized by high soil hydrological 
connectivity induced by harvest (52). However, we found a 
32% increase in the number of unique compounds after forest 
harvest compared to the controls (Fig.  3A). The number of 
unique compounds increased from a mean of 4,771 (SE: 330 
compounds) to 6,292 (SE: 390 compounds, P = 0.020), whereas 
compounds declined in controls from a mean of 5,387 (SE: 

Fig. 2.   Forest harvest led to persistent increases in the HIX of DOM in headwater streams. (A) Elemental ratios of all molecular formulae detected in our 
experiment (n = 7,444). Red and blue points are formulae whose relative peak intensities correlate (P < 0.05) positively and negatively with HIX, respectively, 
based on Spearman rank correlations. Dotted lines indicate aromatic compounds (H:C < 1.1) and the “highly unsaturated” region (1.1 < H:C < 1.5) according 
to ref. 43. (B) Spearman rank correlation (ρ) between either the modified aromaticity index (AImod), NOSC, DBE, number of oxygen atoms (O), molecular mass, 
number of carbon (C) atoms, GFE, and the number of hydrogen (H), nitrogen (N), phosphorus (P), and sulfur (S) atoms of each molecular formula against the 
correlation between the relative abundance of each molecular formulae and the HIX of the corresponding DOM pool across all time points (n = 7) measured in 
2020 with UHR-MS. For all correlations, P < 0.05.D
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399 compounds) to 4,153 (SE: 260 compounds, P = 0.013, 
SI Appendix, Table S6). This decline in the controls corresponded 
with seasonal reductions in runoff observed across all three 
study years (SI  Appendix, Fig.  S4). We found further support 
for a diversification of DOM postlogging using a multivariate 
analysis of its molecular composition. We calculated the Bray–
Curtis dissimilarity between control and harvest sites at each time 
point. The pairwise distance between paired sites increased after 
harvest (Fig. 3B), suggesting that the molecular composition of 
DOM was increasingly differentiated. Furthermore, the harvest 
sites differed more between the before and after samples than the 
controls (Fig. 3). While an ordination reveals some differences 
in the molecular composition of control and harvest catchments 
prior to logging, the magnitude of these differences was relatively 
small (SI  Appendix, Fig.  S5). Before disturbance, the mean 
difference in molecular composition between control and harvest 
sites was 10%, with half of the differences <5% (Fig.  3B). In 
contrast, composition diverged between treatments much more 
strongly postlogging with a mean dissimilarity of 20% and half 
of the differences >30% (Fig. 3B, P = 0.003). These results are 
a direct report that DOM becomes more diverse after forest 
harvest (SI  Appendix, Table  S7) and contrast our expectations 
based on observations from stream networks that the molecular 
composition of DOM should become homogenized (52).

 We explored the mechanism underlying the unexpected increase 
in chemodiversity by analyzing the compounds that were gained in 
the logged sites after forest harvest. Generally, vascular plant-derived 
DOM is aromatic and has a low H:C and high O:C ratio ( 53 ,  54 ). 
Consistent with this interpretation, we found that the compounds 
gained after logging had higher O:C ratios ( Fig. 4 A  and C  ). There 
was also a greater proportion of highly unsaturated phenolic 
oxygen-rich compounds, i.e., compounds likely enriched in aro-
matic structures ( Fig. 4A  , P  < 0.001), as expected if there was a 
greater contribution of surficial soil layers and harvest residues to 
the DOM pool. We also found evidence for contributions from 
deeper soil layers. On average, N-containing DOM from the logged 
catchments in this study comprised 43% of the newly added com-
pounds, but only 32% of all identified compounds ( Fig. 4B   and 
﻿SI Appendix, Tables S8 and S9 ). Most of the added N-compounds 
fell outside of the H:C range interpreted as being associated with 
autochthonous inputs from primary production ( 55 ) ( Fig. 4A  ). 
Instead, higher N content likely corresponded with release of aged 
organic carbon ( 7 ) through disturbance of deeper soils. The 

concomitant increase in carboxyl-rich alicyclic molecules (CRAMs) 
supports this hypothesis, as the relative intensity of CRAMs 
increases with microbial processing of carbon and is known to be 
greater in deeper soils ( 43 ,  56 ).        

 To test further whether the increased chemodiversity originated 
from soils after logging, we tracked DOM from soils into streams 
monthly during the experiment. We did so by installing lysimeters 
at four depths at four hillslope positions in all four catchments 
(see ref.  43 ). At each time point, we compared the similarity 
between all soil samples (n = 16) and the stream within a catch-
ment (16 pairs × 4 catchments), integrating these two sample types 
only for this analysis. We found that the similarity in the molecular 
composition of DOM between catchment soils and streams per-
sisted in harvest sites compared to controls after logging, suggest-
ing higher hydrological connectivity ( Fig. 5A   and SI Appendix, 
Table S10 , P  < 0.001). The connectivity between streams and soils 
in the harvested sites likely arose from intermediate (15 cm) and 
deep (60 cm) soils remaining connected to streams, given the 
similarity in DOM composition at these depths in the harvest 
sites compared to the controls postlogging ( Fig. 5B  , P  = 
0.005-0.009). By contrast, streams in unharvested sites declined 
in their similarity to catchment soils over this same time period 
from a mean of 60% (95% CI: 58 to 63%) similarity before 
logging to 53% (95% CI: 51 to 56%) afterward ( Fig. 5A   and 
﻿SI Appendix, Table S11 , P  = 0.263). This loss in similarity is con-
sistent with the decline in compound count being attributed to 
fewer hydrologically connected source areas in the control versus 
harvest catchments as expected later in the season [( 57 ,  58 ) and 
﻿SI Appendix, Fig. S4 ]. These results build on the surface contribu-
tion model ( 59 ), often used to explain increased DOM concen-
trations after harvest ( 3 ,  60 )        

 An alternative explanation for the higher compound count and 
maintained soil-stream similarity in the harvest sites relative to 
the controls is that tire or track forces from harvest machinery 
caused soil displacement and rut formation ( 61     – 64 ). Rutting may 
partly be responsible for the signal from deeper soils, as ruts on 
slopes are preferential routes for runoff, which become deeper 
because of erosion ( 65 ). By contrast, woody debris left by harvest 
operations at the soil surface may have contributed to the increased 
representation of polyphenols ( 66 ,  67 ). However, only between 
15% and 18% of foliage and fine roots leftover by harvest may be 
lost annually ( 68 ) and so these sources may have contributed little 
to DOM changes in our experiment.   

Fig. 3.   Forest harvest increases molecular diversity of DOM in headwater streams. (A) Estimated mean (±95% CI) compound counts in streams draining control 
and harvested forests before and after logging. The green and gray asterisks indicate statistically significant differences based on a mixed effects model  
(P < 0.05) between control and harvest after logging, and before and after forest logging, respectively (SI Appendix, Table S6). (B) Estimated mean (±95% CI) pairwise 
dissimilarity (log-scale) between paired control and harvest sites both before and after logging (SI Appendix, Table S7). Gray points are individual observations 
at each time point based on the Bray–Curtis dissimilarity (SI Appendix, Fig. S5). The asterisk indicates a statistically significant difference (P < 0.05) between the 
mean pairwise dissimilarity before and after logging using a mixed effects model.
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Discussion

 By disrupting soil, our study indicates forest harvest breaches spatial 
barriers that would otherwise isolate SOM from aquatic ecosystems. 
In deeper soil horizons, SOM is typically stabilized via organo-
mineral complexation alongside physical disconnection from 

decomposers and enzymes ( 69 ). Logging activity removes surface 
soils, exposing deeper layers (as with ruts) to disrupt physical pro-
tection of SOM by destabilizing aggregate structures. Logging can 
also bring deeper layers to the surface, resulting in the chemical 
disruption of organo-mineral complexes through changes in redox 
potential, pH, and oxygen availability. Together, the loss of 

Fig. 4.   Harvest increases the chemodiversity of stream DOM by introducing compounds reflective of fresh plant material and disturbed soil. Elemental ratios 
of molecular formulae detected in (A) harvest and (B) control sites. Probability densities are given along each axis for compounds gained after harvest only in 
harvest sites (gray, n = 1,035) and gained after the harvest period only in control sites (green, n = 220), for compounds lost only in harvest (blue, n = 320) and 
control (blue, n = 962) sites, and all compounds present in the harvest site before logging [n = 4,927, (A) only]. We also plotted the percentage of all compounds 
(n = 7,444) that contained (C) different elements (SI Appendix, Table S8) or classified into (D) different compound classes (SI Appendix, Table S9). Ticks are aligned 
to the highest bar in each row. The base of the bars equals 0%.
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Fig. 5.   Harvest maintains similarity in DOM composition between stream and soil waters. We calculated the similarity between the molecular composition of 
DOM in streams and porewater at each soil position (n = 4 depths × 4 hillslopes) in each catchment (n = 4), accounting for differences solely because of differing 
numbers of compounds in a sample. (A) We estimated mean (±95% CI) similarity across all time points both before (n = 5) and after (n = 3) logging in 2020.  
* indicates a statistically significant difference (P < 0.05) between before and after forest harvest (SI Appendix, Table S11). (B) Changes in molecular composition 
of DOM after logging in harvest versus the control sites for each depth-by-hillslope combination averaged across catchments. Positive values indicate greater 
differences in DOM composition after logging in harvest (H) than in control (C) treatments, whereas negative values indicate the reverse. *statistically significant 
difference in soil-stream similarity between the before and after period between treatments (P < 0.05, SI Appendix, Table S11).D
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protections to deep soil DOM may result in its export to aquatic 
ecosystems where it becomes more bioavailable ( 59 ). Here, we also 
found that DOM from harvested catchments had unique molecular 
formulae relative to unharvested catchments and these formulae were 
absent in the streams prior to harvest. This pulse of unique molecules 
to streams could have unexpected consequences on their ecology of 
molecules, analogous to species introductions in biological commu-
nities ( 70 ). The unique compounds from typically unconnected soil 
environments may impact stream microbial communities differently 
than in the compounds’ native soil “ranges,” potentially reshuffling 
the network of relationships among DOM compounds and stream 
microorganisms ( 17 ,  71 ). Uncovering the relationship between mol-
ecules uniquely derived from deep soils and stream microbial com-
munities is a necessary next step in quantifying aquatic carbon losses 
following disturbances such as forest harvest.

 Our results directly address key knowledge gaps that have been 
identified for accurate national and international carbon accounting. 
Integration of inland freshwater ecosystems, in general, has been 
identified as a critical knowledge gap in carbon accounting models 
( 72 ), with the fate of forest-derived carbon in water recognized as 
critical to resolve, see ref.  73  goal 9. There is a long history of man-
aging forests for the protection of water resources in many countries 
through BMPs primarily targeting the reduction of soil disturbance, 
the retention of riparian buffer strips, and the reduction of 
road-related runoff ( 74 ). While these BMPs are generally effective 
at reducing sedimentation ( 75 ,  76 ), we show that those using 
low-impact selection cut techniques in hardwood stands still result 
in a large release of carbon to water in forms that are more suscep-
tible to microbial transformation. A key uncertainty to resolve will 
be whether the eventual fate of this carbon differs from that in forest 
soils. This outcome will depend on the balance between particulate 
versus mineral-associated organic matter. Mineral-associated organic 
matter dominates our study sites (approximately 60% of total 
organic matter; refs.  77  and  78 ), along with temperate and conti-
nental climates globally ( 79 ). Thus, our findings improve our under-
standing of the fate of aquatic carbon in forest carbon accounting 
and highlight the need to consider these linkages if forest manage-
ment is to be an effective natural climate solution.

 The effects we observed in our studied stream reaches are applicable 
to the effective implementation of natural climate solutions within 
these and similar (hemi)boreal forest ecosystems. Furthermore, our 
results highlight processes that should be considered when evaluating 
natural climate solutions in other biomes given regional variation in 
the response of DOM to logging ( 6 ,  7 ). By intersecting maps of global 
harvest area ( 80 ) with the distribution of headwater streams ( 81 ), we 
estimated that ca. 10% of managed forests are drained by similar 
waterways to those that we studied. Although rotation time can be 
as much as 100 y or more in these forests ( 82 ), around 15.5 ( 80 ) and 
0.7 ( 83 ) Mha of global and Canadian land area is harvested annually 
in similar or greater proportions to that observed here, respectively. 
This frequency creates a continuous mosaic of landscape patches in 
different stages of recovery, which can take 10 to 20 y to revert to a 
carbon sink ( 84 ). Our results demonstrate that without consideration 
and inclusion of aquatic carbon fluxes as part of BMPs, the potential 
carbon sequestration from wood harvest, particularly in northern 
regions like those examined here, will be miscalculated.  

Materials and Methods

Overview of Study Design. We used a BACI experiment to test how logging 
impacts DOM in forest headwater streams. The design compares DOM collected 
before and after a logging impact with measurements from unlogged control 
areas. Consequently, it can account for natural background changes that occur 
over time between the period before versus after the impact. We selected two 

impact catchments, each with a single headwater stream, and paired each with a 
nearby control catchment based on similar characteristics, including topography, 
forest composition, and soil type (SI Appendix, Supplementary Methods). The 
paired approach minimizes confounding factors and ensures differences between 
catchments are primarily related to the experimental impact. We collected water 
from the channel head of each headwater stream and from soils at four hillslope 
positions and four depths per position (see SI Appendix, Fig. S6 for spatial rep-
resentation of sampling locations). Samples were collected in September and 
October 2019 (total n = 2 samples per stream), June to November (and twice 
in October) in 2020 (n = 7), and monthly during the ice-free season in the year 
after logging (2021, total n = 6). We measured water chemistry, including DOM 
concentration, and both the optical properties and molecular composition of 
DOM of all samples.

Site Description and Selection. The four experimental hardwood-dominated 
catchments were located northeast of Lake Superior, ON, Canada (Fig.  1) on 
the hemiboreal transition between the Great Lakes-St. Lawrence Forest Region 
and the Boreal Forest Region; the two largest forest regions in Canada (85). 
Catchments ranged in size from 0.115 to 0.140 km2, with a mean area of 0.128 
km2 (SI Appendix, Table S12), and were within the larger Batchawana Watershed 
due to the presence of the Turkey Lakes Watershed (TLW, 10.5 km2) experimen-
tal study (86). TLW was established in 1979 and is one of the longest running 
watershed-based ecosystem studies in Canada (87). The extensive scientific and 
support infrastructure at TLW hosts a comprehensive environmental data record 
which we utilized to estimate C fluxes and understand likely baseline conditions 
for our sites. The forests of the regions consist of uneven-aged hardwood forests 
with primarily podzolic (spodosols) soils with well-developed forest floor horizons 
(88). We focus this study on hardwood-dominated forests in this hemiboreal 
region because of the expected shift toward hardwood species in temperate for-
ests and the associated increased pressure on hardwood forests (89), and because 
this forest region is expected to undergo particularly rapid climate shifts (90). The 
most recent operational logging occurred in the 1950s when the area was selec-
tively logged for high-quality yellow birch (Betula alleghaniensis), sugar maple 
(Acer saccharum), white spruce (Picea glauca), and white pine (Pinus strobus) (91).

To select experimental catchments, the regional commercial forestry company 
(Boniferro Mill Works Inc., Sault Ste. Marie, ON) provided historical and future 
harvest plans. Within the future harvest region, we delineated catchments of 
headwater streams. Catchment boundaries were delineated using WhiteboxTools 
(92), a python scripting API for geospatial analysis, along with 30 m digital eleva-
tion models (DEMs) from the Government of Ontario and existing hydrological 
data from the Ontario Integrated Hydrology (OIH) dataset. Flow accumulation and 
flow pointer grids were generated using the D8 algorithm, where flow entering 
each cell is routed to only a single downstream neighbor (93). Streams were 
extracted using the generated flow accumulation map and a threshold value of 
0.128 km2. This threshold value was selected by stepping through values and 
visually validating the generated network against satellite images of streams, 
catchments generated in smaller areas from 5 m LiDAR-derived DEMs available 
for the TLW, and the stream network shape from the OIH dataset.

We then matched the harvest catchments to control catchments by maximizing 
their similarity in a) topography, b) forest composition, and c) ecosite compo-
sition. Topography results were generated for each grid cell in the input DEM 
and included the slope gradient (i.e., steepness in degrees), aspect, sediment 
transport index, topographic wetness index, and Pennock landform classification 
(94). For each topographic variable we calculated median, maximum, minimum, 
and SD values which were then assigned to the derived catchments. Forest com-
position was measured from the Ontario Forest Resources Inventory (FRI). This 
inventory is based on digital aerial photo interpretation and field surveys, with a 
recent incorporation of LiDAR data. From this layer we extracted polygons of over-
story and understory species composition (and averaged the percent composition 
when both were available for a single site), tree species identified in the stand 
(or the uppermost canopy if the stand contained two or more distinct layers), and 
the percent cover each tree species occupies within the canopy. Additionally, we 
utilized the primary ecosite attribute from the FRI database. Ecosite is defined 
as an ecological unit composed of relatively uniform geology, parent material, 
soils, topography, and hydrology and consists of related vegetation conditions. 
An intersection function was then used to calculate the percentage of area con-
tributed by each tree species and ecosite to the catchment. We excluded possible D
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control catchments based on a 300 m distance to a passable road (a semiarbitrary 
threshold selected based on logistical concerns). Road data were downloaded 
from the Ministry of Natural Resources. Catchments within 50 m of the DEM edge 
were also removed to avoid edge effects. These steps left n = 2,177 catchments 
for further selection.

Control catchments were then selected using a divisive (top–down) hierarchical 
clustering analysis. This procedure is defined by a stepwise algorithm which starts 
with one cluster of all observations, and splits clusters into subgroups with each 
successive step based on within-group similarity and intergroup distance defined 
by the Ward’s method linkage and Euclidean distance, respectively. Permutations 
continued until there was only a single catchment remaining in the same branch/
cluster as the catchments selected for harvest.

Within each of the four experimental catchments, hillslopes were further 
partitioned into four topographic features for soil water collection based on 
morphological features of surface DEMs according to Conacher and Dalrymple 
1977 (95) and the Height Above the Nearest Drainage (HAND) terrain model 
(96). The HAND model correlates with the depth of the water table, providing a 
spatial representation of soil water environments (k = 42 clusters) (97). The four 
features were shoulder, backslope, footslope, and toeslope.

Logging. Harvest operations were performed across the entirety of each catch-
ment according to the Ontario Stands and Site Guide for tolerant hardwood 
selection cuts (98). Selection cut aims to remove, on average, 30% of the total 
basal area of tree stems in a stand but never more than 33%. Trees were felled 
by an Avery Tigercat LX380D feller buncher. Limbs were removed on site, and the 
tree-length stems were forwarded to roadside landings by rubber-tired skidders 
with tire chains. Operators were careful to avoid driving machinery into or across 
stream beds with adherence to the Ontario Stands and Site Guide (98), including 
leaving 30 m buffers on all mapped or obvious watercourses and avoidance of 
sensitive wet soils.

Stream Water Samples. Stream water samples were collected monthly dur-
ing ice-free seasons beginning in September 2019. Surface water (500 mL) was 
grab-sampled from a single location at the channel head of each stream. DOM 
quantification and molecular characterization was performed on water filtered 
through 0.45 µm glass fiber syringe filters (Kinesis Inc., USA) into precombusted 
(4 h, 400 °C) amber vials. Samples for molecular characterization were acidified to 
pH 2 with HCl within 24 h. Samples were stored at 4 °C in the dark until analysis 
within 4 mo with no flocculation observed. DOM was quantified using a Shimadzu 
TOC-L (Shimadzu, Japan) with concentrations determined via an L-arginine stand-
ard curve. For molecular characterization in 2020 only, we extracted 10 mL of each 
sample onto 100 mg solid-phase extraction columns (Bond Elut PPL, Agilent) 
and eluted the samples with 3 mL methanol (ULC grade) using the methods 
described by Dittmar et al. (99). We also characterized DOM with optical analyses 
of filtered and refrigerated nonacidified water described above across all three 
study years. Three-dimensional fluorescence scans were performed using a Cary 
Eclipse (Varian Instruments, USA), and absorbance measured with a Cary 60 UV–
Vis (Agilent Technologies, USA). Fluorescence scans were run at 5 nm excitation 
steps from 250 to 450 nm, and emissions were read at 2 nm steps from 300 to 
600 nm. Spectral corrections (instrument and inner-filter), and calculation of 
the HIX (40) were applied following standard procedures using the staRdom R 
package (100). Finally, major ions, nutrients, and metal concentrations were meas-
ured from a subset of the sampled water collected in all years at the Great Lakes 
Forestry Centre, Sault Ste. Marie, ON, according to methods outlined in ref. 43.

Soil Water Collection. At all hillslope positions, at least 60 mL of soil water was 
sampled at 15, 30, and 60 cm depths with tension lysimeters. The lysimeters 
consisted of 60-mm-long round-bottom-necked porous cups with an outer diam-
eter of 48 mm and an effective pore size of 1.3 µm (model 0653X01-B02M2, 
Soilmoisture Equipment Corp.). Lysimeters were installed 6 to 12 wk prior to first 
sampling using a slurry of nontreated native soil. All lysimeters were evacuated 
at least twice prior to first sampling to allow for calibration (101). The sampling 
bottles were evacuated to a negative pressure of 50 kPa with a hand pump, so 
suction pressure was ca. 50 mbar above the actual soil water tension at collection. 
At 5 cm depths, lysimeters could not be securely installed. Therefore, we sampled 
pore water with microtensiometers designed to extract fluids nondestructively 
from soils using a vacuum (102) through a 0.6 µm ceramic cup (Rhizon CSS 
samplers, Rhizosphere Research Products, Netherlands). All the water samplers 

were installed in triplicate and water pooled at each of the four depth and posi-
tion combinations to retrieve sufficient volume for analysis. The hillside design 
of 16 soil samples and 1 stream sample was replicated across the 4 catchments 
for a total number of 68 samples per sampling date. Soil water samples were 
filtered through a 0.45 µm glass fiber filter, acidified (pH 2), and stored at 4 °C 
prior to subsequent analyses of DOM concentration and molecular characteriza-
tion. Sample water for DOM optical analyses were refrigerated but not acidified. 
DOM optical analysis, major ions, nutrients, and metals were analyzed methods 
described in the previous section.

FT-ICR MS Analysis. We analyzed individual stream samples (n = 4 catch-
ments × 7 dates) and soil extracts pooled across replicate lysimeters at each 
hillslope and depth (n = 68 samples × 7 dates), all collected in 2020, using 
FT-ICR MS. The analysis was performed on a 15 T Solarix (Bruker Daltonics, USA) 
equipped with an electrospray ionization source (ESI, Bruker Apollo II) applied 
in negative ionization mode. Samples were diluted to yield a concentration of 
~5 ppm in ultrapure water and methanol 50:50 (vol/vol). This dilution was 
filtered through precleaned and rinsed 0.2 µm polycarbonate syringe filters 
before samples were analyzed in duplicate and in random order Electrospray 
ionization in negative mode (Bruker Apollo II) was done at 200 °C and the 
capillary voltage was set to 4.5 kV. The sample was injected at a flow rate of 
120 µL h−1, the accumulation time was set to 0.05 s, and 200 scans were 
coadded for each spectrum in a mass range of 92 to 2,000 Da. Mass spectra 
were exported from the Bruker Data Analysis software at a signal-to-noise ratio 
of 0 and molecular formulae were assigned using the ICBM-OCEAN tool (103). 
The method detection limit was set to 3. Junction of mass lists along mass to 
charge ratios (m/z) was performed via fast join at a tolerance of 0.5 ppm while 
standard smooth and additional isotope tolerance was 10‰. Singlet peaks 
occurring only once in the dataset were removed, then molecular formulae were 
assigned with a tolerance of 0.5 ppm in the range m/z 0 to 1,000 within the 
limits C1–100H1–100O0–70N0–4S0–2P0–1. Before statistical analysis, relative intensities 
were normalized to the sum of intensities per sample. Furthermore, molecular 
formulae were only retained in the dataset if they occurred at least three times 
across all stream or porewater samples.

For each molecular formula, we calculated 10 traits related to molecular 
weight, stoichiometry, chemical structure, and oxidation state. These traits were 
molecular mass, the heteroatom class, double bond equivalents [DBE = number 
of rings plus double bonds to carbon, double bond equivalent (DBE) (104)], 
carbon number (C), GFE of carbon oxidation (105), nominal oxidation state of 
carbon (NOSC), O:C ratio, H:C ratio, and AImod (42, 106). Molecules were classified 
as CRAM where DBE:C was between 0.30 and 0.68, DBE:H was between 0.20 and 
0.95 and DBE:O were between 0.77 and 1.75 (107). Formulae with AImod ≤ 0.5, 
0.5 < to ≤ 0.66, and >0.66 were defined as highly unsaturated and phenolics, 
polyphenolic, and condensed aromatic, respectively. Formulae with 1.5 ≤ H:C 
≤ 2.0, O:C ≤ 0.9, and N = 0 were defined as aliphatic (108).

To compare DOM between each soil sample and stream at each time point, 
we calculated the Raup-Crick dissimilarity metric βRC (109). This metric estimates 
whether pairwise samples are more different in composition than expected by 
chance, given random draws from the compound pool at a site. For any given 
pair of soil and stream samples, βRC was calculated by comparing the observed 
number of shared molecular formulae to the number expected by randomly 
sampling the same number in each site from the entire compound pool following 
the protocol described in ref. 109. The probability of sampling a compound was 
based on its abundance across all soil sites. We repeated this sampling 1,000 
times to measure the similarity between the molecular composition of DOM in 
streams and soils compared to a null expectation. To avoid overestimating dif-
ferences between samples, we used presence–absence of formulae rather than 
their relative abundance as recommended by ref. 110.

DOM Yield and Wood Carbon Estimates. DOM yields for each of the four 
experimental catchments were estimated using runoff data from the nearby TLW 
(58) where monthly runoff and precipitation values (mm mo−1) are measured 
(SI Appendix, Fig. S4). Catchments in the TLW have similar size (ranging from 0.04 
to 0.40 km2, median = 0.02 km2, mean = 0.06 km2 and forest composition as 
our study catchments). Runoff from TLW catchments was measured using stage-
discharge relationships at 90° V-notch weirs, with stage measured at 10 min 
intervals using water level recorders described in refs. 58 and 111. We normalized D
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estimated runoff volume by the annual precipitation measured across 3 y (mm, 
2019-2021). Carbon concentration increases were converted to volume using a 
1,000 L m−3 conversion. To estimate extra carbon exported from each experimen-
tal catchment (mg C mo−1 km−2), we multiplied the observed carbon increase 
(assuming 50% carbon content in DOM, or approximately 1.2 mg L−1 C increase; 
Fig. 1B and SI Appendix, Table S1) over 8 nonwinter months by the estimated 
monthly runoff volume (L mo−1 km−2).

We estimated the amount of tree carbon removed from the two logged exper-
imental catchments using an estimate of aboveground phytomass for the region 
described within ref. 112. Phytomass was then converted to carbon using a 50% 
(w/w) dry wood conversion based on the canopy-dominant sugar maple (113).

Statistical Analyses. To test the effects of logging on stream water chemistry and 
DOM (including concentration, optical properties, compound counts, and molec-
ular dissimilarity), we fitted linear mixed effects models. The time period (before 
or after logging) and treatment (control or impact, i.e., logging) were fixed effects, 
and we included the interaction between these two variables. We also included 
the number of days since logging as a continuous predictor, whereby the slope of 
this effect represented the rate of change in DOM concentration over time. Finally, 
we included the three-way interaction among the number of days since logging 
and the two factors, i.e., before-after × control-impact × time, as described in ref. 
114. This model design allowed us to estimate the specific times when differences 
arose between treatments, such as from before-after × time or control-impact × 
time interactions. We accounted for repeat sampling of the same sites through time 
by including a site-level random effect and estimated a continuous autoregressive 
correlation structure to account for temporal autocorrelation within year and site. 
Finally, for water chemistry and optical properties that were measured throughout 
the entire study period, we fitted a separate model to 2020 data only and from 2019 
to 2021 to separate short- versus long-term effects of logging. These models had 
the additional advantage of analyzing the exact same period for which we collected 
FT-ICR MS data (2020 only) while also extending across the entire study period.

Models were fitted with the lme function in the nlme (115) package in R 
(116). Only when the predicted variable was a count (i.e., number of molecular 
formulae), we modeled the error terms using a Poisson distribution and estimated 
statistical models using the R package glmmTMB (117). The nlme package does 
not support Poisson error structures. Concurrently, we did not use glmmTMB for 
all other statistical models (e.g., DOM concentration, optical indices) since it does 
not allow for a continuous correlation structure with time, which is important for 
capturing the structure of our data. In the case of the Poisson-distributed models 
fitted with glmmTMB, we instead used ordinal values (order of sample points 
in time) to model the autoregressive temporal correlation structure as properly 
modelling the error distribution was considered to be more important.

Data, Materials, and Software Availability. Raw and Processed data have been 
deposited in 10.5281/zenodo.16677581 (118).
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