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A B S T R A C T   

Understanding the forest carbon cycle has become increasingly important as carbon dioxide (CO2) emissions 
contribute to the changing climate. Decomposition is a major component of the forest carbon cycle; however, 
aspects of wood decomposition remain poorly understood, especially for stumps. To fill this knowledge gap, we 
examined the change in CO2 emissions over time from Picea rubens Sarg. (red spruce) stumps using a 32-year 
chronosequence (i.e., 0, 2, 4, 8, 23, and 32 years since harvest) derived from detailed harvesting records in a 
northern conifer forest in central Maine, USA, that has experienced repeated partial harvests. We found low 
initial CO2 flux (3.2 μmol CO2 m− 2 s− 1 at year 0) followed by a rapid increase, peaking 8 years post-harvest (24.3 
μmol CO2 m− 2 s− 1) followed in turn by a decrease to very low rates by years 23 and 32 (1.4 and 1.7 μmol CO2 
m− 2 s− 1, respectively). We found no clear relationship between CO2 emissions and any of the environmental or 
stump variables tested (wood temperature, wood moisture, soil moisture, and/or stump volume), suggesting that 
time since harvest was the overriding influence on CO2 flux rates. The large variability in CO2 flux rates among 
stumps of the same time since harvest points to the need for future research that includes larger sample sizes and 
covers a wider range of environmental and stump variables to better capture potential sources of variation. Our 
results add to the growing body of research on carbon emissions from deadwood that can inform forest carbon- 
cycle models. In addition, forest managers, who are increasingly interested in carbon management, can use these 
results to assess harvesting impacts on forest carbon emissions.   

1. Introduction 

Global climate change has motivated the need to better understand 
the forest carbon cycle, particularly carbon emissions to the atmosphere 
(Bonan, 2008; Finzi et al., 2020). Although carbon emissions from forest 
soils have been relatively well studied (Bond-Lamberty and Thomson, 
2010; Hashimoto et al., 2015), emissions from decomposing woody 
material have received much less attention (Russell et al., 2015). 
However, woody material represents ca. 8 % of total forest carbon stocks 
globally (Pan et al., 2011) and requires further study. Carbon is emitted 
from decomposing wood primarily as carbon dioxide (CO2), the result of 
respiration by fungi and invertebrates that break down the various wood 
components. Quantifying these CO2 emissions in forest experiments 
poses considerable challenges because of the many biotic and abiotic 
factors that interact to regulate detrital decomposition (Bradford et al., 
2014; Zanne et al., 2015). Yet, a better understanding of the factors 

governing woody debris CO2 emission rates is needed to improve forest 
carbon-cycle models (Harmon et al., 2020). 

One form of woody material that is particularly overlooked is that of 
stumps (Didion and Abegg, 2022). In fact, only 60 % of countries with 
national forest inventories of deadwood include stumps (Woodall et al., 
2009), despite their prevalence in both managed forests (i.e., felled 
trees) and unmanaged forests (i.e., resulting from deadfalls). For 
example, the national forest inventory of Slovenia reports that stumps 
represent 22 % of total deadwood biomass (Dunger et al., 2012), and the 
Swiss national forest inventory indicates that stumps comprise 25 % of 
the total deadwood pool (Didion and Abegg, 2022). Stumps are also 
connected to the belowground coarse roots and have been found to be 
disproportionately important to soil carbon and nitrogen pools, relative 
to their volume (Sucre and Fox, 2009). 

The few studies that have measured CO2 emissions from cut stumps 
provide important baseline information, yet also point to the need for 
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further study. Forrester et al. (2015) found that CO2 flux from recently 
cut northern hardwood (Acer saccharum Marsh., Fraxinus americana L., 
Tilia americana L.) stumps increased two years post-harvest, peaked at 
four years, and then decreased significantly after five years. At the peak, 
these rates were up to seven times higher than those of logs of the same 
species and decay state. This difference may have been due to flux 
measurements capturing root decomposition and soil flux emerging 
through the stump, as well as differing fungal communities between 
stumps and logs. Noh et al. (2019) found similarly high flux rates from 
the cut surfaces of Fraxinus nigra Marsh. stumps in the fourth year post- 
harvest, and Martínez-García et al. (2015) found similar flux rates dur
ing the first three years post-harvest of fire-killed Pinus nigra Arnold 
stumps. However, none of these studies monitored changes in CO2 flux 
through advanced stages of decay; CO2 flux rates (and overall decay 
rates) likely fluctuate over the course of decomposition (Harmon et al., 
2000), due to changes in wood structure and chemistry as well as 
concomitant changes in the fungal community (Stokland et al., 2012). 

In addition to time since harvest, environmental factors influence 
CO2 flux rates (Bond-Lamberty et al., 2002; Forrester et al., 2015). The 
CO2 flux studies mentioned above consistently report a strong positive 
relationship between temperature (air or soil temperature) and stump 
CO2 flux, as have studies of flux from coarse woody material (CWM) 
(Forrester et al., 2012; Gough et al., 2007; Olajuyigbe et al., 2012; 
Rinne-Garmston et al., 2019). Although moisture is often shown to have 
a positive relationship with CO2 flux from CWM (Forrester et al., 2012; 
Gough et al., 2007; Olajuyigbe et al., 2012), excessive moisture may at 
times decrease CO2 flux from CWM (Progar et al., 2000). Further 
knowledge regarding the influence of temperature and moisture on CO2 
flux rates is particularly important, as these variables are routinely used 
in predictive models of forest carbon dynamics (Harmon et al., 2011). 

Our objectives were to (1) quantify temporal changes in CO2 emis
sions (i.e., flux rates) using a 32-year chronosequence of cut Picea rubens 
stumps, and (2) determine the primary environmental factors governing 
CO2 flux rates from stumps. Our study was conducted at the Penobscot 
Experimental Forest (Maine, USA), which provides the long-term record 
of harvested trees needed to construct the chronosequence. The results 
of this study will advance on-going research on woody material 
decomposition and CO2 emissions and help inform process-based 
models of forest carbon dynamics. 

2. Material and methods 

2.1. Study site 

This study was conducted in the U.S. Forest Service’s Penobscot 
Experimental Forest in central Maine (44◦ 49′ N, 68◦ 38′ W). The portion 
of the forest in which this study was conducted (ca. 2 km2) is dominated 
by Picea rubens Sarg. (red spruce, representing 37 % of basal area), with 
Tsuga canadensis (L.) Carr. (eastern hemlock, 20 % of basal area) and 
Thuja occidentalis L. (northern white cedar, 20 % of basal area) as sub- 
dominants. Larix laricina (Du Roi) K. Koch (eastern larch), Pinus stro
bus L. (eastern white pine), and Acer rubrum L. (red maple) are present in 
lesser abundance. The forest supports 22 m2 ha− 1 tree basal area and a 
density of 504 trees ha− 1 and has been actively managed under various 
partial-harvest systems since the 1950s. In the portion of the Penobscot 
Experimental Forest sampled, stumps occupy a mean of 18 m2 surface 
area ha− 1 and number 377 stumps ha− 1. Mean annual temperature and 
precipitation from 1991 to 2020 are 6.6 ◦C and 1093 mm, respectively 
(PRISM Climate Group, Oregon State University, 2020), the growing 
season averages 160 days, spanning May into October (Nelson et al., 
2014), and elevation at the site is 42 m a.s.l (PRISM Climate Group, 
Oregon State University, 2020). Soils in this portion of the Experimental 
Forest are derived from glacial till and range from somewhat poorly 
drained to poorly drained (Soil Survey Staff, 2022). 

2.2. Stump selection 

Silvicultural research at the Penobscot Experimental Forest provides 
a long-term record of individual tree removals, including mapped tree 
locations within 810 m2 permanent plots. These records allowed us to 
relocate individual cut stumps of P. rubens for which we know the har
vest dates. A list of stumps was compiled from harvests that occurred 0, 
2, 4, 8, 23, and 32 years before our 2021 sampling (see Fig. 1 for ex
amples). Stumps of 0 years since harvest resulted from a harvest that 
occurred in February to March 2021, that is, three months before our 
sampling began. Three stumps were randomly selected from each of 
these six times since harvest (N = 18 stumps), forming a chronosequence 
from fresh to well-decayed material. The selected stumps were ulti
mately located in 11 plots spanning 6 contiguous stands. For each 
stump, we recorded top diameter and height, and we obtained one 
hemispherical photograph to characterize canopy openness. Hemi
spherical photographs were processed using Gap Light Analyzer soft
ware (Frazer et al., 1999). Stump volume above ground was calculated 
as a conical frustrum, assuming a 1.15 cm/m taper from top diameter 
(Woodall and Westfall, 2008). 

2.3. Carbon dioxide flux and environmental variables 

Carbon dioxide (CO2) flux from stumps was sampled from 10 am to 2 
pm approximately every other week, except when raining, during the 
summer and fall for a total of 10 sampling visits between 25 May and 11 
October 2021. For stumps 0 through 8 years since harvest, 10-cm-diam
eter PVC collars, 7.5 cm in height, were sealed to the cut surface of each 
selected stump using silicone caulk and clay if necessary (Forrester et al., 
2015) (Fig. 1). For stumps 23 and 32 years since harvest, PVC collars (as 
above) of height 15 cm were driven half their height into the stump, 
thereby forming a seal. Collars on five stumps retained water after a rain, 
which required that we drill two drainage holes near the base of each 
collar. These holes were sealed during the flux measurements. At each 
sampling visit, any litter that had fallen inside the collar was removed. 
Then, a PVC cap was fit snugly over the collar, with inlet and outlet tubes 
connecting it to a LI-830 infrared gas analyzer (Li-Cor, Lincoln, NE, 
USA). As the CO2 accumulated in the closed chamber, the concentration 
was measured every second for three minutes, using the ‘Flux Puppy’ 
software application (Carbone et al., 2019). We used data collected 
between 30 and 160 seconds because this period represented the most 
linear portion of CO2 accumulation, thereby eliminating any fluctua
tions in concentration at the start of the measurement period and po
tential asymptotes near the end of the measurement period. A flux rate 
was calculated from the slope of the concentration increase within the 
chamber over time. Prior to each measurement, the cap was allowed to 
equilibrate to ambient CO2 concentrations. 

Stump surface temperature was automatically recorded every-two 
hours by Thermochron iButton DS1921G-F5 temperature loggers 
(Maxim Integrated Products, Sunnyvale, CA, USA), which were wrapped 
in plastic for moisture protection and placed directly on the stump 
surface on the north side of the PVC collar. The iButtons were then 
covered with a reflective solar cover elevated 4 cm above the iButton. In 
addition, during each sampling visit, wood surface temperature was 
measured using a Durac 60900-1600 digital thermometer (Bel-Art-SP 
Scienceware, Wayne, NJ, USA) placed on the stump surface, north of the 
flux collar. Wood moisture was measured using a wood moisture meter 
(Protimeter, St. Marys, PA, USA), averaging five measurements around 
the flux collar, and soil moisture (volumetric moisture content) was 
measured using a TDR150 soil moisture meter (Spectrum Technologies, 
Aurora, IL, USA), recording the average of six readings surrounding the 
stump base. 

2.4. Statistical analyses 

To address our first objective – quantify changes in CO2 flux over the 
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chronosequence – we evaluated eight candidate models aimed at 
describing this temporal pattern. Models were selected to account for 
the mid-sequence peak evident in the raw data. Model selection was 
based on AICc scores, root mean square errors (RMSEs), and distribu
tions of residuals, using the nls function in the ‘stats’ package (R Core 
Team, 2020) and the ‘AICcmodavg’ package (Mazerolle, 2020) in R 
software. In addition, we performed an ANOVA to test for differences in 
flux among the six times since harvest, using a Tukey’s one-way post-hoc 
test (α = 0.05) with the aov and TukeyHSD functions in the ’stats’ 
package in R (R Core Team, 2020). 

Addressing our second objective – determine the primary environ
mental factors governing flux rates – involved two analytical steps 
(explained below). First, we aimed to summarize each stump’s repeated 
CO2 flux measurements into a single value that could be attributed to 
that stump. Second, we used this summarized CO2 flux as a response 
variable, testing the influence of stump characteristics and environ
mental variables. 

The first step assumed a relationship between CO2 flux rate (units 
μmol CO2 m− 2 s− 1) and temperature. A strong relationship between flux 
and temperature at the time of sampling would allow us to estimate 
entire growing-season flux using the continuous temperatures recorded 
by the iButtons. Given the marked differences among individual stumps 
evident during exploratory analyses, we examined this relationship 
separately for each stump, testing linear, exponential, and power 
models. These models ultimately revealed no relationship between flux 
and temperature for the range of temperatures recorded. We also tested 
the relationship between flux and temperature using stump flux rates 
grouped by time since harvest and found similar results. For this reason 
we used a null (intercept only) model, which is simply the flux rate for 
each stump averaged across the 10 sampling periods. None of the other 
models tested (above) showed significant improvement in AICc, RMSE, 
or normality of residuals compared to the null model. The R package 
‘AICcmodavg’ (Mazerolle, 2020) was used to calculate the corrected 
AICc for small samples sizes. 

The second step involved testing this average flux as a function of 
mean wood temperature, mean wood moisture, mean soil moisture, and 
stump volume. Stump height and diameter were not included in the 
analyses because of strong collinearity with stump volume, and canopy 
openness was removed due to its collinearity with wood temperature. 
Moisture variables (percentages) were logit transformed prior to anal
ysis. The effect of time since harvest, which was known from our first 
objective to strongly influence flux rates, was first removed in order to 
focus on the effect of these additional variables. To this end, we used the 
flux residuals as the response variable in a multiple linear regression. 
Residuals were calculated as the difference between mean flux per time 
since harvest and the mean flux per stump in that time class. The vari
ance inflation factor (vif) function in the ‘rms’ package in R (Harrell Jr, 
2021) was used to remove correlated predictor variables (above) that 
were least biologically significant. Next, backwards selection by AICc 

was conducted using the AICc function in the ‘AICcmodavg’ package in 
R (Mazerolle, 2020). We also tested this model using the maximum 
stump flux rather than an average value, but doing so did not change the 
interpretation of results. 

3. Results 

3.1. Seasonal trends 

Wood surface temperatures decreased slightly from May to October 
2021, from a mean of 23.4 ◦C on May 25 to 15.3 ◦C on October 11 
(Fig. 2a). Soil and wood moisture increased during the same time period, 
with soil moisture increasing from a mean of 9 % VMC on May 25 to 14 
% VMC on October 11 (Fig. 2b, c). Stump CO2 emissions generally 
increased to a peak in mid to late August, then decreased by October 11, 
although this pattern varied with time since harvest and by individual 
stump (Fig. 3). The large variability in all of these variables, especially in 
wood surface temperature and stump CO2 emissions, may have obscured 
seasonal trends. 

Fig. 1. Examples of Picea rubens stumps used in a chronosequence of CO2 flux, showing stumps 0, 8, 23, and 32 years since harvest. Images show PVC collars (A, 10 
cm diameter) used for CO2 flux measurements, as well as adjacent reflective solar covers (B) shielding the iButton temperature sensors. 

Fig. 2. Environmental variables measured on each sampling date throughout 
the sampling season. These include (a) stump surface temperature, (b) nearby 
soil moisture, and (c) stump wood moisture. Means at each sampling date are 
shown as a diamonds. Boxes enclose 50 % of the data, and whiskers cover the 
remaining 25 %. Outliers are shown as points above or below the whiskers. 
VMC = volumetric moisture content. 
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3.2. CO2 flux over the chronosequence 

Our chronosequence results show low initial CO2 flux, a strong and 
consistent increase through year 4, an apparent peak at years 6–8, fol
lowed by a decrease to very low rates by years 23 and 32 (Fig. 4). Mean 
overall flux (μmol CO2 m− 2 s− 1) and standard deviations (in parenthe
ses) for each time since harvest are as follows: 0 years = 3.2 (2.8), 2 
years = 11.3 (9.6), 4 years = 19.6 (8.2), 8 years = 24.3 (13.0), 23 years 
= 1.4 (1.2), and 32 years = 1.7 (1.0). ANOVA revealed significant dif
ferences among the times since harvest, and the Tukey’s post-hoc test 
showed that CO2 fluxes from years 0, 23, and 32 were significantly lower 
than those of years 2, 4, and 8 (Fig. 4). A four-parameter Gaussian model 
provided the best characterization of CO2 flux over time, in the form: 

CO2 flux = 1.38 + 25.60 * exp(-0.5 * ((time – 6.51)/3.13)2) (Equation 
1). 

where time is the years since harvest; RMSE = 7.38 μmol CO2 m− 2 sec- 

1. Table S1 (Supplementary Materials) provides rankings and di
agnostics for the eight candidate models. 

3.3. Environmental factors governing CO2 flux 

The full model used to test the relationship between mean CO2 flux 
and environmental variables included mean wood temperature, mean 
wood moisture, mean soil moisture, and stump volume as predictors and 
the residuals of the flux (by time since harvest) as the response variable. 
Backwards model selection by AICc revealed the null model to be the 
most parsimonious; that is, the relationships were not significant 
(Table 1) for any of the models. Thus, none of these environmental or 
stump variables were significant predictors, meaning that time since 
harvest was the only significant predictor for CO2 flux in this study. 
Stump attributes and associated environmental variables are presented 
in Table 2 and Fig. 2. 

4. Discussion 

4.1. CO2 flux over the chronosequence 

Our first objective was to quantify temporal trends in stump CO2 flux 
over time. Detailed harvesting records available for the Penobscot 
Experimental Forest allowed us to create a 32-year chronosequence of 
P. rubens stumps for this purpose. Our results show low initial CO2 flux 
(year 0), followed by an increase to a peak at years 6–8, in turn followed 
by a decrease to very low rates by years 23 and 32. The low initial flux 
rate supports previous work suggesting a lag in decomposition due to 
delayed fungal colonization of fresh woody material (Harmon et al., 
1986) and low initial nitrogen content that limits fungal activity (Rinne- 
Garmston et al., 2019). However, the flux evident at year 0 (albeit at a 
low rate) might suggest fungi were present in the lower stem prior to 
harvest (Parfitt et al., 2010). The increase in CO2 emissions to the peak 
ca. 6–8 years post-harvest likely represents the phase of greatest fungal 
activity (i.e., respiration) and abundance. After 8 years, CO2 emissions 
decrease, likely because the decomposers have exhausted the most 
easily accessible carbon compounds and can no longer maintain high 
respiration rates (Rinne-Garmston et al., 2019), as well as a concomitant 
shift in fungal community composition (Stokland et al., 2012). The large 
variability evident in CO2 flux, even among stumps of the same time 
since harvest, may be due to differing fungal communities among 
stumps, as fungal community composition has been shown to strongly 
influence wood decay rates (Lindner et al., 2011; van der Wal et al., 
2015). 

The range of CO2 flux (0.7 to 44.9 μmol CO2 m− 2 s− 1) from more 
recently cut P. rubens stumps (those up to 8 years since harvest) is quite 
similar to that of hardwood stumps in the initial years following harvest 
(3.5 to 44.1 μmol CO2 m− 2 s− 1) (Forrester et al., 2015). However, the 
peak flux for hardwood stumps occurred ca. 2–4 years, while the peak 
for our P. rubens stumps occurred ca. 6–8 years. Similarly, Noh et al. 
(2019) report relatively low flux (6.7 μmol CO2 m− 2 s− 1 at 20 ◦C) from 
Fraxinus nigra stumps measured for the first time 5 years after harvest, 
that is, presumably after peak flux had occurred. We acknowledge that 
peak CO2 flux for our stumps may occur after 8 years. Unfortunately, 
P. rubens stumps harvested between 8 and 23 years prior were not 
available for our study. The earlier peak for hardwood stumps (above) 
could be explained by the more rapid decay for these taxa, when 
compared to conifers (Russell et al., 2014; Weedon et al., 2009). With 
this in mind, our peak flux at ca. 6–8 years for a conifer species seems 
reasonable; however, this should be explored in future studies. 

Average stump flux rates ranged from a low of 1.4 ± 1.2 μmol CO2 
m− 2 s− 1 in year 23 to a high of 24.3 ± 13.0 μmol CO2 m− 2 s− 1 in year 8. 
The Howland Research Forest provides soil CO2 flux for comparison. 

Fig. 3. Stump CO2 flux rates throughout the growing season. Each panel shows 
stumps created in various years since harvest, from 0 to 32 years prior. Different 
symbols represent individual stumps. Note that vertical axes are on 
different scales. 
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Howland Forest is ca. 45 km north of the PEF; it has similar soils and the 
same three dominant tree species with relative basal areas similar to 
those of the PEF: P. rubens at 46 %, T. canadensis 26 %, and T. occidentalis 
10 % (Fien et al., 2019) (compared to 37 %, 20 %, and 20 %, respectively 

at the PEF). There, soil flux is 2.2 ± 0.3 μmol CO2 m− 2 s− 1 (Hollinger 
et al., 2021) meaning that flux from well-decayed stumps is roughly 64 
percent of that from soils, when compared at this scale. However, flux 
from stumps 8 years post-harvest is roughly 11 times higher than that 
from soils. As such, in the years following harvest, stumps function as 
CO2 flux ‘hot spots’ (Noh et al., 2019). Nevertheless, when scaled to a 
per-ha basis, growing-season soil flux likely greatly exceeds growing- 
season stump flux simply because of the much greater area of soils. 

The carbon loss by CO2 emissions, as shown here, does not directly 
translate to a mass-loss decay rate because other carbon losses, such as 
volatile organic compounds lost to emissions or DOC lost to leaching, as 
well as the loss of non-carbon compounds that comprise wood tissue, are 
not accounted for (Harmon et al., 1986; Mali et al., 2019). Nevertheless, 
the form of the flux-rate curve fit to the chronosequence (low–high-low 
over time), which as above suggests an initial lag of 6–8 years before 
peak flux rate (mass loss), calls into question the pervasive use of 
negative exponential loss to model decay. Numerous previous studies 
have demonstrated an initial lag in CWM mass loss, supporting results 
reported here (e.g., Cornwell and Weedon, 2014; Rinne-Garmston et al., 
2019; Yatskov et al., 2003). 

4.2. Environmental and stump factors governing CO2 flux 

Our second objective was to determine the environmental and stump 

Fig. 4. CO2 flux rates from a chronosequence of 
Picea rubens stumps. The mean flux rate at each 
time since harvest is shown as a diamond. Boxes 
encompasses 50 % of the data; the central line 
represents the median, and whiskers represent 
the remaining 25 % above and below the box. 
Outliers are shown as points above or below the 
whiskers. Boxes with different lowercase letters 
are significantly different at p < 0.05. The pre
dictive model is shown as a solid line, with the 
95 % confidence intervals shown as dashed lines.   

Table 1 
Result of backward-selection analyses of environmental and stump variables, 
using residuals of CO2 flux (from each time since harvest) as the response var
iable (see text). mean_temp = mean of the wood surface temperature measured 
by thermometer, logit_soil_mc = logit-transformed volumetric soil moisture 
content, logit_wood_mc = logit-transformed volumetric wood moisture content, 
stump_volume = calculated volume of the entire stump. AICc is the Akaike in
formation criterion adjusted for small sample sizes, and ΔAICc is the difference 
in AICc from the null model. Adj. R2 is the adjusted R squared value. Root mean 
square error (RMSE) is in units of μmol CO2 m− 2 s− 1.  

Model Predictors AICc ΔAICc Adj. R2 RMSE p- 
value 

Null model  121.3 0 –  6.16 – 
logit_soil_mc  122.1 0.8 0.056  5.81 0.18 
logit_soil_mc + stump_volume  124.6 3.3 0.042  5.66 0.28 
logit_wood_mc + logit_soil_mc +

stump_volume  
128.5 7.2 − 0.023  5.66 0.48 

mean_temp + logit_wood_mc +
logit_soil_mc + stump_volume  

133.1 11.8 − 0.100  5.65 0.66  

Table 2 
Attributes and environmental variables associated with the 18 Picea rubens stumps monitored for CO2 flux. Time = time since harvest (years), Diam = stump top 
diameter in cm, Ht = stump height in cm, Temp = stump surface temperature in ◦C, VMC = volumetric moisture content, Open = percent canopy openness above 
stump, CO2 flux in μmol CO2 m− 2 sec-1. Values followed by standard deviations (in parentheses) represent means over the sampling season (n = 10).  

Time Stump ID Diam (cm) Ht (cm) Temp (◦C) Soil VMC (%) Wood VMC (%) Open (%) CO2 flux 

0 66  36.5 60 24 (6) 16 (12) 34 (7) 29 5.9 (2.6) 
0 67  36.5 42 22 (5) 7 (4) 24 (14) 20 1.0 (0.3) 
0 68  17.5 23 21 (5) 10 (4) 67 (11) 17 2.0 (0.7) 
2 1  41.0 58 19 (5) 8 (3) 28 (19) 18 22.8 (6.4) 
2 6  30.0 36 19 (4) 6 (2) 38 (18) 11 5.4 (2.0) 
2 8  36.5 45 20 (5) 7 (3) 24 (13) 13 4.2 (1.3) 
4 20  41.5 40 23 (4) 11 (4) 33 (25) 18 17.5 (8.7) 
4 21  40.0 57 24 (5) 7 (3) 19 (16) 28 15.1 (4.1) 
4 22  42.0 42 24 (4) 9 (2) 21 (21) 35 26.3 (7.3) 
8 12  42.0 27 21 (4) 7 (2) 40 (20) 19 16.4 (5.0) 
8 13  25.5 29 21 (2) 10 (4) 33 (23) 24 14.4 (6.0) 
8 14  32.5 30 24 (5) 11 (5) 26 (23) 28 39.1 (6.8) 
23 4  30.0 33 18 (3) 8 (3) 44 (10) 10 2.4 (1.3) 
23 5  33.5 30 21 (4) 12 (4) 41 (11) 18 0.7 (0.3) 
23 7  33.0 40 19 (4) 9 (4) 44 (17) 12 1.2 (1.1) 
32 24  34.0 20 17 (3) 11 (5) 46 (9) 7 2.1 (1.1) 
32 26  37.5 35 20 (4) 7 (3) 33 (13) 10 1.9 (1.1) 
32 63  20.5 20 20 (3) 7 (2) 49 (14) 8 1.1 (0.4)  
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factors that govern CO2 flux rates from stumps. However, results 
revealed that time since harvest was the only significant predictor of CO2 
flux rate in this study. The lack of a relationship between CO2 flux rate 
and temperature and/or moisture may have resulted from sampling 
within a small range of temperature and moisture values, especially as 
CO2 fluxes were primarily measured mid-day and from May to October. 
We note that Herrmann et al. (2015) found that temperature explained 
very little variation (2 %) in CWM mass loss when tested in a global 
model that included decomposition time (analogous to our time since 
harvest), CWM species, CWM diameter, and site (random factor). 
However, most previous studies report a strong relationship between 
temperature, moisture, and stump flux (Forrester et al., 2015) or dead
wood flux (Gitarskiy et al., 2017; Rinne-Garmston et al., 2019; Wang 
et al., 2002), suggesting that this relationship may be revealed if flux 
were measured across a wider range of temperatures and moisture, 
starting measurements earlier in the season, and taking measurements at 
times other than midday. In contrast to Forrester et al. (2012), we did 
not detect an influence of canopy openness, likely because our stumps 
occurred within a small range of canopy openness values (7 – 35 %), and 
although stumps spanned a range of diameters (18 – 42 cm) and volumes 
(0.006 – 0.078 m3), stump size did not influence flux rates. 

4.3. Study limitations 

We acknowledge several assumptions and shortcomings in this study 
that limit the generalizability of our conclusions. First, our small sample 
size (three stumps per time since harvest and ten sampling visits be
tween May and October) may have limited the ability to detect the in
fluence of environmental and stump variables; future studies could 
examine these relationships using larger sample sizes. Second, CO2 
emissions were only measured in a 10-cm diameter PVC collar placed 
roughly in the center of the stump’s cut surface. This placement assumes 
the location to be representative, although it does not account for CO2 
emissions from the sides of the stump. Previous studies suggest that CO2 
emissions through bark are significantly reduced compared to cut areas 
(Noh et al., 2019; Shorohova et al., 2020), indicating that the majority of 
the CO2 is emitted from the stump surface. In addition, we primarily 
captured heartwood flux rates by measuring in the center of the stump. 
Heartwood and sapwood may have distinct fungal and bacterial species 
and diversity (Mieszkin et al., 2021; Zhang et al., 2008), and may 
decompose at different rates (Taylor et al., 2002). This potential dif
ference could also be addressed in future research. Finally, flux values 
may be spatially autocorrelated, because harvests of particular stands 
created clusters of stumps with similar times since harvest. For example, 
stumps with times since harvest of 0 were located in the same recently 
harvested stand. The influence of this potential autocorrelation remains 
unknown; however, given the large flux-rate variability within a time- 
since-harvest class, we suspect it had little influence on our interpreta
tion of results. 

5. Conclusions 

To the best of our knowledge, ours is the first study to assess CO2 
emissions from cut stumps over an extended time period. Our results 
clearly show changes in CO2 emissions from stumps with time since 
harvest. Emissions follow a peaked (low–high-low), right-skewed rela
tionship over time, with stumps harvested 8 years prior producing the 
greatest emissions. Surprisingly, we found no clear relationship between 
CO2 emissions and environmental or stump variables within the range of 
values captured in our study. The large variability evident in CO2 flux, 
even among stumps of the same time since harvest, points to the need to 
examine the role of the fungal community, given that fungal species 
composition has been shown to influence decay rates (Lindner et al., 
2011; van der Wal et al., 2015), and that fungal species composition 
changes dramatically through the decay process (Stokland et al., 2012). 
Our study examined CO2 flux rates from one species and one deadwood 

substrate using admittedly small sample sizes; future studies could 
expand this approach to determine if the temporal trends seen here are 
evident across a range of species and other deadwood types (e.g., 
downed woody debris, snags). For practitioners interested in including 
carbon management as one of their objectives, we point out that 
although harvesting leads to pulses in CO2 emissions from stumps (as 
shown herein), this negative aspect must be weighed against the in
crease in carbon sequestration from rapid tree growth during the post- 
harvest recovery period. 
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