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Abstract
CO2 fluxes from wood decomposition represent an important source of carbon from 
forest ecosystems to the atmosphere, which are determined by both wood traits and 
climate influencing the metabolic rates of decomposers. Previous studies have quan-
tified the effects of moisture and temperature on wood decomposition, but these 
effects were not separated from the potential influence of wood traits. Indeed, it is 
not well understood how traits and climate interact to influence wood CO2 fluxes. 
Here, we examined the responses of CO2 fluxes from dead wood with different 
traits (angiosperm and gymnosperm) to 0%, 35%, and 70% rainfall reduction across 
seasonal temperature gradients. Our results showed that drought significantly de-
creased wood CO2 fluxes, but its effects varied with both taxonomical group and 
drought intensity. Drought-induced reduction in wood CO2 fluxes was larger in an-
giosperms than gymnosperms for the 35% rainfall reduction treatment, but there 
was no significant difference between these groups for the 70% reduction treat-
ment. This is because wood nitrogen density and carbon quality were significantly 
higher in angiosperms than gymnosperms, yielding a higher moisture sensitivity of 
wood decomposition. These findings were demonstrated by a significant positive in-
teraction effect between wood nitrogen and moisture on CO2 fluxes in a structural 
equation model. Additionally, we ascertained that a constant temperature sensitivity 
of CO2 fluxes was independent of wood traits and consistent with previous estimates 
for extracellular enzyme kinetics. Our results highlight the key role of wood traits in 
regulating drought responses of wood carbon fluxes. Given that both climate and 
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1  | INTRODUC TION

Dead wood contains 10%–20% of the carbon stored in the biomass 
of the world's forests (Pan et al., 2011), and its decomposition re-
leases 7%–14% of total assimilated CO2 back into the atmosphere 
(Chambers, Schimel, & Nobre, 2001; Odum, 1970). Dead wood 
stocks are predicted to increase in response to more frequent and 
intense future climate extremes and climate-driven disturbances 
(McDowell et al., 2018; Reichstein et al., 2013; Seidl et al., 2017), 
and decomposition of these stocks is expected to strongly alter for-
est carbon balance (Zhu et al., 2017). Estimates of the global car-
bon budget are currently subject to large uncertainties, because 
climate effects on wood decomposition are not well understood and 
only roughly integrated into carbon cycle models (Bradford, Berg, 
Maynard, Wieder, & Wood, 2016; Cornwell et al., 2009).

Over several decades, climate (e.g., temperature and moisture) 
was thought as the dominant factor influencing wood decomposi-
tion rates (Berg et al., 1993; Meentemeyer, 1978; Wall et al., 2008). 
However, this view has been challenged by recent studies, suggest-
ing that decomposition rates were strongly influenced by wood 
traits that characterize initial substrate quality (Cornwell et al., 2009; 
Hu et al., 2018). In particular, initial wood nitrogen and phosphorus 
content and carbon quality (e.g., relative quantities of lignin carbon 
and cellulose carbon) have been shown to exert strong controls over 
wood decay rates (Hu et al., 2017; Kahl et al., 2017). Unfortunately, 
the effects of climate and wood traits on wood decomposition have 
generally been studied separately, with little emphasis given to their 
combined effects. Studies on how climate and wood traits interact 
to affect wood decomposition are now needed (Zanne et al., 2015) in 
order to better understand and predict the magnitude of CO2 fluxes 
in response to climate change.

Drought is an increasingly important climate-driven disturbance 
that alters carbon cycle components by decreasing moisture avail-
ability (IPCC, 2014). Reduced moisture generally inhibits wood de-
composition rates (A'Bear, Jones, Kandeler, & Boddy, 2014; Harmon 
et al., 1986), because saprotrophic fungi are important decay agents 
and require adequate moisture to produce extracellular enzyme 
and then break down dead wood (Rajala, Peltoniemi, Pennanen, & 
Mäkipää, 2012). It has been further suggested that drought effects 
on decomposition rates may be constrained by low nutrients (Alster, 
German, Lu, & Allison, 2013). For example, the moisture sensitiv-
ity of litter decomposition under drought was higher in nitrogen- 
fertilized than non-fertilized plots (Allison et al., 2013). However, 

it is not well understood how drought effects on wood CO2 fluxes 
may vary with wood chemical traits. Previous studies of wood de-
composition in drought mostly comprised reciprocal transplants  
(e.g., across climatic gradients) and lab experiments (Berg et al., 
1993; Bradford et al., 2017; Russell et al., 2015). These studies could 
not isolate trait effects independent of climate due to covariation of 
traits and climate, nor did they reflect realistic environmental condi-
tions. While the frequency and intensity of droughts are predicted 
to increase (Dai, 2013), few studies have used experimental rainfall 
reductions to examine drought effects on wood decomposition in 
real forest environments.

Long-term records show that droughts are associated with higher 
temperatures (IPCC, 2014). Higher temperatures are expected to in-
crease rates of wood microbial metabolism, but the magnitudes of 
these increases are unclear and the temperature sensitivity of wood 
decomposition is not well understood (Cross, Hood, Benstead, Huryn, 
& Nelson, 2015). Metabolic scaling theory (MST) hypothesizes that 
wood decomposition rates will ultimately be governed by the kinet-
ics of microbial biochemistry (Brown, Gillooly, Allen, Savage, & West, 
2004; Gillooly, Brown, West, Savage, & Charnov, 2001). Building on 
this hypothesis, Follstad Shah et al. (2017) showed that temperature 
sensitivity of leaf decomposition varies among plant genera that dif-
fer in leaf traits and litter quality. Litter quality makes a key control 
on temperature sensitivity of decomposition, where the decompo-
sition of low-quality litter (i.e., litter low in nutrient concentrations 
and high in recalcitrant compounds) is more sensitive to temperature 
compared with high-quality litter (Davidson, Janssens, & Luo, 2006; 
Fierer, Craine, McLauchlan, & Schimel, 2005). Compared with leaf 
litter, dead wood generally includes much lower nutrient concentra-
tions and higher complex carbon compounds (Pietsch et al., 2014). 
While many studies have considered the temperature sensitivity of 
leaf litter decomposition, that of wood decomposition and how it is 
influenced by traits remains largely unstudied.

In two of our earlier studies, we tested the relative influence of 
climate and traits on wood decomposition rates. We showed that 
traits drive decomposition rates more than climate (Hu et al., 2018), 
and that trait effects on microbial community composition and 
function changes through time (Hu et al., 2017). These underscore 
the need to understand how wood traits will influence climate ef-
fects on wood microbial metabolism and decomposition. Here, we 
examined the influence of initial wood traits on wood CO2 fluxes 
for six tree species (three angiosperms and three gymnosperms) in 
response to rainfall reduction and seasonal temperature variation in 

forest management might extensively modify taxonomic compositions in the future, 
it is critical for carbon cycle models to account for such interactions between wood 
traits and climate in driving dynamics of wood decomposition.
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a subtropical forest. We hypothesize that: (H1) wood traits regulate 
drought effects on wood CO2 fluxes by controlling moisture sensi-
tivity of wood decomposition, and (H2) the temperature sensitivity 
of wood decomposition rates will vary with wood traits.

2  | MATERIAL S AND METHODS

2.1 | Site description and experimental design

A wood decomposition experiment was conducted at Tiantong 
National Station for Forest Ecosystem Research (29°48′N, 121°47′E), 
Zhejiang Province, China. The site has a subtropical monsoon climate 
with a hot, humid summer (June–October) and a short, mild winter 
(January–February). The mean annual temperature and precipitation 
are 16.2°C and 1,374.7 mm, respectively, with most rainfall occur-
ring in spring and summer. Soils belong to red and yellow types, and 
soil texture is mainly sandy to silty clay loam Ferric Acrisol accord-
ing to the FAO/UNESCO classification. The vegetation is a subtropi-
cal evergreen broadleaf forest, and common tree species include 
Castanopsis fargesii Franch., Schima superba Gardn, and Castanopsis 
carlesii (Hemsl.) Hayata.

In July 2013, we established a rainfall reduction experiment con-
sisting of transparent concave polycarbonate troughs (“V” shape) 
that drain and exclude precipitation from a proportion of the plot 
area (see below). Each trough was 27 m long, 0.3 m wide, and 0.15 m 
high. The trough structure is similar to that described by Bu et al. 
(2018). Troughs were attached with self-tapping metal screws to 
horizontal rails ~2 m above the ground that were supported by ver-
tical posts every ~2.5 m. The experiment consisted of four treat-
ments: (a) 35% rainfall reduction, (b) 70% rainfall reduction, (c) a 
“disturbance” control comprising inverted troughs that excluded 0% 
of precipitation, and (d) an ambient “control” without troughs. Each 
treatment had three replicates, resulting in 12 plots in total. The size 
of each plot was 25 m × 25 m (625 m2), and plots were spaced at 
least 5 m apart. Rainfall reduction was accomplished by the afore-
mentioned troughs that covered 35% or 70% of the total plot area. 
A trench up to 2 m depth was excavated around the perimeter of 
each plot, and PVC segregation boards were placed inside with 0.5 m 
above the ground to prevent subsurface and overland flow of water 
into the plots.

Dead wood samples were obtained for six tree species that are 
dominant in the subtropical forests of southern China (Table S1). 
Three species were angiosperms (C. fargesii, S. superba, and C. carlesii) 
and three species were gymnosperms (Cunninghamia lanceolate, 
Pseudolarix amabilis, and Cryptomeria fortunei Hooibrenk). All wood 
samples were obtained from even-aged plantation trees growing in 
the same stand, except for Castanopsis which were non-plantation 
forest trees. Twelve stems of each species were felled in November 
2014, and one 3.1 m section (including bark) was obtained from each 
stem. Two 5 cm thick disks were cut from both ends of each stem 
section (Figure S1), placed in black plastic bags, and transported to 
the laboratory for analysis. Twelve stem sections of each species 

were then randomly selected and placed into the 12 experimental 
plots. Each stem section was then further divided into three 1 m sec-
tions. The two end sections were kept for the experiment, and the 
middle section was removed out of the plot for other experiments 
not relevant to the current study. In total, the experiment comprised 
6 × 12 × 2 = 144 stem sections. In March 2015, we installed one respi-
ration collar (PVC pipe, 11 cm diameter × 5 cm height) using a silicone 
sealant near the top-center of one stem section in each of the plots. 
The mean diameters of these stem sections were 12.4 ± 0.16 cm and 
13.9 ± 0.21 cm for angiosperms and gymnosperms, respectively.

2.2 | Wood density measurements

For each disk, a wedge-shaped piece (one-eighth of the total disc) 
was excised and separated into sapwood, heartwood, and bark 
(Figure S1). The volume of each component was measured using 
Archimedes’ water displacement method. All samples were then 
oven-dried at 70°C for 3 days, and the density of each segment was 
calculated as dry mass per unit volume (g/cm3).

2.3 | Wood carbon and nitrogen density

We analyzed the chemistry of bark, sapwood, and heartwood from 
each stem disk. Bark samples obtained from each disk were ground 
into a fine powder using a ball mill. Sapwood and heartwood sam-
ples were obtained using an electric drill with an 8 mm drill bit that 
was sterilized with ethanol between samples; each wood sample 
comprised at least 15 drill holes. Samples were stored at 4°C until 
further analyses. The carbon and nitrogen concentrations were de-
termined from the milled subsamples with an LECO CHN-2000 ana-
lyzer (LECO Corp.). As suggested by Russell et al. (2015), % carbon 
or nitrogen may be confounded by changes in wood volume over 
time. We calculated carbon and nitrogen density (g/cm3) by multiply-
ing the concentrations by the wood density in bark, sapwood, and 
heartwood. The carbon: nitrogen ratio was calculated as carbon con-
centration divided by nitrogen concentration.

2.4 | Wood NMR spectroscopy

We used solid-state 13C nuclear magnetic resonance spectros-
copy (13C-NMR) with cross-polarization and magic-angle spinning 
(CPMAS) to assess the carbon structure of dead wood. Combined 
with CPMAS, 13C-NMR is a powerful analytical method for produc-
ing a high-resolution spectrum with minimum alteration of sample 
integrity (Baldock et al., 1997). Milled samples of the replicates for 
each tree species were combined into a single sample for analyses. 
The NMR spectrum was obtained at a frequency of 100.59 MHz, 
magic angle spinning of 5 kHz, a contact time of 2 ms, and recycle 
delay of 2.5 s on a Varian Unity Inova400 spectrometer (Varian Inc.). 
A Lorentzian line broadening function of 20 Hz was applied to all 
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spectra. Standard chemical shift (0 ppm, tetramethylsilane) values 
were referenced externally to hexamethyl benzene at 132.1 ppm. 
Spectra were divided into seven regions representing different 
chemical environments of a 13C nucleus. These regions were alkyl-
carbon (0–45 ppm), N-alkyl-carbon (45–60 ppm), O-alkyl-carbon 
(60–90 ppm), acetal-carbon (90–110 ppm), aromatic-carbon (110–
145 ppm), phenolic-carbon (145–160 ppm), and carboxyl-carbon 
(160–185 ppm). The relative area of each region (as a percentage of 
total area) by each carbon type was measured by integration of the 
spectral regions. Because cellulose has a less complex structure and 
a lower carbon content (44% vs. 67%) than lignin, the wood carbon 
quality index was characterized as the ratio of lignin carbon (Alkyl + 
N-Alkyl + Aromatic + Phenolic) to cellulose carbon (O-alkyl + Acetal; 
see Hu et al., 2017). A higher carbon quality index indicates a lower 
carbon quality.

2.5 | Measurements of wood CO2 fluxes and 
microclimates

Dead wood CO2 fluxes (Fw) were measured in the field using an LI-
COR 6400 infrared gas analyzer (LI-COR Inc). At the time of meas-
urement, headspace air was circulated by a pump from the chamber 
to the analyzer with an airflow rate of 1.5 L/min, and CO2 concentra-
tions were logged every second for 2 min. The CO2 flux was calcu-
lated by an exponential regression of CO2 concentration over time. 
The measurement data during the first 15 s were discarded to avoid 
artifacts resulting from closing the chamber. Wood CO2 flux was cal-
culated as CO2 concentration increment in the system volume per 
unit of wood surface per unit of time (Guo, Chen, Xie, Yang, & Yang, 
2014). Wood CO2 flux was measured in each collar with a respira-
tion chamber at monthly intervals from October 2015 to December 
2016, because wood CO2 fluxes from April to September 2015 were 
too small to be measured with an LI-COR 6400. Measurements were 
obtained between 09:00 and 11:00 a.m. in the middle of the month 
during rain-free days, because mean CO2 fluxes during these peri-
ods are strongly correlated with the 24-hourly mean rate (Guo et al., 
2014). For each survey, we randomly assigned the order in which 
the collars were measured and the entire survey took 3–4 days to 
complete. Collars were checked monthly and resealed when needed.

At the time of CO2 flux measurement, wood temperature was 
measured at approximately 3 cm depth using a Model SK-250WP 
thermometer (Sato Keiryoki Mfg. Co. Ltd), and volumetric soil mois-
ture within the 0–12 cm layer was recorded using a time-domain re-
flectometry unit (Model TDR300, Spectrum Technologies Inc.) near 
each stem section. Wood moisture content was measured in each 
bole every 3 months during the measurement period. For determi-
nation of wood moisture content, a 1 cm disk was obtained from the 
end of each sample using a chain saw, and a wedge-shaped piece 
(one-eighth of the total disk) was then removed. The total mass of 
each wedge was weighed on a portable electronic scale (Ohaus 
Model CT6000). All samples were then oven-dried at 70°C to a con-
stant mass before the measurement of dry mass. Wood moisture 

content (%) was calculated as ((wet wood mass − dry wood mass)/
(dry wood mass)) × 100. To estimate wood moisture content for each 
month, we used soil moisture data measured for each month with 
regression equations based on the 3 month data for wood moisture 
content and soil moisture content (Table S2). A micrometeorological 
weather station installed at the study site provided daily air tem-
perature and precipitation data (Figure S2). Based on Jiang et al. 
(2019), the throughfall (mm) in each plot was calculated as precipita-
tion × 60% × (1-rainfall reduction (%)).

2.6 | Statistical analyses

We used linear mixed-effects models (LMMs) to determine the ef-
fect of taxonomic group (angiosperm or gymnosperm) on initial 
wood chemical properties (i.e., wood density, carbon and nitrogen 
density, carbon/nitrogen ratio, and carbon structure), separately for 
bark, sapwood, and heartwood. Accordingly, we used the taxonomic 
group as the only fixed-effects term and tree species as the random-
effect term. LMM was also used to examine the effects of rainfall 
reduction treatments on wood microclimates (i.e., wood moisture 
and temperature) and CO2 flux. The treatment, taxonomic group, 
and their interactions were used as fixed-effect terms. The random-
effect terms were the individual wood samples (hereafter wood ID) 
nested in tree species, which could influence the intercepts and 
slopes of wood microclimates and CO2 fluxes against water treat-
ment. LMMs were subjected to a model selection based on the likeli-
hood ratio test (LRT) and Akaike's information criterion (AIC; Zuur, 
Ieno, Walker, Saveliev, & Smith, 2009). Before model selection, all 
the fixed-effect terms were included in LMM. Then, the LRT was 
applied to assess whether the random term can be retained. Once 
all the random-effect terms were significant after they sequentially 
deleted the most nonsignificant random terms, the optimal fixed ef-
fects were selected based on the AIC scores and the final model 
structure was obtained. The “lme4” package in R was used to run 
these LMMs and the “lmerTest” package was used to test the model 
coefficients by using the Satterthwaite approximation.

In order to test the hypothesis (H1) that wood traits mediate 
drought effects on wood CO2 fluxes, we used LMM to evaluate the 
effect of taxonomic group on the reduction of wood CO2 fluxes (or 
wood moisture content and temperature). The reduction of wood 
CO2 fluxes (or wood moisture content and temperature) was calcu-
lated as the difference between control and the 35% or 70% rainfall 
reduction treatment. As there was no statistical difference in CO2 
fluxes between the “disturbance” and control treatments, we as-
sumed the disturbance caused by the installation of experimental 
infrastructure could be ignored. We also used LMM to test the ef-
fect of taxonomic group on moisture sensitivity of wood CO2 fluxes. 
We calculated the linear relationship of wood CO2 fluxes and wood 
moisture contents across different rainfall reduction treatments. 
The slope of this model is the moisture sensitivity of CO2 fluxes. The 
tree species were considered as the random term, which could in-
fluence both the intercepts and slopes of the linear relationships. 
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The same model selection procedure mentioned above was used 
to determine the final model structure. The data were the annual 
mean values of 12 repeated measurements on dead wood, which 
would overcome the temperature effects during the measurement 
period. Tukey's HSD post hoc test was used to determine the sta-
tistical difference of moisture sensitivity between angiosperms and 
gymnosperms. Tukey's HSD post hoc test was conducted using the 
“multcomp” package.

In order to test the hypothesis (H2) that wood traits play a key 
role in the temperature sensitivity of wood CO2 fluxes, we used 
LMM to test for an effect of taxonomic group on temperature sensi-
tivity. The temperature sensitivity of wood CO2 fluxes can be char-
acterized by the Arrhenius relationship, such that

where Fw,T0 is a normalization constant, E (eV) is apparent activation 
energy, and kB is the Boltzmann constant (8.617 × 10–5 eV/K), T is 
the temperature in Kelvin (K), and T0 is a standard wood tempera-
ture. This normalization centers the temperature data on the stan-
dard temperature (Follstad Shah et al., 2017; Manning, Rosemond, 
Gulis, Benstead, & Kominoski, 2018), such that values of 0 on the 
x-axis represent rates at the standard temperature. We centered our 
data using the approximate mean annual wood temperature of our 
wood samples (T0 = 17°C = 290.15 K). Temperature data were cen-
tered in this way in order to facilitate a comparison of mean CO2 
flux rates among tree taxonomic groups or treatments at a common 
and biologically relevant temperature. In the ln-transformed version 
of Equation (1), the slope is the activation energy (E). Larger values 
of E indicate larger sensitivities of wood CO2 fluxes to wood tem-
perature. For the comparisons of temperature sensitivity among 
treatment × taxonomic groups, we first regrouped the data into 
six groups (3 treatment levels × 2 taxonomic groups). Then, the 
(1/kBT0 − 1/kBT), treatment and their interactions were considered 
as the fixed-effects terms, and tree species and wood ID were used 
as random-effect terms. As mentioned above, we used the same 
model selection procedure to determine the final model structure. 
Then, the Tukey's post hoc comparisons were used to test the dif-
ferences of temperature sensitivity (slope of the linear relationships 
in Equation (1)) among treatment × taxonomic groups. In addition, 
we also took CO2 flux for specific temperatures (WT) and for an in-
crease in temperature of 10°C (WT+10) to calculate Q10 values as Fw 
(WT+10)/Fw (WT), which enable comparison of our temperature sen-
sitivity results to those reported as Q10 in previous studies.

Building upon our previous study (Hu et al., 2018), we used MST 
to link hypothesized environmental and trait drivers with wood CO2 
fluxes. All of the drivers considered in our MST were significant pre-
dictors of CO2 fluxes in bivariate LMM analyses (Table S3). The nor-
malization constant of CO2 flux (Fw,T0; Equation 1) can be unpacked 
to account for several biotic and abiotic variables that have been hy-
pothesized to influence wood CO2 fluxes. Specifically, the potential 
influences of wood temperature, wood moisture content (M), wood 

nitrogen density (N), and wood carbon quality index (Cq) on CO2 
fluxes can be expressed as:

where αM, αN, �Cq
, and αD are scaling exponents for wood moisture 

content, nitrogen density, and carbon quality index, respectively. 
Activation energies (E) have been hypothesized to be either ~0.65 eV 
(corresponding to the average values for respiration; Allen, Gillooly, & 
Brown, 2005) or ~0.31–0.56 eV (corresponding to values for extracel-
lular enzymes that constrain rates of microbial metabolism; Sinsabaugh 
& Follstad Shah, 2012; Wang, Post, Mayes, Frerichs, & Sindhu, 2012).

Piecewise structural equation models (SEMs) were used to test 
how microclimates, wood traits, and their interaction affected wood 
CO2 fluxes. We first used LMMs with Equation (2) to evaluate the 
relative importance of wood microclimates and traits on wood CO2 
fluxes, which enabled us to identify the best predictors for use in SEM. 
In order to be consistent with the above analyses, air and wood tem-
peratures were taken as the centered values (1/kBT0 − 1/kBT). Each 
predictor variable was standardized and Z-score transformed, and 
the parameter estimates and relative effect size (defined here as the 
parameter estimate and confidence interval obtained from the LMM) 
of each predictor on wood CO2 fluxes were reported. Then, the po-
tential paths in SEMs were based on a hypothetical model (Figure S3) 
that comprised the following hypotheses: (1) wood temperature was 
influenced by air temperature and wood moisture, and wood mois-
ture was affected by air temperature and throughfall (moisture input); 
(2) wood age had an influence on wood diameter, wood nitrogen, and 
carbon quality, and wood diameter had an influence on wood nitrogen 
and carbon quality; (3) wood traits (wood nitrogen density and carbon 
quality) and microclimates (wood temperature and moisture) directly 
affect CO2 fluxes; (4) interactions between wood traits and micro-
climates influenced CO2 flux to test whether traits mediate climate 
effects on CO2 flux. The interaction terms were regarded as fixed- 
effect terms in LMMs and SEMs (Cross et al., 2015). The above- 
mentioned model selection procedure was applied to determine the 
final model structure. To obtain the most parsimonious path model, 
we assessed the full model versus reduced models by the goodness-
of-fit statistics. Then, we chose the final model with the lowest AIC 
score among alternative models. The SEMs were conducted using 
“piecewiseSEM” package (Lefcheck, 2016). All statistical analyses 
were performed in R v. 3.4.3 (R Core Team, 2017).

3  | RESULTS

3.1 | Wood physical and chemical properties

The density of bark, sapwood, and heartwood was significantly  
higher in angiosperms than in gymnosperms (p < .01, Figure 1; 
Figure S4). Indeed, the bark density of angiosperms was almost  
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F I G U R E  1   The initial wood density 
(a), carbon density (b), nitrogen density 
(c), and carbon: nitrogen ratio (d) of 
subtropical angiosperm and gymnosperm 
wood samples used in this study. Data 
are plotted as means (n = 18) and error 
bars are 1 SE. * indicates a significant 
difference at α = 0.05 and ** indicates a 
significant difference at α = 0.01 [Colour 
figure can be viewed at wileyonlinelibrary.
com]

F I G U R E  2   Solid-state 13C-CPMAS-NMR spectra (a–c) and relative proportion (%) of initial chemical composition (d–f) of bark, sapwood, 
and heartwood from angiosperm and gymnosperm wood samples in a subtropical forest (a–c). For (d–f), plotted data are means (n = 3) and 
error bars are 1 SE. a(Alkyl + N-Alkyl + Aromatic + Phenolic)/(O-alkyl + Acetal). * indicates a significant difference at α = 0.05 and ** indicates 
a significant difference at α = 0.01 [Colour figure can be viewed at wileyonlinelibrary.com]
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twice that of gymnosperms. Carbon and nitrogen density of bark, sap-
wood, and heartwood were also significantly higher in angiosperms than 
gymnosperms (p < .01). There was no significant difference for the carbon/
nitrogen ratio of bark, but the carbon/nitrogen ratio of sapwood and heart-
wood was significantly lower in angiosperms than gymnosperms (p < .05).

The 13C NMR spectra differed between angiosperms and 
gymnosperms in similar ways for bark, sapwood, and heartwood 
(Figure 2a–c), where carbon quality index (lignin carbon/cellulose 

carbon) was significantly higher in gymnosperms than in angio-
sperms (p < .01, Figure 2d–f). Specifically, the relative proportions 
of cellulose carbon signal for all three wood components were 
significantly higher in angiosperms than in gymnosperms (p < .05). 
The carbon quality index for all three wood components tended to 
be significantly lower in angiosperms than gymnosperms (p < .05). 
Furthermore, angiosperm wood was significantly younger with a 
significantly smaller diameter than gymnosperm wood (Table S1).

3.2 | Drought effects on wood microclimates and 
CO2 fluxes

LMMs showed that rainfall reduction treatments significantly de-
creased wood moisture contents and CO2 fluxes in both angio-
sperms and gymnosperms (p < .01), but had no significant effect on 
wood temperature (p > .05; Table 1 and Figure 3a–c, S5). The 35% 
rainfall reduction treatment caused larger reductions of wood CO2 
fluxes and moisture contents in angiosperms than gymnosperms (all 
p < .01, Table 2 and Figure 3d,e), but no significant difference was 
found in the 70% rainfall reduction treatment (all p > .05). There 
was no significant difference in CO2 fluxes between upper bole and 
lower bole within the same tree species (data not shown).

3.3 | Moisture and temperature sensitivity of wood 
CO2 fluxes

Wood CO2 fluxes increased with wood moisture content in both angi-
osperms and gymnosperms (Figure 4). However, the coefficient was 

TA B L E  1   Linear mixed-effects model results showing effects 
of rainfall reduction treatments on wood CO2 fluxes, moisture 
contents, and temperature. Data were not ln-transformed in these 
models and the results of ANOVA analysis were consistent with the 
values shown in Figure 3a–c

Fixed-effect term NumDF DenDF F p

Wood CO2 fluxes

Treatment 2 1,286 90.6 <.001

Taxonomic group 1 4.0 22.8 <.01

Treatment × group 2 1,286 8.06 <.001

Wood moisture

Treatment 2 102 152.5 <.001

Taxonomic group 1 102 16.9 <.001

Treatment × group 2 102 0.277 .759

Wood temperature

Treatment 1 1,290 1.17 .311

Taxonomic group 1 1,290 0.013 .907

Treatment × group 1 1,290 0.0054 .995

Note: We reported NumDF (numerator degrees of freedom), DenDF 
(denominator df), F value, and p value for the fixed-effect term.

F I G U R E  3   Mean CO2 fluxes (a), moisture content (b), temperature (c), CO2 flux reduction (d), and wood moisture reduction (e) of 
angiosperm and gymnosperm wood in rainfall reduction treatments. The wood CO2 flux or moisture reduction was calculated as the 
difference of CO2 fluxes or wood moisture between control and 35% or 70% rainfall reduction treatment. Plotted data are means (n = 216) 
and error bars represent 1 SE. * indicates a significant difference at α = 0.05 and ** indicates a significant difference at α = 0.01 [Colour 
figure can be viewed at wileyonlinelibrary.com]
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significantly greater in angiosperms than gymnosperms (p < .001), 
showing that CO2 fluxes were more sensitive to moisture availability 
in angiosperms than gymnosperms. The moisture sensitivity of wood 
CO2 fluxes was positively correlated with wood nitrogen density and 
negatively correlated with wood carbon quality index (Figure 5). 
Wood CO2 fluxes were also positively correlated with temperature, 
showing high values in summer and low values in winter (Figure S6). 
The temperature sensitivity of wood CO2 fluxes (activation energy, 
E) was statistically indistinguishable among the three treatments for 
both angiosperms and gymnosperms (all p > .05, Figure 6). The esti-
mated E value was 0.50 eV (Q10 = 2.11; Figure S7) with a 95% confi-
dence interval of 0.48–0.52 (Table 3) that excluded the hypothesized 
value of 0.65 eV for respiration (Brown et al., 2004; Gillooly et al., 
2001), but was within the range ~0.31–0.56 eV for microbial ecoen-
zyme kinetics (Sinsabaugh & Follstad Shah, 2012; Wang et al., 2012).

3.4 | Interaction effects between wood traits and 
microclimates

Wood nitrogen density was the best predictor of seasonal CO2 fluxes, 
followed by wood temperature, carbon quality index, moisture con-
tent, and diameter (Figure S8). SEM showed that throughfall and air 
temperature (1/kBT0 − 1/kBT) had direct positive effects on wood 
moisture content (r = .14 and .28, respectively; Figure 7). Air tem-
perature (1/kBT0 − 1/kBT) had a direct positive effect on wood tem-
perature (1/kBT0 − 1/kBT; r = .98). Wood temperature (1/kBT0 − 1/kBT) 
had a direct negative effect (r = −.69) on wood CO2 fluxes, while wood 
moisture had a positive effect (r = .31). Wood age had a direct positive 
effect on wood diameter (r = .48). Wood diameter had a direct nega-
tive effect on wood nitrogen (r = −.38) and a direct positive effect 
on wood carbon quality index (r = .41). Wood nitrogen (r = .67) had 
a direct positive effect on CO2 fluxes, but the wood carbon quality 
index had a direct negative effect (r = −.53). Wood moisture and nitro-
gen had a significant interaction effect on wood CO2 fluxes (r = .26), 
which increased with higher wood nitrogen and greater wood mois-
ture contents. Wood moisture and nitrogen had a significant interac-
tion effect on wood CO2 fluxes (r = .26), which increased with higher 
wood nitrogen and greater wood moisture contents.

F I G U R E  4   Relationship of CO2 flux and moisture content 
of angiosperm and gymnosperm wood subjected to different 
rainfall reduction treatments (n = 108). Each data point represents 
the annual mean of 12 repeated measurements. Slopes of 
relationships were significantly different (p < .01, F = 22.68). 
Circular, control; square, 35% rainfall reduction treatment; triangle, 
70% rainfall reduction treatment [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  5   The relationships 
between moisture sensitivity of wood 
CO2 fluxes and wood nitrogen density 
(a) and carbon quality index (b). Each 
data point represents a tree species. 
a(Alkyl + N-Alkyl + Aromatic + Phenolic)/
(O-alkyl + Acetal) [Colour figure can be 
viewed at wileyonlinelibrary.com]

TA B L E  2   Results of tests for differences between angiosperms 
and gymnosperms in reduction of wood CO2 flux and moisture 
content of samples subjected to 35% rainfall reduction treatment and 
70% rainfall reduction treatment when compared with control. Data 
were not ln-transformed in these models and the results of ANOVA 
analysis were consistent with the values shown in Figure 3d,e

Treatment
Fixed- 
effect term NumDF DenDF F p

CO2 flux reduction

35% rainfall 
reduction

Taxonomic 
group

1 4 38.7 <.01

70% rainfall 
reduction

Taxonomic 
group

1 4 3.18 .149

Moisture reduction

35% rainfall 
reduction

Taxonomic 
group

1 34 24.5 <.01

70% rainfall 
reduction

Taxonomic 
group

1 4 1.06 .361
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4  | DISCUSSION

Predicting ecosystem responses to extreme drought strongly de-
pend on our understanding of the drought-induced effects on 
wood decomposition. Our results show that the effects of drought 
on wood CO2 fluxes were different for angiosperm and gymno-
sperm wood. These fluxes were more inhibited by drought in angio-
sperms than gymnosperms because angiosperms had significantly 
higher moisture sensitivity than gymnosperms. Moisture sensitiv-
ity was positively correlated with wood nitrogen density and car-
bon quality, which were both higher in angiosperm wood. On the 
whole, the results supported our hypothesis (H1) that wood traits 
mediated wood CO2 fluxes in response to drought. However, the 
temperature dependence of CO2 fluxes was similar in angiosperms 
and gymnosperms, which is consistent with the MST hypothesis 
that these fluxes are ultimately controlled by the kinetics of mi-
crobial decomposition as characterized by the activation energy E, 
independent of wood traits. This result was inconsistent with hy-
pothesis (H2), indicating that wood traits do not influence the tem-
perature sensitivity of wood decomposition. Our results suggest 
that land surface models that predict wood decomposition must 
incorporate temperature and moisture effects along with their me-
diation by wood traits.

4.1 | Drought effects on wood CO2 fluxes varied 
with traits

It is well established that water availability is the most impor-
tant environmental constraint in wood decomposition due to that 
dead wood is dense compounds with a low water-holding capacity 
(Harmon et al., 1986). Our results showed that drought significantly 
decreased wood CO2 fluxes, and this reduction was higher in angio-
sperms than in gymnosperms in the 35% rainfall reduction treatment 
(Figure 3). This difference of the drought-induced reduction was 
explained by the higher moisture sensitivity of wood carbon fluxes 
in angiosperms (Figure 4). We found that moisture sensitivity was 
positively correlated with wood nitrogen density and carbon quality 
(Figure 5), suggesting that higher substrate quality in angiosperms 
than gymnosperms resulted in larger drought-induced decrease in 
wood CO2 fluxes. These findings are consistent with an earlier ex-
perimental study that reported increased drought effects on soil en-
zymatic activity as nitrogen addition increased litter quality (Alster 
et al., 2013). Furthermore, some limited evidence also showed a 
similar relationship between moisture sensitivity of heterotrophic 
respiration and nutrient availability in terrestrial decomposers (Chen 
Harmon, Griffiths, & Hicks, 2000; Manzoni, Schimel, & Porporato, 
2012), supporting our finding on the role of moisture sensitivity and 
wood quality on wood decomposition.

Interaction effects among multiple global change drivers on 
ecosystem processes are universal (Li, Niu, & Yu, 2016; Luo et al., 
2004), which can have complex and significant impacts on forest 
carbon cycling and storage. For example, moisture sensitivity of 

F I G U R E  6   Modified Arrhenius plot showing linear mixed model 
fits of Equation (1) to data for temperature and CO2 flux from wood 
subjected to three rainfall reduction treatments (n = 1,296). The 
x-axis is the inverse absolute temperature (T) in Kelvin (K) multiplied 
by the Boltzmann constant (kB, 8.617 × 10−5 eV/K) and normalized 
by a standard wood temperature (T0), 290.15 K or 17°C. Estimated 
activation energies E (shown by slopes) were not statistically different 
for taxonomic groups (F = 0.65; p = .43) or treatments (F = 0.53; 
p = .60). The shaded areas indicate 95% confidence intervals [Colour 
figure can be viewed at wileyonlinelibrary.com]

TA B L E  3   Coefficients, 95% confidence interval (95% CI), and p 
values for linear mixed-effects model fits of Equation (2) for wood 
CO2 fluxes

Variables Coefficient 95% CI p

1/kBT0 − 1/kBT 0.50 0.48 to 0.52 <.001

Wood moisture 0.56 0.51 to 0.61 <.001

Wood nitrogen density 2.17 1.67 to 2.67 <.001

Wood carbon qualitya  −3.14 −4.54 to −1.74 <.05

a(Alkyl + N-Alkyl + Aromatic + Phenolic)/(O-alkyl + Acetal). 

F I G U R E  7   Piecewise structural equation model (SEM) outlining 
the influence of wood microclimates, traits, and their interactions 
on wood CO2 fluxes (n = 1,296). Single-headed arrow represents a 
directional effect of one variable upon another. Numbers besides 
arrows show standardized coefficients (r). All fitted coefficients 
are significant at α = 0.05. r2

marginal and r2
conditional represent the 

amount of variation of the variable explained by all paths from 
the fixed effects and both the fixed and random effects (“tree 
species” and “wood ID”). As the paths between wood diameter 
and wood nitrogen and carbon quality index were calculated 
from generalized linear models, only r2

marginal was provided. 
a(Alkyl + N-Alkyl + Aromatic + Phenolic)/(O-alkyl + Acetal) [Colour 
figure can be viewed at wileyonlinelibrary.com]
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soil organic carbon (SOC) decomposition is highly determined by 
interaction effects of moisture availability and substrate quality 
on the microbial property (e.g., biomass and community composi-
tion; Manzoni et al., 2012). Similar to SOC decomposition, our SEM 
analysis also revealed a positive interaction between wood mois-
ture and wood nitrogen (Figure 7), with high wood nitrogen density 
promoting CO2 fluxes at a given wood moisture content. This likely 
reflects fundamental stoichiometric and environmental controls on 
the moisture sensitivity of wood microbial respiration rates (A’Bear 
et al., 2014). Angiosperm wood with higher nitrogen density and 
carbon quality benefits greater microbial growth and biomass com-
pared with gymnosperm one (Kahl et al., 2017; Purahong, Wubet, 
Krüger, & Buscot, 2018). It indicates that more water is needed for 
microbial metabolism and further supports a higher decay rate in 
angiosperms (Herbst, Roberts, Rosier, Taylor, & Gowing, 2007; Hu 
et al., 2017). Under the drought treatment, microbial biomass may 
decrease since a portion of microbes would have been killed by des-
iccation (Hueso, García, & Hernández, 2012). Thus, microbial de-
composition in angiosperms may be more inhibited under drought, 
especially with a higher reduction in wood moisture in angiosperms 
(Figure 3e). Substrate quality has a key control on microbial commu-
nity structure and may also influence moisture sensitivity (Hu et al., 
2017). Plant litter with high carbon quality (e.g., angiosperm wood) 
appears to favor bacterial more than fungal growth, while low-qual-
ity litter (e.g., gymnosperm wood) may produce the opposite rela-
tionship (Moore et al., 2004; Six, Frey, Thiet, & Batten, 2006). Since 
bacteria is typically more sensitive to drought than fungal commu-
nities (Allison et al., 2013; Manzoni et al., 2012), angiosperm wood 
with higher bacterial abundances may largely affected by drought 
compared to gymnosperm one. In addition, other traits such as 
wood age and size could also indirectly affect drought effects on 
wood CO2 fluxes through controlling wood chemical composition 
(Figure 7). We found that wood age had a direct positive control on 
wood diameter. As wood diameter had a negative control on wood 
nitrogen and carbon quality, a lower substrate quality in gymno-
sperms may induce slower decomposition than that in angiosperms.

In this study, we have assumed that trait effects on wood 
decomposition are due primarily to shift in microbial activity 
or community composition induced by changes in wood mois-
ture. Since microbes are the main decomposers of dead wood 
(Bradford et al., 2016; Cornwell et al., 2009), the roles of climate 
and wood traits on microbial community establishment are still 
being explored (Hu et al., 2017; Purahong et al., 2018). It de-
serves the further study to probe the microbial mechanisms of 
climate and trait effects on wood decomposition. In addition, we 
explored the effect of wood nitrogen and carbon quality on de-
composition with the initial values, but wood nitrogen density 
and carbon quality could change with the decomposition and po-
tentially affect our results. Due to the slow processes of wood 
decomposition, narrow change in nitrogen density and carbon 
quality may has neglectful impact in this 1 year study, but cau-
tion should be taken in the long-term research (Hu et al., 2017; 
Oberle et al., 2020).

4.2 | Drought effects on wood CO2 fluxes varied 
with drought intensities

Our results showed that there was a significant difference in the 
reduction of CO2 fluxes between wood types (angiosperm and 
gymnosperm) in 35% rainfall reduction treatment, but the insig-
nificant difference was found in 70% rainfall reduction treatment 
(Figure 3d). This finding indicates that drought effects on wood CO2 
fluxes are not only dependent on wood traits but also on drought 
intensity. Drought generally limits the physiological performance 
of microbes and the diffusion of nutrients in the wood pore space, 
and therefore inhibits the microbial community to an important 
adaptive force (Hueso et al., 2012). The effect of drought is ac-
counted for a potential decrease of microbial respiration through 
linear functions under optimum water conditions (Bauer, Herbst, 
Huisman, Weihermüller, & Vereecken, 2008). Past research by a 
meta-analysis found that there was a quasi-constant water-stress 
threshold when microbial activity effectively ceases, at a moisture 
content of about 20% in plant litter (Manzoni et al., 2012). In the 
present study, wood moisture contents dropped to a critically low 
level for 70% rainfall reduction treatment, with 16.2% and 17.7% 
for angiosperms and gymnosperms, respectively (Figure S5), which 
was below the water-stress threshold. Enzymes in decomposing lit-
ter have been shown to maintain residual activity to near air-dry 
conditions (Harmon et al., 1986). It is known that air-drying has det-
rimental effects in microbial community, since microorganisms not 
adapting to high water tension will die or be dormant (Hueso et al., 
2012). Under extreme dry conditions, substrate and nutrient bioa-
vailability may be the most limiting factor for microbial metabolism 
(A’Bear et al., 2014), because severe drought could reduce diffu-
sion of soluble substrates, microbial mobility, and/or consequent 
access to substrates (Manzoni et al., 2012). Therefore, when wood 
moisture content was extremely low, wood CO2 fluxes were only 
maintained at a low level for both taxonomic groups in this case. 
Consistent with previous studies (Allison et al., 2013; Harmon et al., 
1986), this finding highlights that increasing drought intensity may 
alter the decomposition processes relying on nutrient availabilities. 
Thus, it is important to distinguish different drought effects vary-
ing with drought intensities, which could accurately represent mi-
crobial feedback in wood decomposition rate.

4.3 | Temperature sensitivity of wood CO2 fluxes 
independent of traits

The temperature sensitivity of wood CO2 fluxes was invariant with 
wood traits in this study, exhibiting a single activation energy (E) 
of 0.50 eV. Our estimate was slightly lower than the hypothesized 
value of 0.65 eV based on MST (Brown et al., 2004; Gillooly et al., 
2001), but within the range of ~0.31–0.56 eV observed for kinetics 
of microbial ecoenzymes that degrade organic macromolecules (in-
cluding lignin and cellulose; Sinsabaugh & Follstad Shah, 2012; Wang 
et al., 2012) and the ranges of ~0.41–0.74 eV reported for respiration 



HU et al.      |  3439

associated with several organism groups (Gillooly et al., 2001). This 
finding implies that wood CO2 fluxes may be slightly less sensitive to 
temperature changes than those predicted by the MST that assumes 
steady-state resource supply (mainly soil respiration, but see Allen 
et al., 2005).

Our results were consistent with other studies of wood decay 
(Chen et al., 2000; Mackensen & Bauhus, 2003; Manning et al., 
2018), but opposite to the reported variated temperature sensitivity 
on leaf litter decay (Fierer et al., 2005; Follstad Shah et al., 2017). 
Comparing with nutrient contents of leaf litter at the globe (Follstad 
Shah et al., 2017), carbon/nitrogen ratios of wood were extremely 
high (~251 vs. ~64). The nutrient limitation might be the main reason 
for the stable biochemical reactions in wood decay in response to 
temperature (Chambers et al., 2001; Mackensen & Bauhus, 2003). 
Recent advances in ecological stoichiometry and MST have initiated 
that there are lower nutrient thresholds and higher maximum values 
for microbial growth and activity when temperature elevates (Allen 
& Gillooly, 2009; Sterner & Elser, 2002). When nutrient supply rates 
are near optimal, strong interaction effects between nutrient and 
temperature appeared (Cross et al., 2015; Davidson et al., 2006), 
which increased nutrient-use efficiency at higher temperatures. 
Dead wood is primarily composed of recalcitrant compounds such 
as carbohydrates and lignin with limited nutrient (e.g., nitrogen) 
supplied from soils or atmosphere for decomposers (Cornwell et al., 
2009). In particular, our samples focused more on lower nutrient 
concentrations at the early stages (the first 2 years) compared with 
woody debris at the later stages (Rinne et al., 2019). Thus, we found 
no significant interaction between wood nutrient and temperature 
(Figure 7), indicating their additive effects on wood CO2 fluxes.

4.4 | Implication for wood decay models

Vegetation models have been extensively used to assess individual 
effects of global change drivers on decomposition rates over the 
past two decades (Bradford et al., 2017; Cornwell et al., 2009), by 
mostly parameterizing the decomposition constant as a function of 
temperature and moisture (e.g., OCN, Zaehle, and Friend, 2010) and 
by accounting for the carbon/nitrogen ratio between different plant 
function types (e.g., LPJ, Sitch et al., 2003; ORCHIDEE, Krinner et al., 
2005; and CLM 4.5, Oleson et al., 2013). However, interactions be-
tween moisture and nutrient availability are not currently incorpo-
rated into the coupled carbon–climate models to date. As a result, it 
is expected that models will not be able to reproduce the different 
moisture sensitivities of wood decay between taxonomic groups as 
observed in our study. Moisture sensitivities of decomposition have 
already been proved to be crucial to capture the response of the 
net flux to drought in the CABLE model (Haverd et al., 2016). In our 
study, because a strong interaction between moisture and wood 
traits explained larger reductions of CO2 fluxes in angiosperms than 
gymnosperms, we suggest that moisture sensitivity of wood decom-
position can be incorporated in models based on linear functions de-
scribed kinetic rate of decomposition (Bauer et al., 2008; Sinsabaugh 

& Follstad Shah, 2012). Although the subtropical tree species might 
have a narrow range for wood traits, the difference of wood nitrogen 
and carbon quality between angiosperms and gymnosperms was 
significant within bark, sapwood, and heartwood. These ranges are 
broad enough to characterize general patterns of traits effects on 
ecological communities (Weedon et al., 2009). Our study therefore 
points out the possibility to enable the development of next genera-
tion of vegetation models featured with forest demography (Fisher 
et al., 2018).

Meanwhile, our results have implications for studying the ef-
fects of climate change and varied tree species composition on for-
est carbon cycling. For example, large tracts of native evergreen 
broadleaved forests in many areas of subtropical China have been 
transformed into plantations due to the long-term human activities 
(Sheng et al., 2010). At present, plantations in this region account 
for about 63% of all forest plantations in China, and 72% of them 
are coniferous forests (Hou & Chen, 2008). Lower decomposition 
rates of gymnosperm compared with angiosperm wood have the 
potential to slow down the carbon release in this region. However, 
we should also note that drought decreases wood decomposition 
more in angiosperms than gymnosperms. Given an increased ten-
dency for drought occurrence in the future climate, if we do not 
consider this difference, it will produce serious biases in modeling 
wood carbon fluxes. Furthermore, historical forest management 
since pre-industrial times in Europe has converted 27% of decid-
uous forest (as associated with an angiosperm dominance) into co-
niferous forest (Naudts et al., 2016). In order to mitigate climate 
change in the future, coniferous forests in northern and central 
Europe might have to be converted to deciduous forests (Luyssaert 
et al., 2018). Global vegetation models predict an increase in decid-
uous forests particularly at the southern edge of the boreal region 
(IPCC, 2014). The disturbances of wildfire have resulted in pioneer 
deciduous forest instead of coniferous forest in the first several 
decades in Canadian forests (Seidl et al., 2017). As the net effect 
of forest species change on wood carbon stock might be complex, 
these large-scale shifts in forest species composition will also ren-
der dead wood as carbon sources or sinks in forest ecosystems. 
Therefore, an urgent need to incorporate the trait-based approach 
for modeling wood turnover and forest carbon cycle on the vegeta-
tion feedback by global change.

In summary, our study was the first quantitative attempt to ex-
plicitly test for interaction effects of two dominant drivers, climate 
and wood traits, on wood carbon fluxes. There was a significant in-
teraction effect between wood moisture and nitrogen, with moisture 
effect on wood CO2 fluxes increasing at higher nitrogen availabil-
ity. This further demonstrated that wood traits regulated drought 
effects on wood CO2 fluxes, where drought-induced decreases in 
wood CO2 fluxes were larger in angiosperms than gymnosperms. 
We also used MST to link wood chemical traits to temperature 
sensitivity (activation energy, E) of wood CO2 fluxes, but found no 
significant interaction between wood temperature and substrate 
quality. The temperature sensitivity was unchanged by wood traits 
and was comparable to predictions based on the MST (Gillooly et al., 
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2001). Given the increasing frequency of drought globally and large-
scale changes in tree species composition in future climate change 
(Weedon et al., 2009), interaction effects of climate and traits on 
wood decomposition should have important implications for wood 
decay models to more accurately quantify the pools and fluxes of 
dead wood in carbon cycling.
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