Thermal acclimation of stem respiration implies a weaker carbon-climate feedback
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Abstract: The efflux of CO; from woody stems, a proxy for stem respiration, is a critical carbon flux
from ecosystems to atmosphere, increasing with temperature on short timescales. However, plants
acclimate their respiratory response to temperature on longer timescales, potentially weakening the
carbon-climate feedback. The magnitude of this acclimation is uncertain despite its importance for
predicting future climate change. We develop an optimality-based theory dynamically linking stem
respiration with leaf water supply to predict its thermal acclimation. We show the theory accurately
reproduces observations of spatial and seasonal change. We estimate the global value for current annual
stem CO; efflux as 27.4+5.9 PgC. By 2100, incorporating thermal acclimation reduces projected stem
respiration without considering acclimation by 24% to 46%, thus reducing land ecosystem carbon
emissions.

Main text

Plant respiration represents about half of the annual carbon flux globally from terrestrial ecosystems
to the atmosphere, approximately six times more than anthropogenic carbon emissions (/, 2). The
contribution of respiration by stems is not well quantified (3-5), but current models estimate it as around
a quarter of total plant respiration (fig. S1). Plants respire their photosynthetic products to support
physiological processes and growth (6, 7). As an enzyme-mediated process, respiration increases nearly
exponentially with increasing temperature on time frames of minutes to hours (§). Additional respiratory
carbon release is thus widely expected in a warming world, leading to more warming (9, 10).

In principle, plant respiration is controlled by substrate availability, oxygen supply and the demand
for respiratory products. Plants modulate their respiratory response to temperature on timescales of weeks
to years due to changes in these driving forces (//-13). This behaviour could weaken the positive feedback
between climate warming and carbon emissions from plants. Plants exposed to warmer conditions show
a reduced respiration rate at a standardized measurement temperature, and/or a decreased sensitivity to
temperature (indicated by a smaller increase in respiratory rate per unit increase in temperature over the
short term) compared to plants that have experienced cooler temperatures (//-16). These adjustments are
called ‘thermal acclimation’. The more pronounced the thermal acclimation of respiration globally, the
weaker the positive feedback between climate warming and carbon emissions.

The mechanisms and magnitude of thermal acclimation are still unclear. This is particularly true for
stem respiration. Empirical evidence shows that stem respiration scales with nitrogen concentration
similarly to leaves and roots, reflecting its enzyme requirements (/7, /8). However, the nature of thermal
acclimation may differ between tissues. Leaves coordinate their respiratory acclimation with
photosynthetic acclimation and have multiple mechanisms for thermal and physiological regulation (/4,
16, 19). Presumably this is not the case for stems and roots, which likely also have higher thermal inertia
than leaves (20). There have been a number of studies on the environmental controls of stem respiration,
but no overarching principles have emerged (27/-26). The lack of a theoretical basis has precluded any
global analysis of the impact of thermal acclimation of stem respiration.
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The representation of respiration in Earth System Models (ESMs) is simplistic and largely untested.
Many ESMs do not implement time-dependent acclimation of plant respiration rates to warming (27, 28).
Models that do consider plant acclimation use empirical approaches and either ignore stem respiration
acclimation or assume that stems acclimate in the same way as leaves (29-32), presumably due to the
paucity of information about stem respiration. Improved understanding of the magnitude of stem
respiration and its acclimation is needed for reliable predictions of the global carbon-climate feedback
(33).

Eco-evolutionary optimality (EEO) principles have been shown to provide parameter-sparse
predictions of many different plant processes (/4, 34-37). EEO hypotheses identify trade-offs between
plant resource demand and acquisition that can be expressed mathematically (34). The previous success
of EEO in predicting plant eco-physiological processes suggests this approach is also useful to investigate
the magnitude of thermal acclimation in stems. Accordingly, this study addresses the following two
questions: (1) Is thermal acclimation of stem respiration effectively described by EEO theory? (2) How
does thermal acclimation affect the global carbon cycle? We first propose an EEO-based model for the
thermal sensitivity of stem respiration, which we test both spatially, using a global dataset, and temporally,
using seasonal measurements and a warming experiment. We then apply the resulting model to test the
impact of thermal acclimation on the global carbon cycle under future climate.

Theoretical background

Under the assumption that a primary function of sapwood is maintaining the hydraulic continuum as
determined by the canopy water demand, we assumed that the cost of doing so — whole-plant stem
respiration — is proportional to transpiration from the canopy on a timescale of days to weeks (SI section
2.1). This coupling ensures that total stem respiration, including both maintenance and growth components,
is neither more (which would result in non-productive carbon consumption) nor less (which would
threaten hydraulic integrity) than that required to support the stem hydraulic continuum. Although long-
distance water transport through the xylem is largely driven passively, maintenance of the hydraulic
continuum is effectively used here as a proxy for associated energy-requiring processes, including the
maintenance of stem water storage capacity and stem water potential, new xylem production, defense and
resilience to disturbance (SI section 1.3) (38-42). We combine this hypothesis with physical principles
influencing the manner in which respiration and transpiration are coupled and use this relationship to
predict the spatial and temporal thermal acclimation of stem respiration. First, we assume that whole-plant
stem respiration (Rs, nmol C s™!) is proportional to canopy transpiration (£, nmol H>O s™!) with a cost
factor representing the respiration rate required to maintain a unit of transpiration rate (43). In principle,
this cost factor should be influenced by temperature: water has a reduced dynamic viscosity as temperature
increases, meaning there is less hydraulic resistance to water transport to the leaves, and thus the cost
incurred for supporting a given transpiration rate would be lower. Given that Rs is a product of mass-based
respiration rate over time (75, nmol C g~! s7!) and total sapwood mass (Ms, g C), we expect that s and M
also co-vary with £ and the respiration cost of transpiration. At a global scale, where spatial variation in
both s and M is large, we assume that s and M track variation in the cost factor and E, respectively (Eq.
20). Therefore, the thermal response of the cost factor as largely determined by the hydraulic resistance
and xylem sap viscosity is the primary control of the variation in 7s along geographic temperature gradients.
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For temporal changes at a weekly scale, where the change in M; is small compared to changes in
transpiration, we expect only 7sto be coordinated with temporal variation in both £ and the cost factor (Eq.
19). Therefore, the response of s to temperature that emerges over time, dominated by acclimation, should
be mathematically the same as that emerging across space, dominated by adaptation.

To generate empirically testable predictions for the adjustment of stem respiration to temperature, we
calculated s at growth temperature (7sg, nmol C g~! s7!) and 75 at a standard temperature of 25°C (rss,
nmol C g'! s7!) applying a constant Q; temperature coefficient. r; ¢ provides a measure of respiration rate
under temperature conditions experienced by plants growing under natural conditions, while 755 allows
for a standardized comparison of respiratory capacity (and associated investment in mitochondrial proteins)
across sites and species (44). Our model specifically predicts that 7s ¢ acclimates to increasing temperature
by —2.3% K~! (Fig. 1B, Eq. 22), due to the decline in the viscosity of water. A steeper decline, of —10.1%
K-, is expected for s adjusting to temperature (Fig. 1A, Eq. 20) because of the greater catalytic rates of
respiratory enzymes at higher temperatures. The trend in the thermal response when considering
acclimation is opposite to the instantaneous response due to enzyme kinetics (+7.9% K1) (Eq. 7), which
means that warming in the short term will increase respiration steeply and exponentially. Therefore, with
acclimation to warming in the long term, respiration at a given temperature (7;2s5) is reduced, reflecting
reduction in respiratory capacity.

We evaluated the thermal response of stem respiration via empirical analyses using a new Global
Stem Respiration Dataset (GSRD) (fig. S2 and tables S1-2) and data from five species measured from a
glasshouse warming experiment. GSRD includes data from 187 species sampled at 68 field sites spanning
all climate zones (including laboratory measurements from excised branches for 74 species from four sites;
plus 8701 measurements made directly on trunks of 114 species from 64 field sites, including 4155
seasonal measurements for three species from one site that were used in our temporal test).

Results

A linear regression of 7525 against 7, (mean temperature during the thermal growing season, defined
as the period when daily temperatures are above 5°C) showed a strong negative response to higher
temperatures across all sites globally: ros decreased by 9.8+0.3% K-! with warmer temperatures,
statistically indistinguishable from our theoretical prediction (10.1% K!) (Fig. 1A, Table 1, table S3).
Measurements made in the field and in the laboratory showed a similar thermal response for s (field
measurements: —10.1+0.3% K-!; laboratory measurements: —11.0+3.3% K™!). Note, the absolute values of
the laboratory measurements, 2.97+1.16 nmol CO; g! s!, were generally larger than that of field
measurements, 0.87+0.012 nmol CO> g ! s7!, possibly reflecting differences in the nature of sample
material; e.g. smaller branches might have been used for lab measurements and, if so, these might have a
higher proportion of living cells (45), or reflecting removal of CO- diffusion limitations or CO; loss to the
transpiration stream when measuring CO; efflux on excised tissues under laboratory conditions (Fig. 1A,
table S6). Comparisons using site-mean values, to minimize the potential impact of over-representation
of individual sites with much larger sample sizes, showed that s decreased by 8.1+1.8% K! with warmer
temperatures (fig. S3 and table S4). Calculating 7525 from measurements made at temperatures other than
25°C assumed a standard, fixed thermal sensitivity of respiration (see Material & Methods). To minimize
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potential effects of that assumption, we also restricted analyses to sites where respiration rate was
measured at 25+1 °C; these data showed a similar thermal response in s (site-mean: 10.1+3.8% K!, all
individuals: 15.5£0.7% K™') (fig. S4 and table S5). Thus, the observed response of rys against Ty,
considered multiple ways, was in the range of ca. —8% K! to —15% K.

Next we quantified temperature-related trends in 7., that is, stem respiration rates estimated under
typical thermal growing conditions as opposed to at a standard, set temperature. Again, both observations
and theory showed a significant negative response of rsg to temperature (data: —1.5+0.3% K-, theory:
—2.3% K1), opposite in trend from that expected from enzyme kinetics alone (Fig. 1B and Table 1).

While the global patterns are consistent with an acclimation response to temperature, they may also
reflect species replacement along geographic temperature gradients (fig. S5). However, measurements of
seasonal variation from a warming experiment are also consistent with our theoretical predictions. A single
boreal site provided continuous data on rs of three species throughout the growing season. We estimated
daily transpiration (nmol m~2 s7!) with an EEO-based Penman-Monteith model accounting for canopy
stomatal regulation driven by radiation, temperature, vapor pressure deficit, atmospheric pressure and leaf
area index (36). The best predictions of the temporal variation in 525, indicated by variance inflation factor,
root mean square error and R?, were given by a 6-day time window for temperature and a 13-day period
for transpiration, although alternative periods around one to two weeks generated similar predictions (fig.
S6, table S7). Multiple regression showed that 755 declines with acclimated temperature by 10.6+0.5% K~
! and increases almost proportionally to transpiration (103.8+1.8%), consistent with the theoretical
predictions (temperature: —10.1% K!, transpiration: 100 %, Fig. 2). When evaluated at the acclimated
temperature, s also showed significant responses to temperature (—4.7+0.5% K') and to transpiration
(111.7+1.8%), both similar but higher than the theoretical values (temperature: —2.3% K-!, transpiration:
100%) (fig. S7). These small differences between the theoretical and empirical values likely reflect
uncertainties in the two predictors or the influence of other potential explanatory variables such as soil
moisture (see below). The five species measured in the warming experiment showed a consistent decrease
in ros of 10.6+£1.6% K!, close to our theoretical prediction of 10.1% (Fig. 3). Individual species show
similar trends (Fig. 3 and table S8). The Pinus species in this experiment showed a somewhat stronger
thermal acclimation response than Pinus species in the global analysis (—8.4+0.4% K'), possibly
reflecting differences in the temperature range sampled (fig. S5 and table S9).

Based on the agreement between theory and observations, we developed a simple model to estimate
the global carbon flux from stem respiration and its contribution to the global carbon cycle (SI section
3.2.1). In this model, total stem respiration rate per unit land area is predicted as the product of sapwood
mass and mass-based respiration rate under growth temperature (7sg), on an annual time-step. Sapwood
mass is estimated from total above-ground stem biomass and allometric equations describing the shape of
the stem, and sapwood depth (Eq. 35) (46, 47). We simulated rs ¢ with a single global parameter (table
S10) and 7, to represent the annual thermal growth environment for woody species. The model predicts
an annual global carbon release by stem respiration of 27.4+5.9 Pg C in 2010 (Fig. 4A) (48, 49). This is
comparable with estimates from most TRENDY models (fig. S8). Modeled stem respiration from forests
alone (excluding shrublands and savannas) is 15.3£3.2 Pg C, higher than a previous empirical estimate
(25)(6.7£0.5 Pg C) with the difference presumably reflecting different methods of estimation. Global
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variation in stem respiration was largely controlled by total stem biomass: regions with higher biomass
had higher respiration. The highest stem respiration occurred in tropical forests and in the humid temperate
forests of eastern North America, eastern Asia and Europe.

We applied this modelling scheme using different climate change scenarios to assess the influence of
thermal acclimation on the carbon flux from stem respiration over the 21% century. The results showed
that implementing thermal acclimation led to a reduction in predicted stem respiration of 24% and 46%
by 2100 under the weakest (SSP126) and strongest (SSP585) warming scenarios, respectively, and
reduced predicted land ecosystem carbon emissions by 10.8 and 24.0 Pg C (Fig. 4B). Some land surface
models, including CLM5, CABLE and QUINCY, consider the thermal acclimation of stem respiration but
treat it identically to leaf respiration (27, 30, 32, 44). In those models, ;25 is predicted to decrease with
temperature by 1.83 % K-, an order of magnitude less than that shown by our empirical analyses. This
underestimation of the thermal acclimation of stem respiration led to a higher carbon emission from
terrestrial ecosystems, resulting in an overestimation of 4.9 and 11.9 PgC in 2100 under the SSP126 and
SSP585 scenarios, respectively (SI section 3.2.5).

Discussion and conclusion

We considered several sources of uncertainty inherent in stem respiration observations from
assumptions about mean stem diameter values and the allometric equation for deriving mass-based
estimates of respiration from stem surface area-based measurements (SI section 1.1.4). Stem size shows a
further significant negative effect on stem respiration (tables S11), probably reflecting size-related
variation in the proportion of living cells and likely contributing to the difference between lab and field
observations. Uneven geographic coverage of observations, with relatively few sites from the tropics and
southern hemisphere, may have introduced further biases. Nevertheless, the trends are consistent across
the range of temperatures, including boreal and tropical sites. A remaining uncertainty concerns the use
of stem CO; efflux as a proxy for stem respiration, since there can be other processes affecting stem CO>
efflux such as CO; refixation in bark and dissolution of CO; in xylem sap (50-52). Nevertheless, the
congruence of the results across different sources and subsets of the data (Figs. 1-3, figs. S3-5, 7, 9-10,
Table 1 and tables S3-5, 7-9, 12) and the similarity between the observed and predicted relationships
suggests that our conclusions about the thermal response of stem respiration are robust. Data limitations
preclude further analysis of the sensitivity of respiration to other environmental factors, such as soil
moisture (24, 53) or CO: concentration. However, we note that vapor pressure deficit had a positive
influence on 725, in line with our theoretical prediction (SI section 2.2, figs. S11-12 and table S13). Short-
term thermal sensitivity (i.e., Qso temperature coefficient) might itself also acclimate to warming and
modify the estimates of 7,25 and 7y ¢ (9). However, our sensitivity analyses applying a range of Q9 values
(table S14) and without temperature standardization (fig. S4 and table S5) show that variation in Q¢ has
minor influence on the agreement between the theoretical prediction and empirical observations. Overall,
stem respiration — as our hypothesis predicts — appears to show a much stronger thermal acclimation than
leaf respiration, which shows a weak but positive response to warming (/6). This disparity potentially
reflects their different driving processes and thermal conditions. In particular, leaf respiration tracks the
maximum capacity of carboxylation, phloem-loading of photosynthates and turnover of photosynthetic
proteins (6, 14, 16). Acclimated carboxylation capacity increases with temperature, compensating for
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enhanced photorespiration under warmer condition, implying a positive thermal response in leaf
respiratory acclimation (/6). This is probably not the case for woody tissues. Furthermore, leaves are more
likely to be sun-exposed and do not have the insulating properties of bark tissue (20, 54). Experimental
studies will be needed to reveal the mechanisms controlling the acclimation of stem and leaf respiration.

We have demonstrated that the application of EEO principles provides a simple way to predict stem
respiration and its thermal acclimation, consistent with empirical evidence. This approach could and
should be implemented in ESMs. The acclimation response to growth temperature in stem respiration is
much stronger than that in leaf respiration. This suggests a potential for enhanced carbon use efficiency
in a warming world, a subject still hotly debated (55-57). Enhanced carbon use efficiency would, in turn,
substantially weaken the expected positive climate-carbon feedback, enhancing the degree to which
ecosystems globally slow the rate of climate change.
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Figure 1. Global trends of stem respiration at reference temperature (r2s) and at growth
temperature (rsg) in relation to growth temperature (the mean temperature during the thermal

growing season when daily temperature above 5°C, Tg). (A) Stem respiration was measured in the
laboratory (orange dots) and in the field (blue dots). 75 represents stem respiration standardized to the
reference temperature of 25°C. Solid fitted lines are shown for the laboratory data (orange line), field data
(blue line) separately (Mathematical details are provided in Table 1). The shaded area represents the 95%
confidence intervals. The solid red line is the theoretical prediction of thermal sensitivity, whose slope is
—10.1% K. The inset figure presents an overview of all the main figure data aggregated into temperature
bins. Horizontal and vertical coordinates are the same as that in the main figure. (B) ¢ represents stem
respiration standardized to growth temperature, using the same color coding as in (A). The solid red line
is the theoretical prediction of thermal sensitivity of rsg, whose slope is —2.3% K!. The instantaneous

thermal response is also shown, based on a fixed-Q1o function (gray line).
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Figure 2. Partial residual plots showing the relationship between stem respiration and temperature
and transpiration when other factors are held constant. (A) Growth temperature (7,) is an average of
the six days before stem respiration was measured. 725 is stem respiration, natural-log transformed, at the
reference temperature of 25°C. (B) Transpiration (E) is an average of the thirteen days before measurement

and was natural-log transformed. The solid black line is the relationship fitted via multiple regression

(Inr; =(-0.106£0.005)xT, +(1.04+0.018)xIn E, R2=0.49, VIF=2.01, p<0.001). The red solid line is

the theoretical prediction, with a coefficient of —10.1% K~'and 100% (nmol H,O m~2 s~!)"! for temperature

and In transpiration, respectively.
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572  Figure 3. Relationship between stem respiration and growing temperature derived from a warming
573  experiment. The warming experiment was conducted using five species: Betula alleghaniensis, Pinus
574  nigra, Pinus pinaster, Pinus pinea and Pinus sylvestris. (A) rss is stem respiration, natural-log
575 transformed, at the reference temperature of 25°C.Growth temperature (7%) is the temperature at which

576  individual species were grown. Different colored points represent different species. The dashed line was

577  fitted (1117” =(0.106£0.007 )T, , R?=0.44) using linear regression analysis on all the data. The red
525 g

578  solid line is the theoretical prediction, with a coefficient of —10.1%K™!. (B-F) Box plots representing
579  different species, with colors consistent with those in (A). The short horizontal line represents the
580 maximum and minimum values, while the red short horizontal line represents the average value under
581  each T,. The dashed line is the fitted line with shaded area representing the 95% confidence intervals.

582  Mathematical details are provided in table S8.
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Figure 4. Predicted global stem respiration under present conditions and in response to future
warming. (A) Stem respiration calculated at the global scale under recent CO> levels (see details in SI
section 3.2). (B) Simulated reduction in carbon emissions due to considering thermal acclimation of stem
respiration over the 21st century in two different scenarios (SSP126, SSP 585). The temperature was
derived from an ensemble of four future climate simulations (the land surface model is specified in
brackets): ACCESS-ESM1-5 (CABLE), CESM2 (CLM5), IPSL-CM6A-LR (ORCHIDEE) and
UKESMI1—-0 (JULES). The solid dotted line is the mean ensemble value (orange: under SSP126, blue:

under SSP585) and the shaded area represents the range of the model ensemble.
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Theoretical :
Quantity ! Fitted Confidence intervals Intercept
prediction Measurements R? p df
coefficient (mean + SE)
2.50% 97.50%

In lab —0.110 —0.143 —0.078 241+0.74 0.27 <0.01 79
7525 —0.101 In field —0.101 —0.104 —0.099 1.20+0.04 0.28 <0.001 4544
All data —0.098 —0.100 —0.095 1.16 £0.04 0.26 <0.001 4625

In lab —0.028 —0.061 0.005 -037+0.74 0.02 039 79
Fsgt —-0.023 In field —0.019 —0.022 —-0.017 —0.82+0.04 0.01 <0.001 4544
All data —0.015 —0.018 —0.013 —0.86+0.04 0.01 <0.001 4625

Table 1. Global trends of stem respiration in relation to temperature. Statistical output using the global

dataset shown in Figure 1. rss represents stem respiration standardized to the reference temperature of

25°C; rs.g represents stem respiration standardized to growth temperature. Error in Variables regression

analysis (EIV) was performed for field-based and lab-based data separately and also performed using all

data. The table provides confidence intervals, R-squared values (R?), p-values (p), and degrees of freedom

(df) associated with each regression model.



