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Introduction: Understanding carbon flows within ecosystems is key to quantifying the impacts of land-use change in the climate. However, while the net exchange of CO2 between the ecosystem and atmosphere indicates global warming potentials, partitioning into individual flux components is needed to understand sinks and sources, residence times, and sensitivities to land-use impacts. Scaling from research site to region requires modelling evaluated against in situ measurements, but there is often a mismatch between outputs of process models (e.g., soil heterotrophic respiration (Rh)) and site-measured parameters (e.g., total soil surface respiration (Rs) or whole ecosystem respiration (Re)).

Methods: This study took a literature review approach to determine fractional coefficients for estimating Rh from Re or Rs and considered whether these fractions differed across a year in seasonal forests, where relative contributions of root respiration might be expected to vary between growing and dormant seasons. Compiled timeseries data were grouped by forest type (broadleaf, needleleaf, and mixed), and coefficients for a fraction of each component (Rs or Re) that Rh represented were calculated using two approaches, namely a simple annual mean value over all months and individual monthly means. These coefficients were then used to estimate Rh separately from higher-level fluxes (Re from eddy covariance and Rs from soil chambers), measured concurrently at two UK forest sites, and compared to Rh estimated from the same datasets using previously published generic coefficients as well as to concurrently measured Rh and Re.

Results: Both approaches resulted in much closer convergence of the two separate estimates of Rh (derived from Re or Rs) than previously published coefficients, particularly for Rh/Re coefficients that had previously been measured under peatland blanket bog rather than forest.

Discussion/Conclusion: This result suggests that land cover is an important factor in determining the relative contribution of heterotrophic respiration to higher-level fluxes and that the coefficients used would ideally be derived from studies on similar ecosystems.
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1 Introduction

Quantifying the inward and outward fluxes of carbon dioxide (CO2) for ecosystems is key to determining the climate impacts of land-use systems and changes within them. While measurements of net ecosystem exchange (NEE) with the atmosphere, such as from the eddy covariance (ECo) method (Baldocchi, 2003), can estimate the impacts of a site on atmospheric CO2 (and associated global warming potentials), partitioning of these net fluxes into individual components (e.g., soil surface emissions) is needed to understand the dynamics of particular pools. Beyond information on local-scale impacts, the compilation and synthesis of such flux-partitioned studies may be used to provide key information, and validation datasets, for process-based soil organic matter models. Model output can then be applied spatially to scale up from the local to the regional or global scale. However, where soil models typically output specific component fluxes, such as soil heterotrophic respiration (Rh), field-based studies typically capture these components only in combination with integrated, higher-level fluxes. For example, ECo studies [from which a range of data repositories are freely available (Valentini, 2003; Friend et al., 2007; Sabbatini et al., 2018)] measure NEE (subsequently partitioned into photosynthetic uptake (GPP) and whole ecosystem respiration (Re)), which is the sum of all above and below ground sources of CO2. Soil surface chamber-based studies (e.g., Pumpanen et al., 2004; Rochette and Hutchinson, 2005) typically report total soil surface respiration (Rs), which is the sum of below ground heterotrophic (Rh) and autotrophic (Ra) root-derived respiration (plus any litter decomposition or plant respiration where these are present on the soil surface within chamber collars), although some will use isolation methods to capture these components separately (Hanson et al., 2000; Kuzyakov, 2006). Wiant (1967) defined root-derived respiration as including all respiration derived from the organic compounds originating directly from plants, which includes the respiration of mycorrhizal fungi and microbial decomposition of root exudates and dead root tissue. We also use the term root-derived respiration to make this distinction clear.

The derivation, and provision in the literature, of generic coefficients to estimate Rh from the most widely available datasets (Re or Rs) would greatly improve the potential for these datasets to be used in model evaluation. Subke et al. (2006) provided a literature review of chamber flux partitioning studies and reported values for Rh as a fraction of Rs across a wide range of land cover types and climate zones from 97 studies. Jian et al. (2022) expanded this greatly to 880 studies (including 256 temperate/boreal forest sites) using the global soil respiration database (SRDB-V5) (Jian et al., 2021), although they are primarily concerned with predicting global distributions and report only a single global mean value for Ra/Rs (0.42). Notably, neither study investigates relative component contributions as a function of time of year. It is possible that the contribution of Ra in particular (and therefore potentially the relative contribution of Rh) to both Rs and Re will vary substantially between growing and dormant periods in a seasonal climate (Hanson et al., 1993, 2000; Flattery et al., 2018). Hanson et al. (2000) reported, from their literature review, a wide range of Ra/Rs (from 0.1 to 0.9), dependent on vegetation type and time of year, with a mean annual value of 0.46 for forest soils (n = 37) (therefore, Rh/Rs = 0.54). However, they caution against assuming this value for every month of the year because Ra contribution to Rs is commonly greater during the growing season compared to the dormant season, a conclusion supported by Heinemeyer et al. (2012) in their multi-year flux partitioning study. Hanson et al. (2000) insisted, in their recommendations, that studies of the components of soil respiration must “involve repeated measurements throughout an annual cycle”. It may not necessarily follow, though, that the relative contributions of Ra and Rh to a dynamic Rs would change since Rh is also likely to be lower during the dormant season due to reduced microbial activity in colder soils (Curiel Yuste et al., 2007).

In the ECOSSE soil process model (Smith et al., 2010), and others such as RothC (Smith et al., 1997), the CO2 flux output specifically estimates soil Rh, presenting a challenge when validating results against either ECo-derived respiration data (Re) or unpartitioned soil chamber flux data (Rs). Some studies (Khalil et al., 2013, 2016) have used separate process models (e.g., DNDC, DAYCENT) run with the same site data to estimate the relative contributions of individual respiration components comprising the measured Re, then adjusting as appropriate before evaluating ECOSSE output of estimated Rh. However, this approach is computationally intensive and assumes that the other process models have themselves correctly partitioned Re. Flattery et al. (2018) preferred to validate ECOSSE output of Rh against soil chamber Rs measurements due to the difficulties in estimating Rh from ECo-derived Re at their site. However, they made no attempt to partition their chamber Rs into its components and noted that the match was at its worst during the growing season, as might be expected due to increased root-derived respiration. Other studies (Abdalla et al., 2014; Dondini et al., 2016) have relied on generic coefficients for estimating Rh from Re, derived from a study by Hardie et al. (2009). These studies assume fractional (Rh/Re) values specific to time periods within the year. However, while the Hardie et al. (2009) values provide a pragmatic approach, they were measured within a single study under a specific European upland peatland ecosystem (blanket bog dominated by Sphagnum spp., Calluna vulgaris, and Eriophorum vaginatum). Transferring these coefficients to very different vegetation systems, such as forests, is likely to result in significant errors in the estimation of Rh from Re due to very different plant inputs (litter quality, root exudates, and turnover rates) and decomposition characteristics. For further evaluation against soil chamber data (at sites where direct measurements of the individual components were not available), Dondini et al. (2016) used vegetation-specific single annual coefficients based on Subke et al. (2006) literature review to estimate Rh/Rs. Overall, this mismatch between process model output parameters and datasets commonly available for validation remains a substantial challenge in assessing the reliability of up-scaled spatial modelling.

Our current study aims to address this knowledge gap of how to derive Rh from more commonly available datasets, specifically for forest systems in seasonal, non-tropical climates, and consider whether component contributions are specific to the time of year. The aim of this study was achieved by compiling literature-based coefficients to estimate the contribution of Rh to both Rs and Re at a monthly timestep across the year and comparing to using a simple annual mean across all months. Due to the scarcity of available timeseries datasets, rather than splitting into training and validation datasets, we assess the performance of these coefficients and compare them to those previously published, by investigating how consistently Rh is estimated separately from Re and Rs measured concurrently in two contrasting UK forest stands (upland evergreen needleleaf on peaty soil and lowland deciduous broadleaf on mineral soil). We make the assumption that independent estimates of Rh (derived from two distinct measurement techniques, Re from ECo and Rs from soil chambers) at the same site in the same period should converge around a true value if the derivation coefficients are to be considered reliable. Finally, we compare our estimate of Rh as a fraction of Re to two rare datasets, where these fractions were concurrently measured for multiple years in deciduous broadleaf forest stands.



2 Methods


2.1 Datasets

A Web of Science (Web of Science Core Collection. © Copyright Clarivate 2023) search was carried out with the term “forest CO2 respiration partitioning,” which resulted in 465 research articles (including 20 research reviews), 16 conference proceedings, three book chapters, and two early access articles. These results were then manually searched for timeseries of partitioned respiration fluxes (Rh/Rs, Rs/Re, Rh/Re) and filtered to exclude tropical climates following allocation to climatic zones within the Koppen–Geiger climate classification (Peel et al., 2007) using the “kgc” package (Bryant et al., 2017) in R (R Core Team, 2022). Climate zones included in the study are given in Table 1. Where data were only provided as graphs (rather than data tables), data values were extracted digitally using the “digitize” package in R (Poisot, 2011). For datasets where only Ra is provided, Rh is calculated based on Equation 1.



TABLE 1 Time series studies included in the derivation of partitioning coefficients.
[image: Table1]

Additional chamber-based soil flux datasets were made available within the Netzero+ project.1 These came from two forest sites in England maintained by UK Forest Research2: Harwood (55°13′0” N / 2°1′31” W), a second rotation evergreen needleleaf (ENF) (Picea sitchensis) plantation on high carbon, cambic stagnohumic gley soil (Xenakis et al., 2021), and Alice Holt (51°9′13” N / 0°51′30” W), a deciduous broadleaf (DBF) (Quercus robur/Quercus petrea) dominated woodland (Wilkinson et al., 2016) on a surface water gley soil. Total soil respiration (Rs) data from Harwood were available from February 2015 to December 2020 and are referred to here as Harwood 2020. Data from Alice Holt were available from two separate studies, one timeline from April 2008 to December 2010 (Alice Holt 2010), where soil chambers in plots (with roots either included or excluded) were monitored concurrently to provide Rh and Rs (Heinemeyer et al., 2012), and another from May 2013 to October 2020 (Alice Holt 2020), where only Rs was measured (unpublished data). Data from Harwood 2020 and Alice Holt 2020 were supplied as individual sampling event results (typically one or two times per month). To create a continuous monthly timeseries, the mean flux rate of all sampling within each month was summed into a monthly total flux [no account was made of possible diurnal biases due to time-of-day sampling (Heinemeyer et al., 2011)], with fractional relationships between fluxes calculated at this monthly timestep. Chamber data from Alice Holt 2010 were provided at a daily timestep; therefore, fractional relationships were calculated at this daily timestep before being averaged to monthly means.

Eddy covariance data were also supplied by Harwood and Alice Holt, measured concurrent to the chamber studies, gapfilled to continuous timeseries, and partitioned into gross photosynthetic uptake (GPP) and ecosystem respiration (Re) following the Fluxnet standard approach (Reichstein et al., 2005), providing validation datasets for Rs/Re from Alice Holt 2020 and Harwood 2020. The concurrent measurements of ECo-derived Re and both Rh and Rs during the Alice Holt 2010 study also made it possible to derive a monthly timeseries of Rh/Re for this period at that site. Only one literature study (Brændholt et al., 2018), measuring within a Fagus sylvatica-dominated woodland (DBF), was found to provide a similar timeseries of Rh (using soil chambers on trenched plots) measured concurrently with Re (from ECo), allowing an estimate of monthly Rh/Rs (this dataset here subsequently referred to as Braendholt 2018). Due to this limited data availability, our coefficients for Rh/Re were solely derived from the other measured fractions using Equation 4, while the Alice Holt 2010 and Braendholt 2018 datasets were reserved as validation data to compare to the derived values for DBF.



2.2 Respiration components

Rh – heterotrophic soil respiration.

Ra – autotrophic soil respiration (root-derived respiration).

Rs – total soil surface respiration (Rh + Ra).

Re – total ecosystem respiration (Rs + above ground autotrophic respiration and decomposition of plant litter).

Where studies only presented Ra as a fraction of Rs, Rh was calculated as the residual:
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Three fractional relationships were considered:

Soil surface respiration as a fraction of ecosystem respiration shown below Equation 2.
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Soil heterotrophic respiration as a fraction of total soil respiration shown below Equation 3.
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Soil heterotrophic respiration as a fraction of ecosystem respiration shown below Equation 4.
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2.3 Data analysis

Literature data were grouped into forest type (evergreen needleleaf (ENF), deciduous broadleaf (DBF), and mixed forest (MF)) and fractional ratio (Rs/Re and Rh/Rs) with coefficients for each fraction derived either as the mean fraction for each month of the year across all datasets in each group (monthly means) or as single value coefficients derived as the annual mean over all months for each ratio and forest type (annual mean).

Comparisons of these two coefficient sets were made to the performance of the previously published approach, which we refer to here as Hardie/Subke (Abdalla et al., 2014; Dondini et al., 2016), using their coefficients for seasonal three-month blocks for Rh/Re (Dec–Feb = 0.59, Mar–May = 0.525, Jun–Aug = 0.46, and Sep–Nov = 0.525) from the ECo data combined with single annual coefficients (Rh/Rs [ENF] = 0.56, Rh/Rs [DBF] = 0.59) for the soil chamber data based on a mean annual value for each forest type (excluding tropical systems) from Subke et al. (2006). A performance test was carried out by estimating Rh independently from ECo (Re) and chamber (Rs) datasets at Harwood (ENF) and Alice Holt (DBF) and investigating how closely these separate estimates of Rh within each forest type converged when estimated using each of the three coefficient sets (monthly means, annual mean, and Hardie/Subke).

Comparisons between the two Rh estimates from each site were made using major axis regression (rather than ordinary least squares due to uncertainties in both axes) using the R package “lmodel2” (Legendre, 2018) and the index of agreement (d) (Willmott, 1981) using the R package “hydroGOF” (Zambrano-Bigiarini, 2020). The equation for this index of agreement is provided in Supplementary Equation S1, and is a standardised measure of the degree of model prediction error, which varies from 0 to 1 (with 1 being the perfect match). Due to both estimates of Rh being “simulated” in this case, a mean value of d was calculated, using each estimate of Rh (from ECo or Chambers) as the observed or simulated value in turn. Prior to analysis, the data were checked for normality of distribution with the Shapiro–Wilk test for bi-variate distribution (Shapiro and Wilk, 1965) using the “mvnormtest” package in R (Jarek, 2012) and subsequently transformed to normality using a Box-Cox power transform with the “car” package (Fox and Weisberg, 2019).

For the initial statistical analyses, the Alice Holt 2010, Alice Holt 2020, and Harwood 2020 primary datasets are excluded from coefficient derivation (due to the conflict of using data in both training and validation). However, due to the limited number of datasets in each forest type and respiration fraction group, these three datasets are subsequently included in the derivation and presentation of the final generic coefficients (Table 2, monthly means and Supplementary Table S2, annual mean), with a subsequent re-analysis of the convergence of the two estimates of Rh (Supplementary Table S1).



TABLE 2 Monthly means literature-derived values for fractional relationships between respiration components (Rs = soil surface respiration, Re = ecosystem respiration, and Rh = heterotrophic respiration) for individual months of the year, grouped by forest type (DBF = deciduous broadleaf forest and ENF = evergreen needleleaf forest).
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3 Results

Following filtering, 21 studies were found to provide timeseries partitioning for ecosystem or soil respiration in seasonal, non-tropical forests (with some studies providing datasets from more than one site/forest type) across three forest types (ENF, DBF, and MF) and two fractional relationships (Rs/Re, Rh/Rs). Only four of the studies (Yuste et al., 2005; Wu et al., 2006; Ferréa et al., 2012; Ma et al., 2019) provided datasets from mixed forests (ENF + DBF); of these the Ferréa et al. (2012) forest was dominated by deciduous oak so was allocated to DBF, while the remaining three were discounted from further analysis due to the absence of additional validation data for MF. Consequently, a total of 29 individual timeseries datasets were used in the coefficient derivation across the two forest types and fractions (including our primary data from the Alice Holt and Harwood sites). References for individual datasets included in the coefficient derivation, along with their associated forest types, age class, latitude, climatic zone, and measurement technique under which they were studied, are presented in Table 1.

There were nearly three times as many chamber-based datasets providing the components of Rs (Rh and/or Ra) as ECo + chambers reporting Rs as a fraction of Re (21 vs. 8) and 17 datasets for ENF compared to 12 for DBF. Figure 1 shows monthly timeseries for individual studies grouped into forest type and fraction. Of the 29 datasets, 12 provided only partial coverage of an entire year (<12 monthly values) and one (Giasson et al., 2013) provided single values for each three-month block of the year. Figure 2 shows the monthly means (along with their standard errors) across all datasets for each forest type and fraction; the contribution of Rs to Re tended to be greater during the dormant season (Nov–Mar) than during the growing season (Apr–Oct) for both forest types, though standard errors were large and overlapped throughout most of the year.

[image: Figure 1]

FIGURE 1
 Individual study timeseries of respiration fractional relationships grouped by forest type (ENF, evergreen needleleaf forest; DBF, deciduous broadleaf forest) and ratio (Rh/Rs, heterotrophic respiration as fraction of total soil respiration; Rs/Re, total soil respiration as a fraction of ecosystem respiration) from the literature review including additional data from Harwood and Alice Holt (see Table 1).


[image: Figure 2]

FIGURE 2
 Mean monthly respiration fractions, by forest type (ENF, evergreen needleleaf forest; DBF, deciduous broadleaf forest) and ratio (Rh/Rs, heterotrophic respiration as fraction of total soil respiration; Rs/Re, total soil respiration as a fraction of ecosystem respiration) compiled from literature review and including additional data from Harwood and Alice Holt. Error bars show S.E.M.


Literature-derived coefficients (annual mean and monthly means) for the estimation of Rh from Re (ECo) and Rs (chambers) both resulted in improved convergence of the two estimates at both of our validation sites, compared to the Hardie/Subke approach (Table 3). The d values improved from 0.54 (ENF) and 0.64 (DBF) to >0.7 for both approaches, with annual mean the best fit for both ENF (0.75) and DBF (0.76). Figure 3 shows the results of estimating Rh from both Rs and Re over the monthly timeseries at each of our sites (Harwood and Alice Holt) compared to the originally measured fluxes, using the monthly means coefficients (derived without the inclusion of the Alice Holt and Harwood data). Convergence of the two independent estimates of Rh following all three of our approaches (including error bars) is shown in Supplementary Figure S1.



TABLE 3 Major axis regression coefficients and index of agreement (d) between Rh estimated from ECo (Re) and soil chamber (Rs) data measured independently at each site using each of the three literature-derived coefficient sets (Hardie/Subke, annual mean, and monthly means).
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FIGURE 3
 Comparison between chamber (CHAMBERS) and eddy covariance (ECo) original measured fluxes at Harwood evergreen needleleaf forest (plot A) and Alice Holt deciduous broadleaf forest (plot C) and subsequently adjusted to Rh (plots B,D) using monthly means literature-derived coefficients (excluding Alice Holt and Harwood data in this derivation). Rh, heterotrophic respiration; Rs, total soil respiration; and Re, ecosystem respiration.


From the major axis regression, annual mean gave the largest R2 (0.67) for ENF, however monthly means had the best slope fit (0.97) although the confidence intervals of both encompassed the perfect 1:1 fit, in contrast to Hardie/Subke which did not, and had the poorest slope fit. The intercept for the monthly means fit was greater than that for the annual mean (2.25 vs. 1.49), though the 95% confidence intervals (CIs) for both contained zero. Again, this is in contrast to Hardie/Subke, which had the largest intercept (9.06) and confidence intervals which did not cross zero (Table 3 provides intercept values back-transformed to original units (kg CO2-C ha−1) for all model fits).

For DBF, the slope fit was better for monthly means compared to the annual mean (0.87 vs. 1.19) and captured the 1:1 slope within its CIs, which the annual mean did not. In this instance, Hardie/Subke performed slightly better than the annual mean with a slope of 1.18 and CIs that did cross 1:1. However, the annual mean had the greatest R2 (0.69) of the three, a much smaller intercept (0.65) and tighter confidence intervals than the other two approaches. Intercept CIs for both Hardie/Subke and annual mean crossed zero, whereas monthly means, with the largest intercept (8.64), did not.

As might be expected, the Alice Holt and Harwood data inclusion in the coefficient derivation improved the convergence of the two Rh estimates at each site with “d” values increasing to >0.80 for both the annual mean and monthly means approaches. The relative performance of both approaches changed slightly, whereas monthly means resulted in the best slope fit for both ENF and DBF when excluding these data, including them resulted in annual mean having the best slope fit for ENF with monthly means performing best for intercept and R2. The relative performance for DBF between the two approaches remained unchanged. Results of the statistical analysis repeated with the inclusion of these data in the coefficient derivation are presented in Supplementary Table S1.

Fractional coefficients (and associated standard errors) for each component partition from the monthly means approach (Figure 2) are presented in Table 2. For the annual mean, Rh as a fraction of Rs (Rh/Rs) was larger for the DBF dataset than ENF (0.69 ± 0.07 vs. 0.59 ± 0.06) as was Rs/Re (0.60 ± 0.12 vs. 0.52 ± 0.11). Combining these two values to estimate Rh/Re (Equation 4) suggested that DBF has a greater contribution of heterotrophic respiration to total ecosystem respiration (0.41 ± 0.3) than ENF (0.3 ± 0.31); these coefficients are presented in Supplementary Table S3.

The monthly means-derived coefficients (Equation 4) for monthly Rh/Re fractions (see Table 2) for DBF fell between the fractions available from the two validation sites, where these parameters were measured (Alice Holt 2010 and Braendholt 2018). The derived coefficients compared to these two sites individually are shown in Figure 4, with Alice Holt 2010 showing a smaller fraction for Rh/Re in all months and Braendholt 2018 being larger in all months except January. Error bars associated with the monthly means-derived fractions were large, however, and covered both validation datasets in all months except October, where Braendholt 2018 was substantially greater. This positioning somewhere between the two datasets was also evident in a comparison between the measured mean annual values, with Braendholt 2018 (0.55 ± 0.04) more than two times the value for Alice Holt 2010 (0.26 ± 0.02). When compared to the mean of these two sites at the monthly timestep (Supplementary Figure S2), the derived coefficients matched more closely, with error bars overlapping in all months and very similar annual means (validation sites mean = 0.4 ± 0.04, derived coefficients = 0.41 ± 0.3).
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FIGURE 4
 Comparison between monthly means literature-derived coefficients for deciduous broadleaf forest (DBF) and site measurements (Alice Holt 2010 and Braendholt 2018) of soil heterotrophic respiration (Rh) as a fraction of ecosystem respiration (Re). Error bars show S.E.M.




4 Discussion

In this study, we have presented literature-based coefficients to partition forest ecosystem CO2 fluxes into their component contributions for individual months of the year, along with mean annual values. These coefficients relate specifically to evergreen needleleaf and deciduous broadleaf forests in seasonal, non-tropical climates. It is possible that different species mixtures and age classes within a forest category (e.g., within DBF) might produce differences in flux fractions that would be greater than the difference between forest categories (i.e., ENF vs. DBF); however, a thorough examination of this is beyond the scope of this study (and likely the available data). This study aimed to produce mean timeseries coefficients that can be easily matched to existing data repositories (such as Fluxnet3 or ICOS4), which class forest types in these terms (ENF, DBF, and MF) or literature summaries such as Subke et al. (2006) which do the same.

While there are many studies presenting short-term intermittent monitoring of forest soil CO2 flux from chambers, few of them do so across entire or multiple years, and fewer still provide complete (or even partial) timeseries of partitioning into individual components (Rh and Ra). Similarly, there are many studies in the literature presenting timeseries of ecosystem-scale forest respiration (Re) from ECo, but fewer with concurrent chamber measurements to separate soil surface flux (Rs) and, to the best of our knowledge, only one study further partitioned Rs measurements to estimate Rh as a fraction of Re for individual months of the year. This scarcity of datasets precluded a thorough validation of our derived coefficients against independent data (i.e., separation into training vs. validation datasets) and led to our approach of using these coefficient sets to independently estimate Rh as a fraction of Re and Rs from our own ECo and chamber data. We then used the statistics of the subsequent convergence of these two independent estimates of the same parameter to investigate the performance of our derived coefficients, and compared them to a previously published approach. While this may not be ideal, we present this here as a pragmatic approach given these data limitations.

Some studies in our compilation (Epron et al., 1999; Subke et al., 2004; Sulzman et al., 2005; Ngao et al., 2007; Ferréa et al., 2012; Guidolotti et al., 2013) present results for some months that may be conceptually invalid (i.e., Rh/Rs > 1, or Rs/Re > 1), this may be explained by measurements for these individual components being taken at different scales and locations within the same study. For example: Rs from small, ground-level chambers being compared to Re from above-canopy, large spatial-scale ECo systems, which can lead to such discrepancies when the individual component represents the majority of the overall flux (e.g., soil respiration being the dominant ecosystem flux during the dormant season). It might have been considered appropriate to correct all such values to 1 for these individual months (e.g., when Rs/Re > 1, Rs = Re), but it was decided to incorporate the values as they were extracted from the individual studies. It should further be noted that the vast majority of the literature data values for this study were extracted directly from published graphs rather than data tables (see Table 1); this process was carried out with manual calibration of axes and pinpointing of datapoints within each individual graph using the R digitize package (Poisot, 2011). While great care was taken to ensure this was as accurate as possible, there will inevitably be some unquantified error associated with this process, which will subsequently be incorporated into our coefficient estimates.

While it is not possible to compare our results directly to other timeseries partitioning due to the scarcity of datasets, we can compare the annual means derived from our timeseries compilation to values reported in other studies. For Rh as a fraction of Rs (chamber-based studies), the review by Subke et al. (2006) suggests a mean annual value of 0.59 ± 0.03 for DBF (excluding tropical climates), which is substantially lower than the annual mean for the same forest type across our monthly timeseries at 0.69 ± 0.07. ENF values were much closer at 0.56 ± 0.02 than our mean annual value of 0.59 ± 0.06 (± S.E.M). The review by Hanson et al. (2000) suggested a generic value for forest Rh/Rs rather lower than these at 0.54, while the review by Jian et al. (2022) suggested a global generic value for root contribution to total soil respiration at 0.42, which would suggest a value of 0.58 for Rh. Our results reflect the suggestion in Subke et al. (2006) that DBF contributes relatively more Rh to Rs (and therefore to Re) than ENF, though our difference was greater. This greater Rh/Rs fraction in DBF might be explained by differences in both litter quality and mineralisation rates. DBF litter is generally more decomposable than ENF due to lower lignin and greater nutrient (particularly potassium and phosphate) content (Krishna and Mohan, 2017), with mineralisation rates generally being higher in their associated higher pH, macro- and micro-fauna-based (i.e., earthworms and bacteria) soil saprotrophic systems than the more acidic, fungal-based soils typically associated with ENF (Růžek et al., 2021). However, despite the literature support for our results suggesting that mineralisation rates (and therefore, potentially, the Rh/Rs fraction) may be greater for DBF than ENF, our associated standard errors were overlapping between the two forest types, suggesting that these differences, in our results at least, may not be statistically significant. More datasets and careful consideration of the independence of individual datasets within studies would be needed to investigate these relationships thoroughly (particularly where individual datasets were collected from forest sites very close together from the same species under different age classes) [e.g., Saiz et al. (2006) or Jiang et al. (2005)].

Jian et al. (2022) reported that differences in climate conditions were more significant than the ecosystem type in determining the relative contribution of roots to soil respiration. Whether the lack of significant differences between ecosystem types in predicting their root contribution to soil respiration (and therefore Rh/Rs) holds for the soil heterotrophic respiration contribution to whole ecosystem respiration (Rh/Re) is not considered in these review papers. However, the very large difference in our estimate for forests (mean across ENF and DBF) at 0.36 compared to a mean of 0.53 in Hardie et al. (2009) moss-based peatland study, and the much-improved convergence of our separate estimates of Rh, suggests that it is inadvisable to use values measured under very different ecosystems (e.g., using moss-dominated peat moorland coefficients for forests in our case) for this fraction at least. This conclusion is again supported by the Subke et al. (2006) review, which shows Rh/Rs values across nine different ecosystems ranging from 0.36 for shrubland to 0.85 for peatland.

Again, there are too few studies in our compilation to draw firm conclusions about intra-annual trends for fractional contributions within our groups, particularly in the chamber data partitioning, or to suggest more sophisticated model fits to the data beyond taking simple means for each month. As shown in Figure 2, there were no clearly apparent seasonal trends in the monthly distribution of our fraction coefficients, though intra-annual variability was very evident. This aspect might suggest that month-to-month environmental/climatic variability (and associated microbial activity and response to photosynthates) had a greater impact than seasonal trends in the relative contribution of individual fluxes. Furthermore, with so few studies in each forest-type/respiration fraction grouping, it is possible that inconsistencies in partitioning methodology between studies will also be a significant factor, with individual studies being more or less successful in the separation of component fluxes. For example, results from an individual site, which had been confounded by artefacts of chamber collar insertions impacting root-derived fluxes (Heinemeyer et al., 2011), may exert a strong influence on the mean value for a particular fraction within its group. Additionally, with any root exclusion experiment (by whatever means), there will be an unavoidable impact on soil hydrology and, therefore, microbial activity with impacts being more significant under particular environmental conditions. Even where care is taken not to interrupt soil water flows (e.g., through using root exclusion meshes), the absence of active roots will reduce transpiration rates and impact oxygen availability, which could potentially reduce heterotrophic CO2 emissions (Gomez et al., 2016). A similar impact on Rh might be assumed in year-to-year rainfall variation, similarly impacting soil hydrology generally at a given site. How this would affect our conclusions around the relative contribution of Rh to Rs is, though, unclear, as the same reduction in soil oxygen availability might concurrently reduce tree biological activity and, therefore, Ra (Joseph et al., 2020). The lack of clear seasonal trends was reflected in our estimation of Rh using our fractional coefficients; while the monthly means timeseries coefficients performed better than annual mean in some statistical parameters (notably the slopes of the regression between the two estimates of Rh), they were not an unequivocal improvement (Table 3; Supplementary Figure S1), though both clearly performed better than the Hardie/Subke approach. A more thorough investigation of intra- versus inter-annual variability, such as that provided in Heinemeyer et al. (2012), is largely outside the scope of this current study, though, where the aim is to provide simple generic forest-type coefficients for partitioning.

Values for soil heterotrophic respiration as a fraction of forest ecosystem respiration, Rh/Re, were particularly lacking in the literature, with only one published study (Brændholt et al., 2018) found to provide this as a monthly timeseries for a seasonal forest (in this case from within DBF). We were able to add to this with the Alice Holt 2010 dataset, also collected within DBF, due to the availability of eddy covariance data being collected concurrently with the root exclusion experiment at the same site. Absolute estimates of monthly Rh/Re fractions between these two datasets were substantially different, with the Brændholt et al. (2018) being double those at Alice Holt and with a notable spike in the autumn months (Figure 4; Supplementary Figure S2), as might be expected from a seasonal input of leaf litter in these months (captured in the chamber collars) and a decline in above and below ground autotrophic respiration. Although the Alice Holt 2010 collars also incorporated leaf litter, they did not exhibit such a clear autumn increase in the contribution of Rh to Re. Despite both being collected from deciduous broadleaf forests, the stands contained different tree species and were at different latitudes (Alice Holt 2010: Quercus spp. in Southern England, Braendholt 2018: Fagus sylvatica in Denmark). So ecosystem temporal behaviour might be expected to differ due to climate and tree specific interactions, and there is also the possibility of methodological artefacts in these data. As conceded by Brændholt et al. (2018), there was the possibility that decomposing root material in the trenched plots was contributing to the estimate of Rh and increasing its estimated contribution to Rs and, therefore, to estimates of Rh/Re. Also, mycorrhizal respiration may not have been completely excluded in the Brændholt 2018 Rh dataset (with monthly cutting to only 25-cm depth), which may have added to the estimated contribution, in both absolute terms and variability. In Alice Holt’s 2010 study (Heinemeyer et al., 2012), care was taken to permanently exclude mycorrhizal respiration and to limit root decomposition effects in their measurements of Rh (the mycorrhrizal contribution to Rs was measured separately in their study), which would lower fluxes and their variability. When we sum the values for heterotrophic and mycorrhizal respiration for Alice Holt 2010, the estimates of Rh/Re become much closer to our literature-derived values and correspondingly to the Brændholt et al. (2018) values (Supplementary Figure S3), supporting the suggestion that studies less rigorous than the Heinemeyer et al. (2012) approach may have been incorporating some level of mycorrhizal respiration in their estimates of Rh.



5 Conclusion

The coefficients we present here, based on a combination of literature review and our own primary data, represent a substantial improvement on the previously published method for estimating soil heterotrophic respiration (Rh) from total soil (Rs) or ecosystem respiration (Re) for seasonal, non-tropical forest ecosystems. Our results show that ecosystem-specific coefficients are important in estimating these components and that using “global” literature values, or values estimated under very different ecosystems, may not be reliable. Furthermore, while there was little difference between the performance of the monthly and annual mean coefficient sets, the slightly improved slope fit in the monthly means approach suggests that these should be preferred to an annual mean when estimating Rh over timeseries of higher-level CO2 fluxes. However, the limited number of available studies in the literature (almost non-existent for the estimation of Rh from measured Re), particularly under mixed forests, highlights a need for more, and targeted, studies to further improve the estimates for the components of ecosystem-specific CO2 fluxes and their relative contributions over time.
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Location Latitude Climate  Species Stand Forest Data Ratio Partition

zone age type source method
[years]
Manual
Alice Holt Quercus robur/
S England 51 b ~90 DB Primary data | Rh/Rs chambers + root
(2010) Quercus petrea
exclusion
Alice Holt Quercus robur/ ECo+manual
S.England s1 b ~90 DBE Primarydata | Rs/Re
(2010) Quercus petrea chambers
Alice Holt Quercus robur/ ECo-+ manual
S England 51 b ~90 DBE Primary data | Rs/Re
(2020) Quercus petrea chambers
Manual
Comstedt
Loy, | SSweden 59 Dib Picea abies 68 ENF Fig.3b | RhRs chambers +
eta
trenching
Picea rubens/
Davidson ECo-+ manual
N.USA 45 Dib Touga >100 ENF Fig.5 Rs/Re
etal. (2006) chambers
canadensis
Manual
Epron etal.
o) NE. France 48 b Fagus sylvatica 30 DBE Figlc | RWRs chambers +
trenching
Quercus robur/
Robinia Manual
Ferréa etal,
a0t2) N Italy 45 b pseudoacacial 50 DBF Fig2c  Rh/Rs chambers +
o Alnus glutinosa/ ‘modelling.
Pinus rigida
Giasson et al. Acer rubrum/ ECo-+ manual/
N.USA a2 Dib >100 DBE Fromtext | R/Re
(2013) Quercus rubra auto chambers
Guidolotti ECo-+manual
Central Italy a Ch Fagus sylvatica 115 DBF Fig.6 Re/Re
etal. (2013) chambers
Harwood ECo+manual
N. England 55 b Picea sitchensis 0 ENF Primarydata | Rs/Re
(2020) chambers
Manual
Hodgberg
N. Sweden o Dic Pinus sylvestris 50 ENF Figla  RhRs chambers + tree
etal. (2001)
girdling
Manual
Jiang et al
) NE. China 45 Dwb Larix gmelini 31 ENF Fig.3 Re/Re chambers +
2005)
trenching
Manual
Jiang etal.
sy NE. China 4 Dwb Larix gmelini 17 ENF Fig.3 Rs/Re chambers +
: trenching
- Manual
ee etal
o C.Japan 36 Db Quercus crispula 0 DBE Fig.1 RWVRs chambers +
trenching
Liang etal Auto chambers +
N.Japan 42 Dib Larix kaempferi 5 ENF Fig.3b | RhRs
(2010) trenching
Manual
Maetal Sub tropical Quercus aliena/
31 Ch NA DBF Fig.2 RVRs chambers +
(2019) China Cronus japonica
trenching
Manual
Maetal, Sub tropical Abies fargesii/
31 Ch NA ENF Fig.2 RIVRs chambers +
(2019) China Abies chensiensis
trenching
€O, absorption
Nakane et al.
P W.Japan 3 Cha Quercus serrata 102 DB Fig.5 RWVRs (NaOH) +tree
removal
Manual
Ngaoetal
oo | NEFnee 48 b Fagus sylvatica 35 DBE Figle | RWRs chambers +
e trenching
Fagus sylvatical
i Manual
Ngaoeetal Carpinus
NE. France 48 b 20 DBF Fig1f | Rh/Rs chambers +
(2007)_H2 betuluis/
trenching
Quercus petrea
Manual
Ohashi etal Crytpomeria
SW. Japan 32 Ch 10 ENF Fig.6 RIVRs chambers + tree
(2000) japonica
removal
Manual
Saizetal
i C.Treland 52 b Pica sitchensis 10 ENF Fig3a | RWRs chambers +
trenching
Manual
Saizetal
e C.Ireland 52 b Picea sitchensis 15 ENE Fig3b | RWRs chambers +
3 trenching
Manual
Saizetal
P C. Ireland 52 b Piceasitchensis 31 ENF Fig3c  Rh/Rs chambers +
2006)
trenching
o ENF Fig3d | RhRs Manual
Saizetal
C.Ireland 52 b Picea sitchensis 47 chambers +
(2006)
trenching
Subkeetal. | SE.Germany 50 b Picea abies 35 ENF Fig.1 RVRs Manual
(2004) chambers + tree
girdling
Sulzman N.USA 4 Csb Preudotsuga >100 ENF Fig.8 RWVRs Manual
etal. (2005) menziesii/ Tsuga chambers +
heterophylla trenching
Wangetal | SE.Tibet 29 Dwe Picea 56 ENE Fig3a | RWRs Manual
(2019) balfouriana chambers +
trenching
Wangetal | SE.Tibet 29 Dwe Abies smithii 147 ENF Fig 3C  Rb/Rs Manual
(2019) chambers +
trenching

Climate Zone follows the Koeppen-Geiger system: Cfa, humid sub-tropical; Cfb, temperate oceanic; Csb, warm summer Mediterranean; Dfb, warm summer humid continental; DI, subarctic
Dwb, monsoon influenced warm summer humid continental; Dy, monsoon influenced subarctic. Forest types: DBE, deciduous broadleaf; and ENF, evergreen needleleaf





OPS/images/ffgc-07-1352527-g003.jpg
€O,-C (kg ha™)

A

2500
2000
1500
1000

500

B
800

600
400

200

3000

2000

1000

1000

500

Harwood - Evergreen Needleleaf Forest [ENF]

2016 2018 2020

Alice Holt - Deciduous Broadleaf Forest [DBF]

NVARA -

JW N

2014 2016 2018 2020

Source
~— CHAMBERS-[Rs]

— ECo-[Re]

Source
~— CHAMBERS-[Rh]
— ECo-[Rh]

Source
~—— CHAMBERS-[Rs]

— ECo-{Re]

Source
~— CHAMBERS-[Rh]

— ECo-[Rh]





OPS/images/ffgc-07-1352527-g004.jpg
075 —

source
o= Alice Holt 2010

== Bracndholt 2015

/ = monthly means.

/

/
NAE

|

/

000:

Jan  Feb  Mar  Apr  May  Jun W Auwg Sep Ot Nov  Dec





OPS/images/ffgc-07-1352527-e001.jpg
Rs— Ra = Rh

(1)





OPS/images/ffgc-07-1352527-e002.jpg
Rs / Re

)





