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Abstract: Soil respiration is rarely studied at the landscape scale where forest and soil properties
can be important drivers. We performed forest and soil inventories in 150 temperate forest sites in
three German landscapes and measured in situ soil CO2 efflux with the soda-lime method in early
summer 2018 and 2019. Both years were affected by naturally occurring summer droughts. Our aim
was to investigate the impact of forest structural and compositional properties, soil properties and
climate on soil CO2 efflux at the landscape. Forest properties explained a large portion of soil CO2

efflux variance (i.e., 14% in 2018 and 20% in 2019), which was comparable or larger than the portion
explained by soil properties (i.e., 15% in 2018 and 6% in 2019), and much larger than that of climate.
Using Structural Equation Modeling, we found that forest structural properties, i.e., tree density and
basal area, were negatively linked to soil CO2 efflux, while forest composition, i.e., conifer share
and tree species richness, was not important. Forest structure effects on soil CO2 efflux were either
direct or mediated by fine root biomass under dry summer conditions. Summer soil CO2 efflux was
positively linked to fine root biomass but not related to total soil organic carbon stocks or climate.
Forest structural properties influence soil CO2 efflux under drought events and should be considered
when predicting soil respiration at the landscape scale.

Keywords: soil respiration; forest properties; forest structure; forest composition; soil properties; soil
organic carbon; fine root biomass

1. Introduction

Forests are important sinks for the greenhouse gas CO2, storing around 860 Pg C
globally, with 40–70% being in soils [1]. A part of this carbon (C), however, returns each
year back to the atmosphere via soil respiration. Soil respiration is one of the largest natural
sources of CO2 [2] and understanding its drivers is important for predicting its response to
future land management.

In central Europe, almost all forests are subject to management. Forest management
includes the selection of tree species as well as the frequency and intensity of thinning
and harvesting events and, thus, it shapes forest properties at the stand level. Forest
properties include the structural properties of a forest stand, like tree density, basal area
and mean diameter at breast height (DBH) and the forest composition, which is expressed
by tree species’ identity and richness as well as their functional composition, e.g., conifer
share. Forest properties control multiple ecosystem conditions and functions, such as
microclimate and litter production and quality [3–6]. These can influence soil respiration [7]
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in a direct or indirect way but are difficult to be addressed in forest experiments as these
cannot cover all management types and stages found in a landscape. Therefore, soil CO2
efflux measurements at the landscape scale are required to understand the effects of forest
properties on soil respiration.

At present, most studies relating forest properties to soil respiration mainly focus
on single or dual forest properties. Several studies investigate soil respiration across age
gradients, and forest structural properties, like stand basal area and DBH, are commonly
used to explain soil respiration [8,9]. Similarly, the effects of forest composition on soil
respiration are usually studied as single-species effects or, less frequently, along functional
gradients, e.g., from pure deciduous to pure evergreen forests [10–12]. Tree species’ diver-
sity, however, is rarely included in soil respiration studies [13]. Obtaining forest inventory
data from a high number of forest sites is associated with a large amount of effort [14], but
it provides the opportunity to describe the complex effects of forest management on soil
respiration through multiple forest properties, both structural and compositional.

Soil respiration has two components; an autotrophic component that is respired by
roots, mycorrhiza and the rhizospheric microorganism, and a heterotrophic component
respired by soil organisms [15,16]. Autotrophic respiration is mainly determined by root
biomass and activity. Similarly, heterotrophic respiration is determined by soil organism
biomass, composition and activity, which are, in turn, affected by the quantity, quality
and availability of soil organic matter, as well as by soil properties (like texture and pH)
and climate (i.e., soil temperature and moisture). Forest properties can differentially affect
the two components of soil respiration through their impact on root biomass, soil organic
matter and soil environmental conditions.

In forests, in situ soil respiration integrates components derived from the organic layer
and the underlying mineral soil. The C stored in these two pools is not equally protected,
and, frequently, studies compare their C losses through respiration [17,18]. Under field
conditions, this can be done by comparing total soil respiration fluxes with fluxes measured
after removing the organic layer.

Temporal monitoring of soil respiration while maintaining a high spatial coverage
at the regional scale requires a large amount of effort. For this reason, most field studies
on the temporal variability of soil respiration are conducted only on a small number of
sites. However, forest and physicochemical soil properties, like texture, pH and OC stocks,
change at slow rates that can be effectively considered constant over short periods (months
to years), if no management activities (like harvesting and soil amendments) take place
over the examined period. In addition, the spatial patterns of soil respiration remain
relatively stable over the growing season [19]. Thus, single measurements of in situ soil
respiration taken in parallel across a large number of forest sites in a landscape can reduce
the aforementioned constraints and allow the investigation of the spatial variation of soil
respiration during the growing season.

We obtained single soil CO2 efflux measurements of long exposure time (i.e., 5-day-
long) from 150 forest sites in the Biodiversity Exploratories project, which cover a broad
range of forest properties. Four replicated soil CO2 efflux measurements were taken at
each forest site in summer 2018 and 2019 with the soda-lime method. To determine the
contribution of organic layer to the total soil respiration, we measured the CO2 efflux
from the mineral soil after removing the organic layer at a subset of 29 forest sites. We
hypothesized that:

• Since soil respiration consists of an autotrophic and a heterotrophic component, both
soil organic carbon (OC) and root biomass are positively associated with soil CO2
efflux.

• Both forest and soil properties are important drivers of soil CO2 efflux at the landscape
scale.

• Forest structure and composition influence soil CO2 efflux through their impact on
soil OC, fine root biomass and (soil) climate.
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2. Methods
2.1. Study Region

This study was conducted in the framework of the Biodiversity Exploratories project,
which includes three study regions in Germany, the Schwäbische-Alb (ALB), the Hainich-
Dün (HAI) and the Schorfheide-Chorin (SCH). The study regions differ in their geology,
climate and topology (Table 1) and, thus, have different soil types. ALB soils developed
mainly on Jurassic limestone and were clay-rich Leptosols or Cambisol [20]. In HAI, soils
had a loamy or clayey texture due to the dominant geological substrate of loess over
limestone, and the main soil types were Luvisols and Stagnosols. Soils in SCH had a sandy
texture as the geological substrate was glacial until covered by glacio-fluvial or aeolian
sand and were classified as Arenosols or Cambisols.

Table 1. Geographical, topological and climatic characteristics of the three study regions included in
the Biodiversity Exploratories project after Fischer et al. [21]. Abbreviations: AMT: Annual Mean
Temperature, AMP: Annual Mean Precipitation, asl: above sea level.

Parameter Schwäbische-Alb Hainich-Dün Schorfheide-Chorin

Size (km2) ~422 ~1300 ~1300

Geology Calcareous bedrock with
karst phenomena

Calcareous
bedrock

Young glacial
landscape

Altitude (m asl) 460–860 285–550 3–140
AMT (◦C) 6.0–7.0 6.5–8.0 8.0–8.5

AMP (mm) 700–1000 500–800 500–600

2.2. Forests and Forest Properties

We established 50 forest sites in each of the three study regions, resulting in a total of
150 forest sites. Each forest site covered an area of 100 m × 100 m within larger forests. The
forests were dominated by European beech (Fagus sylvatica), oak (Quercus robur and Quercus
petraea), Norway spruce (Picea abies), or Scots pine (Pinus sylvestris). Basic forest and soil
properties for each of the three study regions are listed in Table 2. The wide regional range
of stand tree densities, basal area and conifer share indicates the breadth of forest types
and developmental stages included in our study.

Table 2. Forest and soil properties for the three study regions. Regional mean values and standard
deviations are given. Names and units are given in the first column where the ‘-’ represents coefficients
or count data. Lower case letters indicate significant differences (p-value < 0.05) between study
regions.

Study Region Schwäbische-Alb Hainich-Dün Schorfheide-Chorin

Forest properties
Stand age (y) 87 ± 49 b 133 ± 48 a 107 ± 40 b

Basal area (m2 ha−1) 30.0 ± 10.0 30.5 ± 9.1 30.5 ± 7.5
Mean diameter at breast height (cm) 25.4 ± 10.0 b 26.6 ± 10.0 b 33.3 ± 11.3 a

Stand density (trees ha−1) 701 ± 550 a 568 ± 448 ab 442 ± 492 b
Conifer share (%) 30.1 ± 40.7 a 6.6 ± 22.3 b 37.4 ± 44.2 a

Tree species richness (species ha−1) 6.2 ± 3.1 a 5.6 ± 2.1 a 3.7 ± 1.7 b
Soil properties

Organic layer OC stock (kg m−2) 0.95 ± 0.45 b 0.59 ± 0.18 b 1.8 ± 1.3 a
Mineral soil OC stock (kg m−2) 3.8 ± 0.06 a 3.3 ± 0.07 b 2.4 ± 0.05 c

pH 5.3 ± 0.8 a 4.8 ± 0.9 b 3.5 ± 0.1 c
Silt content (g kg−1 soil) 444.5 ± 107.6 b 646.0 ± 94.4 a 84.8 ± 49.2 c

Clay content (g kg−1 soil) 496.1 ± 104.8 a 301.0 ± 100.3 b 44.8 ± 18.9 c
Total soil depth (cm) 36.4 ± 21.2 c 54.5 ± 13.1 b 88.8 ± 6.3 a

The forest inventory of the 150 forest sites was conducted between 2014–2016 and
included trees with a DBH ≥ 7 cm [14]. Forest structure was described by the basal area
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(m2 ha−1), the mean DBH (cm) and the stand density (number of trees per ha). Stand age
data were obtained from forest administration records or, in the case of HAI unmanaged
forests, estimated from the diameter of the largest 30 trees per ha. Forest composition was
expressed by conifer share (%) calculated as the cumulative basal area of conifer trees over
the total basal area. Tree species’ richness is the number of different tree species found in a
forest stand.

2.3. Soil Properties

Fourteen soil samples of the upper 10 cm of the mineral soil were collected along two
intersecting 40 m transects (Figure S1) in each of the 150 sites in May 2017. There was no
change in forest management within these transects. The upper 10 cm of the mineral soil
reflect approximately the thickness of the A horizon [22], however, samples could contain
a bit of B or E horizon. Undisturbed samples were collected with a split-tube sampler
(Eijkelkamp, Giesbeek, The Netherlands) with a diameter of 48 mm. They were used to
prepare one composite soil sample per forest site. The forest floor at each sampling point
was sampled beforehand within a 15 cm × 15 cm metal frame. All soil samples were
air-dried and sieved to <2 mm, and a portion was ground for elemental analysis. Total
carbon (TC) and total nitrogen (TN) were determined by dry combustion at 1100 ◦C with an
elemental analyzer VarioMax (Elementar, Hanau, Germany). Soil inorganic C concentration
was determined with the same analyzer after removing OC by exposing 250 mg of soil to
450 ◦C for 16 h. Soil OC concentration was calculated as the difference between total and
inorganic C concentration. OC stocks were calculated for (i) the organic layer and ii) the
upper 10 cm of the mineral soil, by considering the dry weight of the sample and the area
sampled. Hereafter, we refer to the sum of the organic stocks from the organic layer and the
10 cm of mineral soil as total soil OC stocks. The soil texture and fine root (<2 mm) biomass
were determined previously for the same sites in 2011 [23]. For soil texture determination, a
combined sieving and sedimentation method was used [24], and the fine root biomass was
determined by weighing the isolated, cleaned and oven-dried roots (at 40 ◦C for two days).

To explain forest soil respiration at the regional scale, we selected the following
physico-chemical soil properties: total soil OC stock (for total in situ soil respiration) or
mineral soil OC stocks (for mineral in situ soil respiration), carbon to nitrogen (C:N) ratio,
silt content and pH and fine root biomass. Clay content is typically assumed to be important
for C stabilization in soils [25] but, in our forest sites, it was not an important predictor
of soil OC stocks after accounting for the effects of study regions [22]. Possibly, this is
because clay content, and generally soil texture variations, were greater between the study
regions than within them, so that variance explained by study regions could be partly due
to differences in particle size distribution. We decided to use silt content in the analysis and
not clay for two reasons: first, to avoid collinearities as clay and silt content were strongly
correlated in our study (R2 = 0.96, with study region effects included), and second, because
silt content is more relevant for available water-holding capacity than clay [26] (Figure S2).
Thus, it is a good indicator for available soil water during the dry soil conditions (such as
those of our study).

2.4. Soil Temperature and Volumetric Water Content

Soil temperature and volumetric water content were recorded in 30-min intervals
in each of the 150 forest sites using the ADL-MX Data Logger System (Meier-NT GmbH,
Zwönitz, Germany) from 2008 to 2019. Soil temperature (◦C) was monitored at a 5 cm
depth below the surface of the mineral soil with the MNT FExtension. The Delta-T ML2X
Soil Moisture Probe (Delta-T Ltd., Cambridge, England) was installed at a 10 cm depth
below the surface of the mineral soil and the voltage measurement was transformed to
volumetric water content (%) using a generalized equation applicable for mineral soils. Soil
temperature and water content sensors were installed in a fenced area (20 m× 20 m) located
within each forest site, but not falling within the soil sampling area (Figure S1). Sub-hourly
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soil climate data were averaged for the period of the soil respiration measurements for each
forest site and year.

2.5. In Situ Soil CO2 Efflux

In this study, the soda-lime absorption method was used with an open and static
chamber to determine soil CO2 efflux. Soda-lime, i.e., mainly Ca(OH)2 and NaOH, was
used as the absorption material [27]. The chemical reactions involved in the absorption of
CO2 are [28]:

2NaOH + CO2 → Na2CO3 + H2O (1)

Ca(OH)2 + CO2 → CaCO3 + H2O (2)

The soda-lime method has been tested against dynamic systems with Infrared Gas
Analyzers and is suitable for applications with large numbers of measurements [27,29].
Moreover, the soda-lime method provides a measure of the cumulative soil CO2 efflux
over periods of hours [27] to weeks [30]. Long installation periods integrate the diurnal
and climatic variability in the measurements [28] and allow the investigation of variables
that emphasize other causes of variability, including forest and soil properties. This is an
advantage of the soda-lime method compared to (single measurements) with IRGA systems
that are influenced to a greater extent by short-term climatic and diurnal conditions.

The chamber design was a modification of previous work from Bierbaß et al., Näthe
et al. and Apostolakis et al. [31–33]. The chamber consisted of a PVC ring with an internal
diameter of 10.0 cm and a height of 12.0 cm; a PVC lid and an O-ring ensured the airtightness
of the chamber (Figure 1). Inside the chamber, soda-lime was contained in a 50 mL syringe
with 64 1-mm-holes held on the lid. A plastic tube passing through a hole on the lid
allowed pressure equilibrium between the headspace of the chamber and the ambient
air. The outer ending of the tube was connected to a syringe containing 10 g of soda-lime
to filter incoming ambient air CO2. To correct for atmospheric CO2 absorbed during the
laboratory and field work, bottom-sealed chambers were used as controls.

Non-hygroscopic soda-lime with a diameter range of 2.4–5.0 mm and a saturation
point of about 28% was used (Fisher Scientific GmbH, Schwerte, Germany). Soda-lime
reacts with CO2 to form CaCO3. The mass of the absorbed CO2 can be determined by the
difference of soda-lime mass before and after the field measurement after drying at 105 ◦C
for 48 h. Dry soda-lime mass was weighed with an accuracy of 0.1 mg before and after the
exposure to soil CO2 efflux. A soda-lime mass of about 4 g d−1 was used and the exposure
time was 5 to 7 days. Each 50 mL syringe containing soda-lime was sealed in a sampling
bag, while syringes of each forest site were stored in CO2-free sampling bags until field
installation. The soil efflux is calculated by the equation [27]

Rs

[
gCO2 −C m−2 d−1

]
=

WGsample [gCO2]−WGblank[gCO2]

Chamber area [m−2]
×

24
[

h
d

]
T [h]

×
12

[
gC
mol

]
44

[
gCO2
mol

] × 1.69 (3)

where WG is the weight gain [g], chamber basal area in [m2], T is the exposure time in [h]
and the factor 1.69 compensates for the H2O formed during CO2 sorption and lost during
drying [28].

Soil CO2 efflux was measured from June to July in 2018 and 2019. Field work started
in HAI followed by the SCH and ALB and lasted two weeks in each study regions. From
the 150 forest sites of the Biodiversity Exploratories project we measured soil CO2 efflux
in 149 sites due to access restrictions in one forest site in HAI. Considering an exposure
time of 5 to 7 days, the measurements coincided in each region for more than 24 h. In
each forest site, we installed four chambers in the 2.5 m projections of the soil sampling
transects (cardinal orientation forming a 40 m length cross; Figure S1) together with one
control chamber. Vegetation-free spots were selected as installation areas. PVC rings were
installed to a depth of 1 to 2 cm into the soil to restrict severing roots. PVC rings and
soda-lime were installed simultaneously. Soda-lime was rewetted before the installation to
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compensate for the initial moisture content of about 18%, since CO2 needs to be hydrated
before reacting with the soda-lime. In a subset of 29 out of the 149 forest sites (nine in ALB
and SCH and 11 in HAI), we measured the mineral soil respiration after removing the
organic layer. The installation of the chambers for the mineral soil respiration happened
right after the removal of the organic layer to ensure similar environmental conditions and
comparability between the two treatments (total and mineral soil respiration). Total and
mineral soil respiration fluxes were measured at the same time. Over the two years, we
conducted 1200 total and 216 mineral soil CO2 efflux measurements and used 300 controls.
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Figure 1. Sketch of the soda-lime method with an open and static chamber (after Apostolakis
et al. [33]). A PVC ring (1) of 12 cm is inserted to the soil down to 2 cm. A PVC lid (2) is placed
over the PVC ring and a plastic O-ring (3) ensures the airtightness of the chamber. The color of
the PVC ring and lid was orange brown. A plastic tube (4), which is glued on the PVC lid with
CO2-impermeable silicon, passes through the PVC lid. This tube provides a flow-channel between
the headspace of the chamber and ambient atmosphere and, thus, pressure equilibrium between the
two. In line with the plastic tube, a syringe (5) with 4 holes of a diameter of 1 mm is placed out of the
chamber. This syringe contains soda-lime granules to prevent atmospheric CO2 from entering the
headspace of the chamber. Inside the chamber, a syringe (6) with 64 holes (1 mm diameter) is held
from a hook and contains soda-lime granules for the determination of soil CO2 efflux.

The soda-lime method is associated with some disadvantages. First, long installation
periods of closed chambers, though common in the literature, can influence the microcli-
mate underneath [27], i.e., heat up when exposed to sun or dry down as rain is excluded.
In contrast, IRGA systems close only for a few seconds or minutes. This effect should,
however, be small in forests with closed canopies and was one of the reasons why the
chambers were only in the field for a few days to prevent a significant change in soil
moisture relative to surrounding soil. Second, if the soda-lime mass is not sufficient, it can
become saturated during the exposure to the soil CO2 efflux. Here, the soda-lime mass
gain did not exceed 9.0% of the initial dry mass (given a saturation point of about 28%) in
any of our measurements (Table S1), which is within the proposed limits [34].
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2.6. Data Analysis

Using the analysis of variance (ANOVA) models and Tukey’s Honest Significant
Difference (HSD) test, we tested for differences in in situ soil CO2 efflux, soil temperature,
soil water content and forest and soil properties (listed in Table 2) among the study regions
and, when applicable, years. Differences were considered significant at p-value < 0.05.

We performed a variance partitioning to find the relative importance of (i) climate (i.e.,
soil temperature and water content), (ii) forest properties (i.e., age, tree density, basal area,
mean DBH, conifer share, tree species richness, fine root biomass) and (iii) soil properties
(organic layer and mineral soil OC stocks, soil C:N ratio, pH and silt content) on in situ
soil CO2 efflux, separately for the two study years. Then, we ran a (backward elimination)
stepwise analysis to evaluate the importance of individual variables on model performance
based on the Akaike information criterion. We examined the significance of the variables
selected from stepwise analysis using the analysis of covariance (ANCOVA). ANCOVA
models were performed assuming a type II sum of squares, which is not influenced by the
order in which the explanatory variables are introduced in the model [35]. Diagnostic plots
were applied to evaluate the assumptions of linearity, normality and homoscedasticity in
the residuals, and to check for influential values. We applied logarithmic transformation on
soil CO2 efflux and square root transformation on conifer share to tackle heteroscedasticity
issues. In the set of independent variables for the ANCOVA models, we used the variance
inflation ratio to test for collinearities, and values ≤3.0 were considered acceptable.

We used Structural Equation Modeling (SEM) to understand how forest structure (i.e.,
tree density and basal area) and composition (i.e., conifer share and tree species richness)
affect soil CO2 efflux not only directly, but also indirectly by influencing fine root biomass,
soil OC stocks and soil water content (Figure S3). Using one-way ANOVA, we removed
the effects of study regions from each variable, and we used their residuals in the SEMs.
Structures with p-values > 0.05 and root mean square errors of approximation (RMSEA)
<0.05 were considered acceptable. The high number of observations (i.e., 142 observations
from 150 forest sites due to missing values) compared to estimated parameters provided
stability against multivariate non-normality issues. We used bootstrapping (with 1000 boot-
strap draws) for additional stability. SEMs represent associations between variables, and
not necessarily causal relationships. However, we interpret these associations as evidence
of management effects and, for simplicity, we often use terms such as ‘effects’ and ‘drivers’
hereafter [36].

Statistical analysis was performed with the R software (Version 3.6.2, Vienna, Aus-
tria) [37]. ANOVA and ANCOVA models were performed with the lm function. Tukey’s
HSD test was performed with the TukeyHSD of the stats package. For the backward
elimination stepwise analysis, the step function from the stats package was used. Variance
inflation ratio was calculated with the vif function of the faraway package [38]. Variance
partitioning was performed with the calc.relimp function using the lmg method of the
relaimpo package [39]. Structural Equation Modeling was performed with the sem function
from the lavaan package [40].

3. Results
3.1. Forest Soil Temperature and Water Content

During field campaigns, the soil temperature ranged from 13.9 to 16.2 ◦C across the
three study regions and two sampling years and increased in the order SCH<ALB<HAI both
in 2018 and in 2019 (Figure 2a). The soil temperature did not differ significantly between
the years in any of the study regions. The soil volumetric water content ranged from
10.4 to 25.2% in 2018 and from 10.0 to 31.9% in 2019 increasing in the order SCH<ALB<HAI
(Figure 2b). Between study years, differences were observed only in HAI, where the soil
water content in 2018 was lower than in 2019. Low soil water content in SCH is probably
explained by the sandy soils found in the region (Table 2) and their lower water-holding
capacity. In ALB, despite the high mean annual precipitation (Table 1) and the high silt and
clay content (Table 2), the soil water content was between that of SCH and HAI, showing
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that sampling in ALB took place during very dry conditions. Higher soil temperature
and lower water content during the summer months of 2018 and 2019 compared to the
10-year-average indicated natural droughts in central Europe during the field campaigns
(Table S2 and Figure S4). Only in HAI in June 2019, the soil water content was not below
the long-term average.
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Figure 2. (a) Soil temperature, (b) volumetric water content and (c) in situ soil CO2 efflux from the
forest sites of the Biodiversity Exploratories project (i.e., 50 forest sites in ALB, 50 in SCH and 49 in
HAI) in 2018 and 2019. Bars represent mean values, and the error bars represent standard deviations.
Upper case letters indicate differences among the study regions in 2018 and lower case letters indicate
differences in 2019. Asterisks indicate differences between the years for a given study region.

3.2. Forest Soil CO2 Efflux

In situ soil CO2 efflux ranged from 0.9 to 3.3 g CO2-C m−2 d−1 in 2018 and from 1.0 to
3.9 g CO2-C m−2 d−1 in 2019. HAI had the highest fluxes in both years (Figure 2c), while
SCH and ALB had the lowest fluxes in 2018 and 2019, respectively. Interestingly, HAI was
also the region with the highest soil water availability in both years (Figure S5), which
possibly influenced soil CO2 efflux. Comparing the two years, soil CO2 efflux differed only
in SCH and it was higher in 2019. Soil CO2 efflux significantly correlated with soil water
content across study regions both in 2018 and 2019 (p < 0.010, Figure S6).

In a subset of 29 forest sites (out of the 150 forest sites), in-situ mineral soil CO2 efflux
ranged from 1.4 to 3.5 g CO2-C m−2 d−1 in 2018 and from 1.1 to 3.8 g CO2-C m−2 d−1 in
2019, and there were no differences between the two years in any study region (Figure 3,
left). In contrast, for these 29 forest sites, in-situ total soil CO2 efflux in SCH was higher in
2019 than 2018 (Figure 3, right), which verified the differences observed in the full dataset
(149 forest sites, Figure 2c). Comparing total and mineral soil CO2 efflux of the same subset
of sites (Figure 3), the total soil CO2 efflux in HAI in 2019 was higher than the respective
mineral soil CO2 efflux, while no differences were observed for the other regions in 2018
and in 2019.
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Figure 3. Total and mineral in situ soil CO2 efflux for a subset of 29 forest sites out of the 150 forest
sites of the Biodiversity Exploratories project. Bars represent mean values, and the error bars represent
standard deviations. Lower case letters indicate differences between total and mineral soil CO2 efflux
for a given study region in 2019. Asterisks indicate significant differences between the years for a
given study region.

3.3. Forest Properties, Soil Properties and (Soil) Climate Effects on Soil CO2 Efflux

Forest properties explained 14% of the soil CO2 efflux variance in 2018 and 20% of the
variance in 2019 (Figure 4). Soil properties explained 15% and 6% of the soil CO2 efflux
variance in 2018 and in 2019, respectively, while (soil) climate explained only 4% and 3%
of the variance in the two years. The explanatory power of forest properties was equal or
larger than that of soil properties, and much larger than that of (soil) climate, underlining
the importance of forest properties as predictors of soil CO2 efflux at the landscape scale.
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Figure 4. Soil CO2 efflux variance partitioning among forest properties (stand age, basal area, mean
breast height diameter, tree density, conifer share, tree species diversity and fine root biomass), soil
properties (organic layer and mineral soil OC stock, soil C:N ratio, silt content and pH) and soil
climate (soil temperature and volumetric water content) for the two sampling campaigns in 2018 and
in 2019.

Based on the ANCOVA models, study regions were always important predictors of
soil CO2 efflux (Table 3). Tree density was negatively associated with soil CO2 efflux both in
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2018 and in 2019, and it was the only variable, other than study regions, that was significant
in both years. Fine root biomass was positively linked with soil CO2 efflux in both years,
but this relationship was significant only in 2019. Similarly, in 2018, the stand basal area
was significantly and negatively related with soil CO2 efflux and silt content was positively
related with soil CO2 efflux, but these relationships were not observed in 2019. The soil pH
was positively related to soil CO2 efflux in both years, but these relationships were only
marginally significant. Similarly, soil temperature and soil water content were positively
related with soil CO2 efflux in 2019, but these relationships were not, or only marginally,
significant.

Table 3. ANCOVA models for soil CO2 efflux in 2018 and in 2019. Full models were stepwise reduced.
Study region effects are given relative to the Schwäbische-Alb region. Stand age, mean diameter at
breast height, tree species richness and mineral soil OC stocks were never selected in the final models.

Soil CO2 Efflux 2018 2019

df =133 df =132
adj. R2 =0.39 adj. R2 =0.42

Model p <0.001 Model p <0.001
Explanatory variable t-value p-value t-value p-value

Intercept 5.68 <0.001 1.41 0.160
Region Hainich-Dün 1.76 0.080 4.42 <0.001

Region Schorfheide-Chorin 1.12 0.267 0.77 0.443
Soil temperature - - 1.52 0.130

Soil water content - - 1.78 0.077
Tree density −2.27 0.025 −3.10 0.002
Basal area −2.31 0.023 - -

Conifer share - - 1.92 0.057
Tree species richness - - - -

Fine root biomass 1.58 0.116 4.87 <0.001
Organic layer OC stock - - −1.73 0.085

Soil C:N ratio −1.62 0.107 - -
Silt content 2.41 0.017 - -

Soil pH 1.77 0.080 1.66 0.100

We used SEM to examine how forest structure and composition affect soil CO2 efflux.
Forest structure was associated with fine root biomass, while forest composition mostly
associated with total soil OC stocks (organic layer and mineral soil organic carbon stocks),
and neither of them associated with soil water content (Figure 5). In detail, tree density was
positively linked to fine root biomass and basal area was negatively linked to it. The conifer
share was positively linked to total soil OC stocks, while tree species richness was not
linked to fine root biomass or to total soil OC stocks. In addition, silt content was negatively
linked to total soil OC stocks, but it did not associate with fine root biomass or with soil
water content. Both in 2018 and in 2019, total soil OC stocks and soil water content were not
linked to soil CO2 efflux but, in contrast, fine root biomass was positively and significantly
linked to it (Figure 5a,b). This led to a positive indirect link from tree density to soil CO2
efflux and a negative indirect link from basal area to it. In addition to the indirect links, tree
density had a negative direct link to soil CO2 efflux both in 2018 and in 2019. Similarly, but
only in 2018, basal area had a negative direct link to soil CO2 efflux and silt content had
a positive direct link to it (Figure 5a). These direct links were not explained by fine root
biomass, total soil OC stocks or soil water content. Considering both direct and indirect
effects, basal area had a negative net effect on soil CO2 efflux both in 2018 and in 2019, and
tree density had a negative net effect that was significant only in 2018 (Figure 5c). No direct
or indirect links were found from conifer share and tree species richness to soil CO2 efflux.
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Figure 5. Structural equation models of soil CO2 efflux measured (a) in 2018 and (b) in 2019 and
(c) net effects. Mediation variables include fine root biomass, volumetric water content and total
soil organic carbon stocks (mineral soil OC and organic layer stocks). Number of observations (n),
degrees of freedom (df), fitness statistics (p-value, RMSEA) and standardized path coefficients and
their significance level are given. Single-headed arrows represent direct paths and double-headed
arrows represent covariances. Solid blue arrows represent positive associations, and dashed red
arrows represent negative associations. Thin arrows represent associations with p < 0.050 (*), medium-
width arrows represent p < 0.010 (**) and thick arrows represent p < 0.001 (***). Coefficients of
determination are given for soil CO2 efflux.
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4. Discussion
4.1. Low Soil CO2 Efflux Due to Dry Conditions

In this study, in situ soil CO2 efflux averaged at 2.1 ± 0.5 g CO2-C m−2 d−1 in 2018
and at 2.2 ± 0.5 g CO2-C m−2 d−1 in 2019. Reported summer soil CO2 effluxes in similar
temperate European forests range from 0.9 to 4.9 g CO2-C m−2 d−1 [8,10–12,17,19,41,42].
Compared to literature values, our in situ soil CO2 effluxes fell into the lower part of the
range. Summer months in 2018 and in 2019 were on average drier and warmer than the
10-year mean (Table S2), which probably led to reduced soil respiration.

In temperate forests, CO2 efflux from the organic layer contributes 38–46% to the total
soil CO2 efflux over the year [17]. In this study, however, differences between total and
mineral soil CO2 effluxes were only observed in HAI in 2019 (Figure 3). Two processes
might explain the lack of differences between total and mineral soil CO2 effluxes in the
other study regions and years: first, the organic layer dries out faster than the underlying
mineral soil, and so soil respiration from the organic layer made a negligible contribution
to the total soil CO2 efflux, and second, autotrophic respiration was the main contributor to
total soil respiration. Regarding the first process, we visually observed during fieldwork
that the organic layers were drier than the underlying mineral soil (no data available),
which supports the idea of reduced microbial activity in the organic layer due to water
limitation. Low soil moisture in the organic layer, and subsequently reduced CO2 emissions,
have been observed in several throughfall exclusion experiments [42–44]. Here, total soil
CO2 efflux was higher than that from the mineral soil only in the case of HAI in 2019
(Figure 3). HAI was also the only study region with significantly different soil volumetric
water contents between the two years (Figure 2b; with 2019 wetter than 2018). However,
neither total nor mineral soil CO2 efflux was related to organic layer or mineral soil OC
stocks (Table 3 and Table S3), indicating that both the organic layer and the mineral soil
were affected by the dry conditions.

For the second process, several studies suggest that the autotrophic contribution to
total soil respiration peaks in summer [43–45]. Some studies have reported reductions in
both the heterotrophic and autotrophic soil respiration under dry conditions [41,42], while
others determined mainly reductions in the heterotrophic respiration [42,43]. This agrees
with the lack of significant correlation between in situ soil CO2 efflux and soil OC stocks,
and the significance of fine root biomass (Table 3). We suggest that water limitations, caused
by two successive summer droughts in Europe in 2018 and in 2019, were responsible for the
lack of differences between total and mineral soil CO2 effluxes. We assume that autotrophic
respiration, i.e., CO2 respired by roots, mycorrhiza and rhizospheric microorganism [15,16],
was probably the main contributor to summer soil respiration in our study.

Fine root biomass has been proposed as an important predictor of soil respiration,
especially at larger spatial scales and a positive relationship with soil respiration has been
shown [19,46]. Similarly, we identified fine root biomass as one of the strongest and most
stable predictors of in situ soil CO2 effluxes at the landscape. Fine root biomass had a
positive effect on soil CO2 fluxes both in 2018 and 2019 (Figure 5), but the effect was stronger
in 2019 compared to 2018.

4.2. Both Forest and Soil Properties Drive Soil CO2 Efflux at the Landscape under Drought

Forest properties, soil properties and (soil) climate explained about a third of the soil
CO2 efflux variance at the landscape scale (Figure 4). Forest and soil properties explained
comparable amounts of soil CO2 variance in 2018, but in 2019, forest properties had a much
greater explanatory power than soil properties. In contrast, climate (i.e., soil temperature
and water content) accounted only for small amounts of soil CO2 efflux variance. In
line with our second hypothesis, both forest and soil properties were important for soil
CO2 efflux at the landscape scale and should be considered when predicting forest soil
respiration at the landscape scale.

Early summer soil temperature and water content were not related to in situ soil
CO2 efflux neither in 2018 nor in 2019 (Table 3). This agrees with previous studies on



Forests 2023, 14, 411 13 of 17

spatial soil respiration dynamics [19], where the spatial variation of soil temperature was
small and, thus, did not explain soil respiration variation. Similarly, in our study, soil
temperature and water content variations in each of the three regions were smaller than the
variation between them (Figure 2) and, thus, did not drive differences in soil CO2 efflux.
In addition, we measured soil CO2 efflux over long installation periods (i.e., from five
to seven days) that are considered to integrate the diurnal and climatic variability in the
measurements [28] and to allow the investigation of variables that emphasize other causes
of variability. Accordingly, observed differences in soil CO2 fluxes are not expected to be
due to differences in soil temperature or water content, but rather due to forest or soil
properties.

In our study, neither the organic layer nor mineral soil OC stocks were (significantly)
related to in situ soil CO2 efflux (Tables 3 and S3), while a previous study on the same forest
sites identified soil OC as important for soil respiration in incubation experiments with
standardized temperature and moisture [47]. In the literature, both strong and weak, posi-
tive and negative relationships have been reported for soil OC and soil respiration under
non-limiting water conditions [7,11,48]. Our fieldwork in 2018 and 2019 was conducted
under drier and warmer conditions in comparison to the 10-year average (Table S2), which,
we hypothesize, reduced the heterotrophic soil respiration and weakened its dependency
on soil OC. Similarly, drought might weaken soil respiration dependency on soil pH and
texture, which are important determinants of soil OC stocks and stability in temperate
forests [25,48,49]. In our SEMs, total soil OC stocks were linked to conifer share and silt
content (Figure 5), but soil OC did not mediate any effect on soil CO2 efflux.

Silt content was positively related to soil CO2 efflux in 2018 (Table 3) and, interestingly,
this effect was not mediated by fine root biomass, soil OC stocks or soil water content
(Figure 5). Soil water in silty soils is more available to plants and microbes compared to
clayey soils [26]. However, to understand these processes, soil water tension measurements,
rather than soil volumetric water content, are needed. The relationship between silt content
and soil CO2 efflux could represent water availability and release characteristics among the
three study regions, since HAI had greater silt content and soil depth than ALB and SCH
(Table 2) as well as higher soil CO2 efflux and available soil water (Figures 2 and S5).

4.3. Forest Structure, but Not Composition, Influence Soil CO2 Efflux at the Landscape
under Drought

Partially in line with our third hypothesis, we found that the forest structure related to
soil CO2 efflux at the landscape, while the forest composition did not. In detail, stand tree
density and basal area decreased soil CO2 efflux (Figure 5c), while conifer share and tree
species richness were not related, directly or indirectly, to soil CO2 efflux. This suggests
that forest management actions that result in forests with lower stand tree density and
basal area, such as thinning, could also result in increased in situ soil CO2 efflux during dry
summertime periods. These forest management actions might also increase soil CO2 efflux
under non-limiting water conditions when heterotrophic respiration contributes more to
soil respiration.

Stand basal area had a negative indirect link with soil CO2 efflux both in 2018 and in
2019, and an additional negative direct link in 2018. The direct link between basal area and
soil CO2 efflux was not mediated by fine root biomass, total soil OC stocks or climate (here,
expressed by soil water content) but, possibly, it relates to a lower fine root activity and
respiration in stands with larger and older trees [50]. The negative relationship between
the basal area and fine root biomass (Figure 5) is not in agreement with the literature.
Studies investigating deeper soil profiles or the whole rooting depth reported positive
relationships between fine root biomass and stand age, basal area or DBH [6,51,52]. This
discrepancy might be due to methodological differences since we sampled only the upper
10 cm of the mineral soil. This might have resulted in an underestimation of fine root
biomass in some age classes or tree species, as the relationship between fine root biomass
and forest properties differs among tree species [53]. In addition, our fine root biomass



Forests 2023, 14, 411 14 of 17

data originated from 2011, and they do not correspond to the soil CO2 efflux study years
(i.e., 2018 and 2019). Even so, our topsoil fine root biomass data explained well the soil CO2
fluxes suggesting, first, that the upper soil fine root biomass might be more relevant for
the soil respiration and, second, that the spatial patterns of fine root biomass might remain
relatively stable interannually.

After considering several forest properties, we found that forest composition is not
important for soil CO2 efflux at least in early summer (Table 3). The conifer share was not
related to summer soil CO2 efflux. Even so, conifer share was positively linked with total
soil OC stocks (Figure 5), presumably due to the positive relationship between the conifer
share and the organic layer OC stocks (R2 = 0.48, p-value < 0.001; including study region
effects). Therefore, the conifer share might be important for C storage in forest soils [54],
and a relevant driver of soil respiration under non-limiting water conditions when the
organic layer contributes to total soil CO2 efflux [17]. Similarly, we did not observe any
relationship, direct or indirect, between tree species’ richness and soil CO2 efflux (or soil
OC stocks), despite recent evidence suggesting that stand diversity is positively associated
with soil respiration [13]. However, our early summer soil CO2 fluxes were affected by
natural droughts, which could have masked additional effects from these forest properties.

5. Conclusions

The drier than regular conditions observed in central Europe in 2018 and 2019 led
to low summer in situ soil CO2 efflux. In situ soil CO2 efflux was positively related with
fine root biomass, but not with organic layer or mineral soil OC stocks. Water limiting
conditions associated with drought events might not only reduce soil respiration, but also
alter the relative contribution of autotrophic and heterotrophic respiration to total soil CO2
fluxes.

The ability of forest properties to explain soil CO2 efflux variation at the landscape
scale was high and remained so over the two study years. Forest structural properties,
i.e., tree density and basal area, were important predictors of soil CO2 efflux, while forest
composition, i.e., conifer share and tree species richness, was not. Fine root biomass partially
mediated the effects of forest structure on soil CO2 efflux, but there were remaining effects
both from tree density and basal area on soil CO2 efflux that were not explained by soil OC
stocks, fine root biomass or climate. Future research should investigate soil respiration and
its sources (autotrophic and heterotrophic respiration) with high spatial coverage at the
landscape scale and, ideally, over an annual timescale, to better understand the effects of
forest properties and management and their importance for carbon cycling.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14020411/s1, Table S1: Minimum, average and maximum values
of soda-lime sample mass increase (% of the initial dry mass) for the 2018 and 2019 campaigns in
the three study regions of the Biodiversity Exploratories project. Mass gain did not exceed the limit
of 9.0% proposed by Janssen et al. [34]; Table S2: Soil temperature and volumetric water content
per month from March to July for the 10-year-average (2008-17) and the two sampling years 2018
and 2019 in the three study regions; Table S3: ANCOVA models for mineral soil CO2 efflux in
2018 and in 2019. Full models were stepwise re-duced. Study region effects are given relative to
the Schwäbische-Alb region; Figure S1: Representative map a forest plot (black square of 100 m
× 100 m) showing the subplots of (i) soil sampling (blue cross of 40 m length), (ii) soil CO2 efflux
measurements (blue square: 2 m × 2 m), (iii) fence of weather station (black square: 12 m × 12 m)
and (iv) climate sensors (grey rectangles: 4 m × 2 m). This map is based on the forest site AEW01
in Schwäbische-Alb; Figure S2: Correlation between soil volumetric water content and (a) silt and
(b) clay content for the two sampling years (i.e., 2018 and 2019) and the three study regions (i.e.,
Schwäbische-Alb: ALB, Hainich-Dün: HAI and Schorfheide-Chorin: SCH). Equation and R2 describe
the linear relationship of soil volumetric water content and silt and clay content over all study regions;
Figure S3: Hypothetical structure to test forest structure and composition effects on soil CO2 efflux
through fine root biomass, total soil OC stocks and soil water content; Figure S4: Mean (a) soil
temperature (◦C) and (b) volumetric water content (%) per month for the 10-year-mean (2008-17) and
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the two study years i.e., 2018 and 2019, for the three study regions (Schwäbische-Alb: ALB, Hainich-
Dün: HAI and Schorfheide-Chorin: SCH). Error bars represent standard deviations around the mean.;
Figure S5: Soil volumetric water content (SVWC) during the soil respiration measurements over Water
holding capacity (WHC) for the three study regions (i.e., Schwäbische-Alb: ALB, Hainich-Dün: HAI
and Schorfheide-Chorin: SCH) and the two years (i.e., 2018 and 2019). Asterisks indicate differences
between the two years for a given study site. Lower-case letters indicate differences between the tree
study regions in 2018 and upper-case letters indicate differences between the tree study regions in
2019.; Figure S6: Correlation between total in-situ soil respiration and soil volumetric water content
for the two sampling years (i.e., 2018 and 2019) and the three study regions (i.e., Schwäbische-Alb:
ALB, Hainich-Dün: HAI and Schorfheide-Chorin: SCH). Equations and coefficient of determinations
describe the linear relationship of total in-situ soil respiration and soil volumetric water content over
all study regions.
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