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fertilized and frequently harvested ones. To assess 
effects of grazing and fertilization intensities and plant 
diversity on soil  CO2 efflux, we used Structural Equa-
tion Modeling to account for direct effects and indirect 
effects through soil and plant organic matter quan-
tity and quality. Soil  CO2 efflux was suppressed by 
limited water availability caused by naturally occur-
ring droughts in both study years. Under the prevail-
ing environmental conditions, grazing intensity, plant 
biomass and plant C:N ratio were not related to soil 
 CO2 efflux. In contrast, fertilization intensity was posi-
tively associated with soil  CO2 efflux (standardized 

Abstract Soil respiration is an important pathway 
of soil organic carbon losses in temperate grasslands; 
however, it is rarely studied across broad management 
intensity gradients in a landscape. Using the soda-lime 
method, we measured in-situ soil  CO2 efflux with sin-
gle measurements of long exposure time (i.e. 3  day 
long) in 150 grasslands in three German regions in 
early summer 2018 and 2019. The grasslands ranged 
from unfertilized and grazed grasslands to intensively 
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coefficient of net effect: + 0.04 in 2018 and + 0.03 in 
2019). This was because fertilization led to lower plant 
species richness and, thus, to lower C:N ratios in soils, 
which were associated with higher soil  CO2 efflux 
(plant species richness net effect: −0.09 in 2018 and 
−0.18 in 2019; soil C:N ratio direct effect: −0.23 in 
2018 and −0.33 in 2019). Intensively managed grass-
lands have higher soil respiration than extensively 
managed, plant species-rich grasslands even under the 
extreme conditions of natural droughts.

Keywords Soil  CO2 efflux · Fertilization · Grazing · 
Organic matter quantity · Organic matter quality · 
Plant diversity

Introduction

Temperate grasslands store large amounts of carbon 
(C) in soils (Jobbagy and Jackson, 2000), and the 
fate of this C is determined by the balance between 
C inputs and losses due to decomposition. Grass-
land management intensification potentially threatens 
soil organic carbon (OC) stocks (Jacobs et  al. 2020; 
Conant et  al. 2017), since it can alter carbon fluxes, 
and especially soil respiration. Improving our under-
standing on the interactions among management, 
biotic drivers and soil respiration, while accounting 
for abiotic and environmental drivers (i.e. soil prop-
erties and climate), can provide important insights 
for sustainable grassland management and climate 
change mitigation (FAO 2010).

Intensification of grassland management, which 
mainly includes fertilization, mowing and grazing, 
increases soil respiration rates globally (Raich and 
Tufekcioglu 2000; Wang and Fang 2009). Fertili-
zation, in general, increases soil respiration, but its 
effect also depends on the amounts and type of nitro-
gen (N) applied (Jones et al. 2006; Luo et al. 2016). 
Both mowing and grazing reduce soil respiration 
presumably by removing plant biomass (Bahn et  al. 
2008). However, most of the studies investigating 
management effects on soil respiration do not con-
sider broad management gradients, and they include 
only a small number of replicated plots, hampering 
our understanding of management effects on grass-
land soil respiration. Since the temporal patterns of 
soil respiration remain relatively constant during the 

growing season (Johnson et  al. 2008), short-term 
measurement campaigns can be used to sample a 
high number of replicated plots (Dias et al. 2010) and 
cover broad management gradients.

Grassland management can influence soil, plant and 
microbial properties to various degrees (Boeddinghaus 
et  al. 2019; Conant et  al. 2017; Herold et  al. 2014a; 
Herold et  al. 2014b; Kleinebecker et  al. 2014), which 
might further affect soil respiration. For example, ferti-
lization increases plant productivity (Socher et al. 2012) 
and the associated C inputs into the soil (da Silva et al. 
2022), which increases the substrate for soil fauna and 
microbial activity. In addition, fertilization decreases 
soil C:N ratio and increases enzymatic activities (Her-
old et al. 2014a), possibly leading to increased C losses 
via decomposition. However, it is still not clear whether 
the quantity or the quality of organic matter, which are 
both influenced by management, mainly control soil 
respiration in temperate grasslands.

Fertilization is a main driver of plant diversity 
loss in grasslands (Blüthgen et al. 2012; Midolo et al. 
2018), which might have an adverse effect on soil OC 
since recent evidence suggests that plant diversity 
increases C storage and decreases losses (Lange et al. 
2015; Steinbeiss et  al. 2008). Furthermore, fertiliza-
tion of grasslands shifts soil microbial composition 
towards bacteria-dominated communities (de Vries 
et  al. 2006), but other studies identified soil proper-
ties as more important drivers of microbial properties 
than management (Herold et  al. 2014a). In conclu-
sion, responses of soil respiration to grassland man-
agement should not only be reported as direct effects, 
but also account for changes that management causes 
to the soil, plant and microbial systems (Apostolakis 
et al. 2022; Koncz et al. 2015).

When investigating the effects of plant diversity 
on soil respiration both positive (Chen and Chen 
2019; Chen et al. 2014; Dias et al. 2010) and neutral 
(Dietrich et al. 2017) effects have been reported. For 
instance, plant diversity can increase plant biomass 
productivity, and exert a positive effect on soil respi-
ration (Craine et  al. 2001; Dias et  al. 2010). In con-
trast, a higher N use efficiency found in species-rich 
grasslands (Kleinebecker et al. 2014) can lead to lower 
N concentrations in plant biomass and litter (Fargione 
et  al. 2007) and, thus, to reduced decomposability. 
Dias et  al. (2010), using Structural Equation Mod-
eling, found that plant diversity increased soil respi-
ration in experimental grasslands (1) by increasing 
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aboveground plant biomass, and (2) by alleviating 
the negative relationship between plant nitrogen on 
plant biomass. However, fertilization increases plant 
productivity and decreases plant diversity (Klaus 
et al. 2018; Tilman et al. 2014), leading possibly to a 
decoupling of the aforementioned processes in man-
aged grasslands. Most experimental studies examin-
ing grassland diversity effects on ecosystem functions, 
simulate plant species losses by random assemblages 
of plant communities at different diversity levels, and 
frequently do not consider interactive effects of man-
agement practices (Klaus et  al. 2020a), which are, 
however, a main driving force of plant diversity and 
ecosystem functioning in real world ecosystems.

We obtained single soil  CO2 efflux measurements 
of long exposure time (i.e. 3  day long) from 150 
grasslands in the Biodiversity Exploratories project, 
which cover a broad management intensity gradient. 
The measurements were taken in summer 2018 and 
2019 with the soda-lime method that is particularly 
suitable to study a high number of sites. Two succes-
sive droughts occurred in central Europe in 2018 and 
2019, which affected our study regions. Our hypoth-
eses were:

• Grassland soil respiration rates differ among the 
three study regions due to climatic and soil differ-
ences.

• Fertilization and grazing intensification indirectly 
increase soil respiration due to increased quan-
tity (i.e. higher plant productivity and soil organic 
matter) and quality (i.e. lower C:N ratios in soils 
and plant biomass) of organic matter.

• Extensive, plant species-rich grasslands have 
lower soil respiration fluxes than intensively man-
aged grasslands due to lower nutrient status.

Methods

Study regions

This study was conducted as part of the Biodiver-
sity Exploratories project that includes three regions 
in Germany; the Schwäbische-Alb (ALB), the Hain-
ich-Dün (HAI) and the Schorfheide-Chorin (SCH) 
(Fischer et al. 2010). The regions differ in their geol-
ogy, climate and topology (Table S1). In ALB, soils 
developed mainly on Jurassic limestone and were 

clay-rich Leptosols or Cambisols (IUSS Working 
Group WRB 2014). In HAI, soils had a loamy or 
clayey texture due to the dominant geological sub-
strate of loess over limestone and the main soil types 
were Cambisols, Stagnosols and Vertisols. Soils in 
SCH were drained Histosols with a loamy texture, but 
also Gleysols, Cambisols, Luvisols and Albeluvisols.

In each study region, we selected 50 agricultur-
ally managed permanent grasslands and, within each 
grassland, we established a plot of 50 m × 50 m (Fis-
cher et al. 2010). Information regarding the regional 
management practices as well as the basic plant, 
microbial and soil properties are given in Table  1. 
Management ranged from unfertilized to heavily fer-
tilized and intensively grazed and/or mowed grass-
lands, covering a wide management gradient. Fer-
tilization, expressed as N additions, was applied as 
organic and/or mineral fertilizer. Grazing, expressed 
as equivalent-livestock units per area multiplied with 
grazing days (i.e. the days the animals are on the plot; 
Blüthgen et al. 2012), included mainly cattle or sheep 
grazing. Due to the high correlation between ferti-
lization and harvesting in our grasslands, mowing 
(expressed as cuts per year) was not included as an 
explanatory variable.

Plant properties

Vegetation data were collected in May 2018 and 
2019 at peak standing biomass. Aboveground bio-
mass was measured in eight 0.5 m × 0.5 m subplots in 
each grassland. The subplots were fenced to prevent 
livestock grazing or mowing prior harvest. Vegeta-
tion was clipped at 20 mm height, dried at 80 °C for 
48  h, weighed and ground for chemical analysis. In 
a nearby 4  m × 4  m subplot, we recorded all vascu-
lar plant species to determine plant species richness. 
We further determined the C and N concentration of 
plant biomass with a Near Infrared Reflectance spec-
trometer (SpectraStar 2400, Unity Scientific, Colum-
bia, MD, USA) (Busch et  al. 2018; Kleinebecker 
et al. 2011). The reflectance spectrum of each sample, 
averaged over 24 scans, was recorded from 1250 to 
2350 nm with 1 nm intervals.

Soil properties

One composite soil sample per grassland was pre-
pared from fourteen soil subsamples of the upper 
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0.10 m of the soil along two intersecting 20 m tran-
sects in May 2017. All soil samples were sieved 
to < 2 mm and air-dried, and an aliquot was ground 
for the elemental analysis. Soil pH was measured in 
the extraction solution of 10  g of soil with 25  mL 
of  CaCl2 (0.01  M) with a pH-meter and a glass-
electrode (WTW pH meter 538, Gießen, Germany). 
Total C and total N were determined by dry com-
bustion at 1100 °C with an elemental analyser Vari-
oMax (Elemental, Hanau, Germany). Soil inorganic 
carbon concentration was determined with the same 

analyser after removing organic carbon (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 carbon. Soil texture 
and fine root (< 2  mm) biomass were determined 
in composite samples collected in May 2011 with 
the same sampling procedure (Solly et  al. 2014). 
They used a combined sieving and sedimentation 
method (DIN ISO 11277, 2002) for soil texture 
determination and weighed the isolated, cleaned 

Table 1  Mean values and standard deviation of management practices and soil, plant and microbial properties of the three study 
regions

Fertilization, grazing and mowing intensity data were obtained from Ostrowski et al. (2020) and averaged for the period 2015–18 
and 2016–19. Plant properties were measured both in 2018 and 2019. Microbial and soil properties were measured in 2017. Fine root 
biomass and soil texture were measured in 2011. Lower-case letters indicate differences among the three study regions in a given 
period. Asterisks indicate significant differences between 2018 and 2019 in a given study region
Differences were considered significant at p-value <0.050

Parameter Study region

Schwäbische-Alb (ALB) Hainich-Dün (HAI) Schorfheide-Chorin (SCH)

Management practices 2015–18
Grazing (livestock unit days  ha−1) 77.8 ± 117.4b 101.5 ± 138.9 ab 186.6 ± 197.5 a
Fertilization (kg N  ha−1) 58.2 ± 87.8a 39.1 ± 52.0 a 3.0 ± 13.0 b
Mowing (cuts  y−1) 1.3 ± 1.1a 1.0 ± 0.7 ab 0.8 ± 0.6 b
Management practices 2016–19
Grazing (livestock unit days  ha−1) 77.3 ± 112.7 103.2 ± 169.6 166.9 ± 188.2
Fertilization (kg N  ha−1) 57.2 ± 77.3a 44.0 ± 52.5a 3.6 ± 12.7b
Mowing (cuts  y−1) 1.4 ± 1.1a 0.9 ± 0.7ab 0.8 ± 0.6b
Plant properties
Abovegr. biomass (g  m−2, 2018) 178.5 ± 96.5b 145.4 ± 72.0b 364.6 ± 156.2a*
Abovegr. biomass (g  m−2, 2019) 128.6 ± 84.3b 158.4 ± 114.3b 223.4 ± 114.1b
Species richness (per 16  m2, 2018) 30.4 ± 8.8b 37.3 ± 13.4a 25.8 ± 7.2b
Species richness (per 16  m2, 2019) 32.0 ± 8.1b 42.2 ± 12.9a 24.1 ± 7.0c
Abovegr. biomass C:N ratio (2018) 24.4 ± 3.8ab* 23.7 ± 2.6b 26.4 ± 5.4a*
Abovegr. biomass C:N ratio (2019) 21.7 ± 4.9 21.7 ± 2.2 22.0 ± 5.6
Fine root biomass (g  cm−3, 2011) 1.3 ± 1.1b 6.0 ± 2.5a 6.9 ± 4.2a
Microbial properties
Microbial carbon (µg C  g−1) 815.7 ± 152a 729.1 ± 159.3a 582.7 ± 352.5b
Microbial nitrogen (µg N  g−1) 137.4 ± 38.7 140.4 ± 41.4 136.3 ± 97.1
Soil properties
Clay (g  kg−1 soil) 536.1 ± 133.3a 422.6 ± 126.6b 173.8 ± 86.5c
Silt (g  kg−1 soil) 406.6 ± 114.0b 520.122.0a 372.1 ± 190.7b
Sand (g  kg−1 soil) 57.4 ± 45.0b 57.6 ± 23.1b 454.2 ± 221.0a
pH 6.3 ± 0.6b 6.9 ± 0.5a 6.5 ± 0.9b
Soil organic carbon (g C  kg−1) 69.8 ± 14.3b 49.9 ± 12.1b 95.5 ± 90.7a
Soil nitrogen (g N  kg−1) 6.8 ± 1.5b 4.9 ± 1.2b 10.4 ± 9.0a
Soil C:N ratio 10.4 ± 0.7a 10.2 ± 0.5a 9.4 ± 1.4b
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and oven-dried roots (at 40 °C for two days) for fine 
root determination.

Microbial properties

Aliquots of sieved soil (from the composite samples 
collected in May 2017, stored at -20  °C) were used 
for microbial analysis. Microbial C and N concentra-
tion was determined with the chloroform-fumigation-
extraction method (CFE), according to Vance et  al. 
(1987) and Keil et al. (2011). Fumigated sample rep-
licates were incubated with ethanol-free  CHCl3 for 
24  h. C and N were extracted from each fumigated 
and non-fumigated replicate (5  g each) with 40  ml 
0.5  M   K2SO4. The suspension was horizontally 
shaken (30  min, 150  rpm) and centrifuged (30  min, 
4400 × g). C and N concentrations in diluted extracts 
(1:4, extract:deionized  H2O) were measured with a 
TOC/TN analyser (Multi N/C 2100S, Analytik Jena 
AG, Jena, Germany). No correction factors account-
ing for the extractable fraction of microbial C and N 
were used to calculate microbial biomass.

Soil temperature and volumetric water content

Soil temperature (°C) and volumetric water con-
tent (%) were recorded in 30-min intervals in each 
grassland since 2008 using the ADL-MX Data Log-
ger System (Meier-NT GmbH, Zwönitz, Germany). 
Instruments were installed in fenced areas (2 m × 2 m) 
within the managed grasslands. Soil temperature 
was monitored at 0.05  m depth below the surface 
of the mineral soil with the MNT-FExtension and 
water content at 0.10 m with the Delta-T ML2X Soil 
Humidity Probe (Delta-T Ltd, Cambridge, United 
Kingdom). Sub-hourly soil temperature and volumet-
ric water content data were averaged with respect to 
soil respiration measurement dates, for each grassland 
site and study year.

Soil  CO2 efflux

Soil  CO2 efflux was measured with an absorption 
method using soda-lime as the absorption material 
along with an open and static chamber. The chamber 
design was based on previous work of Bierbaß et al. 
(2015) and Näthe et  al. (2018). The chamber con-
sisted of a PVC ring (internal diameter = 0.10 m and 
height = 0.12 m), a PVC lid and an O-ring to ensure 

air-tightness (Fig. S1). A plastic tube passing through 
a hole on the PVC lid allowed pressure equilibrium 
between the chamber and the ambient air. The outer 
ending of the tube was connected to a syringe con-
taining 10 g of soda-lime to filter incoming ambient 
air  CO2. Inside the chamber, soda-lime was contained 
in a 50 mL syringe with 64 1-mm-holes held on the 
PVC lid.

Non-hygroscopic soda-lime with a diameter range 
of 2.4–5.0  mm and a saturation point of about 28% 
was acquired from the Fisher Scientific GmbH, Ger-
many. Soda-lime is mainly Ca(OH)2 and NaOH and 
reacts with  CO2 to form  CaCO3. Dried soda-lime 
mass (105 °C for 48 h) was weighed with an accuracy 
of 0.1 mg before and after the exposure to soil  CO2 
efflux. Each 50 mL syringe containing soda-lime was 
sealed in a sampling bag, while syringes from each 
grassland site were stored in  CO2-free sampling bags 
until field installation. To correct for atmospheric 
 CO2 adsorbed during the laboratory and field work, 
bottom-sealed chambers following the same design 
were used as controls. The installation time was about 
three days (i.e. 65 to 70 h). For each measurement, we 
used 12 g of dried soda-lime per installation day. We 
determined the absorbed  CO2 mass by the difference 
between the dried soda-lime mass before the field 
measurement and the dried soda-lime mass after the 
field measurement (i.e. weight gain, WG). The soil 
 CO2 efflux was calculated by the equation (Keith and 
Wong 2006):

where WG is the weight gain [g], CA is the chamber 
basal area in  [m−2], T is the installation time in [h] 
and the factor 1.69 compensates for the  H2O formed 
during  CO2 sorption and lost during drying (Grogan 
1998).

Soil  CO2 efflux measurements were taken from 
June to July in 2018 and 2019 following the order 
HAI (from 28 of May to 20 of June), SCH (from 21 
of June to 12 of July) and ALB (from 14 to 30 of 

Rs
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July). Four chambers, forming a square of 10 m side 
length, were installed for the measurement of soil 
 CO2 efflux in each grassland site and one bottom-
sealed trap served as control. Aboveground vegeta-
tion was clipped and removed from the installation 
area and PVC rings were plugged down to 10–20 mm 
soil depth. Measurements (i.e. installation of soda-
lime and PVC lids) started five to six days after veg-
etation clipping. Just before installation, we applied 
deionized water to the dried soda-lime to compensate 
for the initial moisture content (about 18%) that was 
lost during drying, since  CO2 needs to be hydrated 
before reacting with the soda-lime. Over the two cam-
paigns, we installed 1200 traps and 300 controls for 
the determination of soil  CO2 effluxes.

In our study, the soda-lime mass gain was lower 
than the proposed limit of 10% per dry mass (given 
a saturation point of about 28% per dry mass, Jans-
sens et  al. 2000) to avoid saturation of soda-lime 
(Table S2). In addition, we tested the performance of 
the soda-lime method against an infra-red gas ana-
lyser (Li8100A, LI-COR Biosciences) in a grassland 
with soil pH = 7.5 over a period of three days. Based 
on a one-way Analysis of Variance (ANOVA) model, 
we did not detect significant differences between 
measurements taken with the two methods (Fig. S2).

Data analysis

Using ANOVA models and the Tukey’s Honest Sig-
nificant Difference (HSD) test, we tested for differ-
ences in in-situ soil  CO2 efflux, soil, plant and micro-
bial properties and environmental conditions among 
the three study regions, and, when possible, between 
the two study years. Differences were considered 
significant at p-value < 0.05. We performed a vari-
ance partitioning to find the relative importance of 
(1) climate (i.e. soil temperature and moisture), (2) 
management (i.e. fertilization and grazing intensi-
ties), (3) plant properties (i.e. plant species richness, 
aboveground biomass, fine root biomass and plant 
C:N ratio), (4) microbial properties (microbial C and 
C:N ratio) and (5) soil properties (SOC, soil C:N 
ratio, pH and silt content) on soil  CO2 efflux. Then, 
we ran a (backward elimination) stepwise analysis to 
evaluate the importance of the individual variables on 
model performance based on the Akaike information 
criterion. Based on the selected variables from step-
wise analysis, we examined the significance of these 

variables using Analysis of covariance (ANCOVA) 
models. ANCOVA models were performed assuming 
a type II sum of squares, which is not influenced by 
the order in which the explanatory variables are intro-
duced in the model (Zuur et  al. 2009). Diagnostic 
plots were applied to evaluate the assumptions of lin-
earity, normality and homoscedasticity in the residu-
als, and to check for influential values. We applied 
logarithmic transformations on soil  CO2 efflux and 
plant species richness to tackle heteroscedasticity 
issues. In the selected set of independent variables for 
the ANCOVA models, we used the variance inflation 
ratio to test for collinearities. The (maximum) vari-
ance inflation ratios was ≤ 3.0 (in detail: 1.4 in 2018 
and 1.6 in 2019) and our models were considered 
acceptable.

We used Structural Equation Modeling (SEM) to 
separate direct from indirect effects of grazing and 
fertilization intensities on soil respiration and, fur-
ther, to test whether the indirect effects of grazing and 
fertilization are mediated by organic matter quantity 
and/or quality. For this, we developed an initial struc-
ture where fertilization intensity, grazing intensity 
and soil water content were included as independent 
variables, while plant species richness, soil organic 
carbon, soil C:N ratio, plant biomass and plant C:N 
ratio and soil  CO2 efflux were included as dependent 
variables (Fig. S3). However, plant biomass and plant 
C:N ratio were never associated with soil  CO2 efflux 
and, thus, they were not included in the final mod-
els. Using one-way ANOVA models, 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. 139 
observations in 2018 and 147 observations in 2019 
from 150 grasslands due to missing values) compared 
to estimated parameters provides stability against 
multivariate non-normality issues. In addition, we 
used bootstrapping (with 1000 bootstrap draws) for 
additional stability. Structural Equation Models repre-
sent associations between variables, and not necessar-
ily 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.

Statistical analysis was performed with the R soft-
ware (R Core Team 2020). ANOVA and ANCOVA 
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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 (Faraway 2016). 
Variance partitioning was performed with the calc.
relimp function using the lmg method of the relaimpo 
package (Groemping 2006). Structural Equation 
Modeling was performed with the sem function from 
the lavaan package (Rosseel 2012).

Results

Soil temperature and water content

In the three study regions, soil temperature ranged 
from 14.5 to 22.8  °C in 2018 and from 14.6 to 
24.2  °C in 2019. Soil temperature increased in the 
order SCH < HAI = ALB in 2018 and in the order 
HAI < SCH < ALB in 2019 (Fig.  1a). Soil tempera-
ture differed between the two study years in every 
study region, and was higher in 2019 than 2018 in 
ALB and SCH, but lower in HAI. Soil volumetric 
water content ranged from 7.4 to 51.5% in 2018 and 

from 7.0 to 43.6% in 2019. In 2018, soil water content 
did not differ among the three study regions, while 
in 2019 it increased in the order SCH < ALB < HAI 
(Fig.  1b). Between the two study years, soil water 
content differed only in HAI, and it was higher in 
2019 than 2018. The ratio of soil water content over 
the water holding capacity increased in the order 
ALB = SCH < HAI both in 2018 and 2019 (Fig. S4). 
Compared to the 10-year average, soil temperature 
was exceptionally high, and soil water content low, 
during and before our sampling months, suggesting 
exceptionally dry conditions both in 2018 and 2019 
(Fig. S5).

In-situ soil  CO2 efflux

In the three study regions, in-situ soil  CO2 
efflux ranged from 0.5 to 6.9 in 2018 and 1.1 to 
9.2 g  CO2-C  m−2  d−1 in 2019. In 2018, soil  CO2 efflux 
did not differ among the study regions, while in 2019 
it increased in the order ALB = SCH < HAI (Fig. 1c). 
Between the two study years, soil  CO2 efflux differed 
only in HAI, and it was higher in 2019 than 2018, fol-
lowing the increase observed in soil volumetric water 
content (Fig. 1b).

Fig. 1  a Soil temperature at 0.05  m soil depth, b soil volu-
metric water content at 0.10 m soil depth and c soil respiration 
in 2018 (white) and 2019 (grey) for the three study regions; 
Schwäbische-Alb = ALB; Hainich-Dün = HAI and Schorf-
heide-Chorin = SCH. Bars show mean values and error bars 
show the standard error of the samples. Numbers at the base of 

the bars indicate the number of observations available in each 
study region and year. Asterisks indicate significant differences 
between the years for a given study region (p-value < 0.05). 
Upper (for 2018) and lower-case letters (for 2019) indicate dif-
ferences among the three study regions in the two years
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Drivers of in-situ soil  CO2 efflux

Soil properties (i.e. SOC, soil C:N ratio, pH and silt 
content) explained 7% in 2018 and 14% in 2019 of 
soil  CO2 efflux variance, which was higher than the 
variance explained by climate, management, plant or 
microbial parameters (Fig.  2). In contrast, manage-
ment (i.e. fertilization and grazing intensities) had 
the lowest explanatory power (~ 1%) in both years. 
Microbial properties (i.e. microbial C and C:N ratio) 
accounted for only 1% in 2018 and 4% in 2019 of soil 
 CO2 efflux variance, and plant properties (i.e. plant 
species richness, aboveground biomass, fine root bio-
mass and plant C:N ratio) explained 5–6% in both 
years. Climate parameters (i.e. soil temperature and 
water content) accounted for 4% in 2018 and 14% 
in 2019 showing the largest change between the two 
years.

ANCOVA models explained 18% of the variation 
in in-situ soil  CO2 efflux in 2018 and 46% in 2019, 
respectively (Table 2). Study regions were important 
predictors of soil  CO2 efflux in both study years. Fer-
tilization and grazing intensities were rarely selected 

in the final models (only fertilization in 2019), and 
their effects were not significant. This indicates that 
management did not affect soil respiration at least 
directly. Soil volumetric water content had a strong 
positive effect on soil  CO2 efflux, indicating water-
limiting conditions in both study years. In 2018, plant 
species richness and soil C:N ratio were selected in 
our final models, and had a significant and a mar-
ginal negative effect on soil  CO2 efflux, respectively. 
In 2019, microbial C and silt content had significant 
positive effects on soil  CO2 efflux. Soil texture is 
important for water, nutrient and gas fluxes in soils, 
and the effect of silt on respiration is possibly related 
to this. As in 2018, soil C:N ratio had only a mar-
ginal effect on soil  CO2 efflux in 2019. Finally, graz-
ing intensity, soil temperature, plant biomass and C:N 
ratio, fine root biomass, soil OC concentration and 
microbial C:N ratio were not selected as predictors of 
soil  CO2 efflux in neither of the study years.

Fig. 2  Variance partitioning of in-situ soil respiration in 2018 
and 2019 with five explanatory groups: (i) climate (soil tem-
perature and volumetric water content), (ii) management (graz-
ing and fertilization intensities), (iii) plant properties (plant 
species richness, aboveground plant biomass, plant C:N ratio 
and fine root biomass) (iv) microbial properties (microbial bio-
mass C and C:N ratio) and (v) soil properties (soil OC concen-
tration, soil C:N ratio, pH and silt content)

Table 2  Linear models (according to ANCOVA type II) of in-
situ soil respiration in 2018 and 2019 with management inten-
sities, soil water content, plant, microbial and soil properties

Full models were stepwise reduced according to Akaike infor-
mation criterion. Study region effects are given relative to 
the Schwäbische-Alb (ALB) region. Fertilization and grazing 
intensities refer to average management practices in the peri-
ods 2015–18 and 2016–19. Significant predictors are given in 
bold (p-value <0.05). Grazing intensity, soil temperature, fine 
root biomass, plant and microbial C:N ratios and soil organic 
carbon were never selected in the final models. Abbreviation: 
df = degrees of freedom; HAI = Hainich-Dün; SCH = Schorf-
heide-Chorin

In-situ soil respira-
tion

In 2018 In 2019

df = 133 Model p df = 138 Model p

R2 = 0.18  < 0.001 R2 = 0.46  < 0.001
Parameter t-values p-values t-values p-values
Intercept 4.84  < 0.001 2.08 0.040
Region HAI  − 1.12 0.263 4.38  < 0.001
Region SCH  − 0.21 0.831 3.26 0.001
Fertilization – – 1.86 0.066
Soil water content 2.22 0.028 3.51  < 0.001
Plant richness  − 2.08 0.040 – –
Microbial C – – 2.45 0.015
Soil C:N ratio  − 1.63 0.100  − 1.71 0.090
Soil pH – –  − 1.60 0.112
Silt content – – 3.02 0.003
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Indirect management intensity effects on in-situ soil 
 CO2 efflux

We used Structural Equation Modeling to investigate 
indirect effects of fertilization and grazing intensities 
on in-situ soil  CO2 efflux through organic matter quan-
tity (expressed as plant biomass and soil organic carbon 
concentration) and quality (expressed as C:N ratios in 
plant biomass and soils) (Fig. S3). Plant biomass and 
C:N ratio were not related to soil  CO2 efflux and, thus, 
not included in the final models. Soil water content 
had a positive effect on soil  CO2 efflux in both years 
(Fig. 3). In both years, soil C:N ratio was directly and 
negatively associated with soil  CO2 efflux, while soil 
OC concentration was positively associated with soil 
 CO2 efflux only in 2019 (Fig. 3c). Plant species rich-
ness was indirectly and negatively associated with soil 
 CO2 efflux due to its positive correlation with soil C:N 
ratios in 2018 and, in addition, due to its negative cor-
relation with soil OC concentration in 2019 (Fig.  3b, 
d). Grazing intensity remained unrelated to soil  CO2 
fluxes in both study years. Finally, in both years, fertili-
zation intensity was positively linked to soil  CO2 efflux 
by decreasing plant species richness and the associated 
decreased soil C:N ratio but, in 2019, this effect was 
offset by a positive indirect effect mediated by soil OC 
concentration.

Discussion

Grassland soil respiration is rarely studied over broad 
management gradients, partially due to logistical 
constraints associated with covering a high tempo-
ral and spatial scale. Since the temporal patterns of 
soil respiration remain relatively stable in the grow-
ing season (Johnson et al. 2008), short-term measure-
ments can be used to measure in-situ soil respiration 
in a large number of grasslands (Dias et  al. 2010), 
and, thus, to identify drivers of soil respiration at the 
regional scale. Here, using the soda-lime method, we 
determined in-situ soil  CO2 efflux with single meas-
urements of long exposure time (i.e. 3  day long) in 
150 temperate managed grasslands in three regions 
in Germany, to assess fertilization and grazing inten-
sity effects on soil  CO2 efflux through changes in 
plant species richness and organic matter quantity and 
quality.

Grassland soil respiration was severely impacted by 
dry conditions

In this study, in-situ soil respiration in summer 
averaged at 2.8 ± 1.1   gCO2-C   m−2   d−1 in 2018 and 
3.9 ± 1.3   gCO2-C   m−2   d−1 in 2019. Soil respira-
tion in temperate grasslands peaks in early sum-
mer time and, frequently, reaches values higher than 
5   gCO2-C   m−2   d−1 (Bahn et  al. 2008; Burri et  al. 
2014; Koncz et  al. 2015; Moinet et  al. 2019, after 
unit conversion). Thus, compared to the literature, our 
summer soil respiration fluxes were relatively low. 
This, together with the strong correlation between 
soil respiration and soil water content (Table 2), indi-
cates suppressed soil respiration because of the lim-
iting water conditions in summers 2018 and 2019 
(Fig.  S5; Apostolakis 2022). In our first hypothesis, 
we expected that soil respiration would differ among 
the three study regions due to their differences in cli-
matic, soil and ecological conditions (Table  1 and 
S1). Indeed, we observed differences among the three 
study regions in 2019, when soil respiration in HAI 
was higher than in ALB and SCH, but not in 2018 
(Fig.  1c). This discrepancy between the two study 
years was possibly caused by a slightly less severe 
drought in 2019 compared to 2018 (Fig. S5), a condi-
tion that was more profound in HAI (Fig. 1b). Thus, 
the particularly dry conditions in 2018 most likely 
suppressed soil respiration, and masked differences 
among the three study regions.

Apart from masking study region effects on soil 
respiration, drought also altered the dependency of 
in-situ soil respiration from soil properties, like the 
soil OC. In more detail, soil respiration did not corre-
late with soil OC concentration in 2018, but it did in 
2019 (Fig. 3). Similarly, Dietrich et al. (2017) found 
that microbial basal respiration did not correlate with 
soil OC under a naturally occurring summer drought, 
while they correlated in the summer of the next year 
that was wetter. Some studies have suggested that 
droughts suppress heterotrophic respiration more than 
autotrophic respiration both in forests and grasslands 
(Apostolakis 2022; Moinet et  al. 2019), but such 
observations are frequently reported together with 
strong correlations between soil respiration and root 
biomass. Here, using fine root biomass data measured 
in 2011, we did not observe a correlation between soil 
respiration and root biomass.
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Fig. 3  a, c Structural Equation Models for soil respiration in 
2018 and 2019 explained by grazing and fertilization intensi-
ties, soil volumetric water content, plant species richness and 
soil organic carbon concentration and soil C:N ratio. Sin-
gle-headed arrows indicate direct paths and double-headed 
arrows indicate covariances. Solid, blue arrows indicate posi-
tive effects, and dashed, red arrows indicate negative effects. 
Number of observations (n), degrees of freedom (df), fitness 

statistics (p-value, RMSEA) and standardized path coefficients 
and their significance level (0.100 > m > 0.050; *p < 0.050; 
**p < 0.010; ***p < 0.001) are given. Coefficients of deter-
mination  (R2) are given for soil respiration. b, d Net effect of 
grazing and fertilization intensities and plant species richness 
on soil respiration in 2018 and 2019. Blue bars indicate posi-
tive net effects and red bars indicate negative net effects
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Fertilization intensity has positive but small effects 
on in-situ soil respiration

Grazing and fertilization intensities were not impor-
tant predictors of in-situ soil respiration (Table  2), 
but, when we accounted for indirect effects (with 
Structural Equation Modeling), we found that ferti-
lization was indirectly and mostly positively linked 
with soil respiration (Fig. 3a, c). Fertilization-induced 
effects on soil respiration were stronger in the drier 
(2018) than in the wetter (2019) year (Fig.  3b, d), 
which is in contrast with previous findings for fer-
tilization effects on microbial basal respiration in 
temperate grasslands under dry and wet summers 
(Dietrich et  al. 2017). The two successive years of 
drought, compared to the single dry year in the study 
of Dietrich et  al. (2017), might have led to legacy 
effects in the plant and microbial communities, con-
tributing to the discrepancy between the studies. In 
addition, organic fertilization can partly compensate 
for yield losses due to drought (Klaus et  al. 2020b) 
which could lead to more pronounced effects from 
fertilization on soil respiration under drier conditions.

Studies investigating fertilization effects on soil 
respiration in grasslands often report contrasting 
results including both positive (Jia et al. 2012; Jones 
et  al. 2005) and negative responses (Ward et  al. 
2017). Fertilization can influence soil respiration 
through many mechanisms, i.e. by causing changes 
in soil and plant properties. For instance, fertiliza-
tion effects on plant properties involve (1) increases 
in aboveground productivity (Socher et  al. 2012), 
(2) reductions in belowground productivity (Bardg-
ett et al. 1999), and (3) plant species loss (Isbel et al. 
2013; Midolo et  al. 2018). In addition, fertilization 
alters the nutrient status of soils and plants (Apos-
tolakis et  al. 2022; Blüthgen et  al. 2012; Dietrich 
et  al. 2017; Herold et  al. 2014a), which can further 
alter soil respiration, and its autotrophic and hetero-
trophic components (Zechmeister-Boltenstern et  al. 
2015; Zhang et al. 2014). Environmental conditions, 
fertilization type and time-length of the experi-
ments (short- vs long-term) possibly determine the 
relevance of the different mechanisms involved and 
might obscure comparison between studies. Partially 
in line with our second hypothesis, we found that 

fertilization intensity indirectly increased soil respira-
tion by altering both the organic matter quantity and 
quality of soils, but not of plant biomass. The lack of 
an effect from plant biomass and quality on soil respi-
ration might be because of the droughts: (1) droughts 
occurred in June and lasted until autumn in 2018 and 
in 2019 affecting our in-situ soil respiration measure-
ments (measured in June and July in both years), but 
not the plant properties that were measured earlier 
(in mid-May in both years) and/or (2) plant residues 
possibly occurred in upper soil depths that were drier 
due to low rainfall and higher evapotranspiration than 
deeper soil depths, which inhibits microbial activity 
and decomposition.

Fertilization intensification was positively asso-
ciated with soil respiration even though indirectly 
(Fig. 3). In detail, fertilization intensification was neg-
atively associated with plant species richness, while 
plant species richness was positively linked to soil 
C:N ratio and negatively linked to soil OC concen-
tration. On their turn, soil C:N ratio was negatively 
linked to in-situ soil respiration both in 2018 and in 
2019, and soil OC was positively linked to in-situ 
soil respiration only in 2019. However, in 2019, these 
effects were offset by a negative effect from fertili-
zation on soil OC concentration. Thus, in our grass-
lands, both soil organic matter quantity and quality 
are potentially important drivers of soil respiration, 
but soil organic matter quality is a stronger driver 
than quantity and its effects vary less inter-annually 
(i.e. depend less on the environmental conditions).

Grazed grasslands are associated with higher 
soil  CO2 efflux and soil microbial respiration com-
pared to mowed grasslands, possibly due to a higher 
microbial biomass and more diverse and degrada-
ble C inputs into the soil as animal excretions in the 
grazed grasslands (Gilmullina et  al. 2020; Ma et  al. 
2021; Owensby and Auen 2020). In this work, graz-
ing intensity was not associated with in-situ soil res-
piration neither directly nor indirectly via soil organic 
matter quantity and quality (Fig. 3). Similarly, in the 
same grasslands, grazing was found to affect nutrient 
cycling mostly via plant properties, and not via soil 
properties (Apostolakis et  al. 2022). In this study, 
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plant properties effects on soil respiration were pre-
sumably dampened by the severity or the timing of 
the droughts.

Extensive, plant species-rich grasslands associate 
with lower in-situ soil respiration compared to 
intensive, species-poor grasslands

Plant diversity effects on soil respiration have been 
found to be positive (Chen and Chen 2019; Dias et al. 
2010) or neutral (Dietrich et  al. 2017), and they are 
frequently reported as direct effects (Spehn et  al. 
2000). In contrast to most studies, we found that 
plant species richness indirectly reduced in-situ soil 
respiration due to decreased soil OC concentration 
and increased soil C:N ratio (Fig. 3). However, plant 
diversity effects on soil respiration were ultimately 
driven by fertilization, since fertilization intensity is 
a main driver of plant species richness in managed 
grasslands. As fertilization increases grassland pro-
ductivity and reduces its biodiversity, fertilization 
intensity reverses the positive link between plant bio-
mass and productivity observed in biodiversity exper-
iments (Oelmann et al. 2021).

Extensively managed grasslands host richer plant 
communities compared to intensively managed ones 
(Blüthgen et  al. 2012). Species-rich grasslands are 
characterized by conservative, slow growing plant 
communities with a high N use efficiency (Busch 
et  al. 2018; Kleinebecker et  al. 2014). This leads to 
lower N concentrations in plant biomass and lit-
ter and, as a consequence, slower litter decomposi-
tion (Chen et al. 2017; Fargione et al. 2007; Lavorel 
et al. 2011). Apart from plant chemistry, plant species 
richness was also negatively associated with (above-
ground) plant productivity in our grasslands (Socher 
et al. 2012). Plant productivity can increase soil respi-
ration, possibly because of increased C inputs into the 
soil (Craine et al. 2001; Dias et al. 2010; Malhi et al. 
2010). In our grasslands, the negative plant species 
richness gradient driven by fertilization intensifica-
tion was positively associated with plant biomass and 
negatively associated with plant C:N ratio (Apostola-
kis et  al. 2022), but these changes did not influence 
soil respiration (Fig. S3) in neither of the study years, 
presumably because of the droughts. In line with our 
third hypothesis, we suggest that the aforementioned 
characteristics of extensive, plant species-rich grass-
lands lead to slower C cycling compared to intensive, 

species-poor grasslands, which has also been pro-
posed for root turnover and N and P cycling (Apos-
tolakis et al. 2022; Oelmann et al. 2021; Solly et al. 
2014) and, thus, to lower soil respiration fluxes.

Conclusions

Management intensification is a main driver of eco-
system degradation in temperate grasslands, driving 
plant species loss and alterations in C cycling. Under 
the prevailing dry conditions of this study, fertiliza-
tion intensity indirectly increased soil respiration, and 
its effects were accompanied by a plant species rich-
ness loss and both soil organic matter quantity and 
quality. Soil organic matter quality increasing effects 
on soil respiration were observed in both study years, 
while those of soil organic matter quantity only in one 
of the years. This suggests that organic matter quality 
has a stronger and more stable effect on soil respira-
tion than organic matter quantity. Intensively man-
aged, plant species-poor grasslands have a faster C 
cycling than extensive, species-rich grasslands even 
under the extreme conditions of a natural drought. 
Since C cycling is tightly coupled with nutrient 
cycling, grassland management and plant diversity 
effects on litter and soil organic matter decomposi-
tion will, at least partially, determine the availability 
of other nutrients for plant uptake or leaching. Grass-
land management guidelines that consider the protec-
tion of biodiversity are needed in order to cease, if not 
to reverse, plant species loss and to ensure ecosystem 
functioning.
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