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Shifts in soil microbial stoichiometry and metabolic quotient provide
evidence for a critical tipping point at 1% soil organic carbon
in an agricultural post-mining chronosequence
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Abstract
Soil microbial C:N:P stoichiometry and microbial maintenance respiration (i.e. metabolic quotient, qCO2) were monitored along
a nutrient gradient in soils from a 52-year space-for-time chronosequence of reclaimed agricultural land after brown-coal mining.
Land reclamation produced loess soils of initially low (0.2%) SOC. Consecutive agricultural land management led to a gradual
recovery of SOC contents. Our data revealed sudden shifts in microbial stoichiometry and metabolic quotient with increasing
SOC at a critical value of 1% SOC. As SOC increased, accrual rate of C into microbial biomass decreased, whereas microbial N
increased. Simultaneously, metabolic quotient strongly decreased with increasing SOC until the same critical value of 1% SOC
and remained at a constant low thereafter. The microbial fractions of the soil in samples containing < 1% SOC were out of
stoichiometric equilibrium andwere inefficient at immobilising C due to highmaintenance respiration. Increasing SOC above the
threshold value shifted the soil microbes towards a new equilibrium where N became growth limiting, leading to a more efficient
acquisition of C. The shift in microbial N accrual was preluded by high variation in microbial biomass N in soils containing 0.5–
0.9% SOC indicative of a regime shift between microbial stoichiometric equilibria. Our data may help in establishing a quan-
titative framework for SOC targets that, along with agricultural intensification, may better support feedback mechanisms for a
sustainable accrual of C in soils.
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Introduction

Chronosequences of post-mining areas are ideal model sys-
tems to study soil processes related to the formation of soil
organic matter (SOM) over time, because these soils, typically
being reclaimed over decades from the same carbon-poor
overburden substrates, form a succession of soil development
with almost identical starting conditions and well-defined
dates of origin (Bartuska and Frouz 2015; Dworschak and
Rose 2014; Walker et al. 2010). As SOM content is linked
to crop yield through its nutrient content and water retention in
soil (Oldfield et al. 2019), it is important to gain a deeper
understanding of the mechanisms promoting C sequestration
in agricultural soils (Singh et al. 2018). Agricultural

management, however, too often promotes C depletion of
SOM (Liu et al. 2010; Panettieri et al. 2014; Paustian et al.
2004), while these soils instead could represent a globally
important C sink (Chabbi et al. 2017; Minasny et al. 2017;
Poulton et al. 2018). Traditionally, the build-up and persis-
tence of soil organic C (SOC) were thought to depend on
the chemical ‘recalcitrance’ of plant inputs to decomposition,
yet recent research provides compelling evidence for microbi-
al necromass as the main contributor to the stable SOM frac-
tion in soils (Kallenbach et al. 2015, 2016; Miltner et al. 2012;
2009). It is now thought that, after microbial death, with each
iterative turnover of the microbial community, a fraction of its
necromass is stabilised by the mineral soil matrix, leading to a
gradual accrual of SOC (Chenu and Stotzky 2002; Kögel-
Knabner et al. 2008; Liang et al. 2017). This theory implies
a reconsideration of the build-up and maintenance of soil car-
bon stocks, which requires a better understanding and man-
agement of soil microbial biomass (Fang et al. 2020;
Kallenbach et al. 2015, 2016; Khan and Joergensen 2019;
Kirkby et al. 2013).
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Ecological stoichiometry sets physiological constraints on
the incorporation of C and other nutrients into microbial bio-
mass (Marklein and Houlton 2012; Mooshammer et al. 2014;
Sinsabaugh et al. 2009; Sinsabaugh andMoorhead 1994), and
provides a compelling framework for the management of
SOC (Buchkowski et al. 2019; Hessen et al. 2004).
However, the regulation of the build-up and maintenance of
microbial biomass in soils is still not well understood.
Generally, microbial biomass C (MB-C) grows linear with
increasing SOC content (Anderson and Domsch 1989), but
microbial biomass N (MB-N) and P (MB-P) may not grow
at the same rate, leading to stoichiometric mismatch between
microbial consumer and resource (Khan and Joergensen 2019;
Mulder et al. 2013). Soil microorganisms can respond to such
a stoichiometric imbalance by either adjusting their stoichiom-
etry to match the resource (plasticity) or by maintaining a
fixed stoichiometry (homeostasis) (Spohn 2016). Both require
adaptations on the individual level, e.g. by expelling or storing
nutrients (Manzoni and Porporato 2009) and adjusting exoen-
zyme production (Allison and Vitousek 2005; Sinsabaugh
et al. 2009), and/or on the community level through shifts in
community composition to species that are better adapted to
the constraints of the resource (Ma et al. 2019; Zechmeister-
Boltenstern et al. 2015). However, a consensus on the stoi-
chiometric plasticity of soil microbial biomass and a good
mechanistic understanding of the factors driving the relation-
ship between soil and microbial stoichiometry have not yet
been reached (Cleveland and Liptzin 2007; Ehlers et al. 2010;
Fanin et al. 2017; 2013; Hartman and Richardson 2013; Li
et al. 2012; Xue et al. 2019).

In contrast to aquatic systems, nutrients in soil are mostly
bound to organic matter and only a fraction is freely accessible
to microorganisms (Griffiths et al. 2012). This transient avail-
ability of readily accessible C substrates is the main limiting
factor for microbial activity in soils (Demoling et al. 2007;
Kaiser 1994; Kamble and Bååth 2014; Kuzyakov and
Blagodatskaya 2015). As a result of this, the vast majority of
soil microbiome remains in a dormant state most of the time
while maintaining only basic metabolic processes
(Blagodatskaya and Kuzyakov 2013; Joergensen and
Wichern 2018).

The specific metabolic quotient (qCO2), typically given as
the ratio of basal C respiration rate (respired CO2) to unit
biomass C (MB-C), measures the energy required for the
long-term maintenance of the microbial biomass in soils
(‘maintenance respiration’; Anderson and Domsch 1985a,
1985b). Stoichiometric imbalance requires higher mainte-
nance respiration (Griffiths et al. 2012) and can lead to a
gradual decline of soil microbial biomass if C is not sufficient-
ly supplied (Anderson and Domsch 1985a; Blagodatsky and
Richter 1998; Joergensen and Wichern 2018). Still, the rela-
tionship between soil stoichiometry and maintenance respira-
tion is not well explored. The metabolic quotient (qCO2) is a

measure of the fundamental physiological state of the micro-
bial community. It is influenced by the fungal to bacterial
biomass ratio in soils (Nannipieri et al. 2003; Sakamoto and
Oba 1994) and has been widely used as an indicator of change
in the eco-physical status of soil microorganisms (Anderson
and Domsch 2010), for example during succession (Insam
and Domsch 1988; Insam and Haselwandter 1989), land use
change (Hartman and Richardson 2013; Xu et al. 2017) or due
to soil management (Zhou et al. 2017) and disturbance (Insam
et al. 1996; Odum 1985).

In this study, we investigated changes in microbial stoichi-
ometry and metabolic quotient along a soil nutrient gradient of
a post-mining agricultural chronosequence, formed from the
reclaimed land of the open-cast brown-coal mine Inden, North
Rhein-Westphalia, Germany. Homogeneous agricultural loess
soils have been restored in this region according to a
standardised process for over 50 years (Dworschak and Rose
2014; Pihlap et al. 2019; Lucas et al. 2019), forming an ideal
space-for-time substitution (Pickett 1989; Walker et al. 2010)
for the study of stoichiometric changes during soil develop-
ment after restoration. We studied both the cultivated arable
fields and their arable margins (grass strips directly bordering
the arable fields), because we expected the unmanaged mar-
gins would have higher SOM contents due to the lack of
ploughing nor regular removal of plant biomass. Half a cen-
tury of soil development since restoration has given rise to a
SOM gradient along the chronosequence, ranging from SOC-
poor freshly deposited young soils to the more developed
arable soils after 52 years of cultivation with maximum SOC
content in arable margins.

We hypothesised that (1) soil microbial biomass in the
chronosequence soils would not follow strict homeostasis;
(2) soil microbes would be in a state of stoichiometric imbal-
ance in young, nutrient-poor soils; (3) soil microbial stoichi-
ometry will gradually converge to an optimum ratio with in-
creasing age/SOM content; and (4) the metabolic quotient
(qC02) will be high in soils with stoichiometric imbalance
and would decrease as optimum ratio is reached.

Materials and methods

Formation of chronosequence soils

The study was conducted in a 52-year post-mining agricultur-
al chronosequence near Inden, Germany (50°52′44.6″N 6°19′
04.4″E; Fig. S1). Mean annual temperature is 9.8 °C and the
mean annual precipitation is 829 mm. The mining company
RWE Power AG (Essen, Germany) extracted lignite from the
earth via open-cast mining. This involves completely remov-
ing the topsoil and subjacent layers of tertiary sands to a depth
of > 100 m in order to expose the lignite seam beneath. After
lignite has been extracted, the cavity is filled again with the
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material which was previously removed. The process of ex-
traction and restoration is continuous as the mining company
follow the lignite seam. Large conveyor belts continuously
transport material from the front of the mine (where excava-
tion proceeds) to the back of the mine (where exaction has
ended) to refill the cavity and restore the land to its previous
usage. This has given rise to a > 50-year chronosequence of
restored agricultural soils, whereby the restored soils closest to
the mine are the youngest and those further away increase in
age. The reclamation process has hardly changed in decades
(Dumbeck 1992, Dworschak and Rose 2014). RWE has kept
detailed records of the mine’s trajectory through the landscape
and the dates of when the land was restored. At the front of the
mine, diggers first remove the top soil loess layer, occasion-
ally reaching down to 12 m depth, and carefully separate it
from deeper substrate layers of tertiary sands. Then, the loess
and sandy substrates are each separately mixed and moved by
conveyor belts to fill up the backside of the mine, where on
top of the tertiary sands a 2-m layer of homogenised loess
(containing 1% former topsoil, 0.2% SOC) is evenly spread
(Dworschak and Rose 2014). The ceaseless process creates a
continuum of very homogeneous but successively older agri-
cultural loess soils, while the open-cast mine continues to
advance through the landscape.

Management of reclaimed land after mining

Reclaimed soils typically received in the first year an initial
fertilisation of 60, 120 and 180 kg ha−1 of N, P and K fertiliser
respectively, and are cultivated for three subsequent years with
alfalfa (Medicago sativa) without any further fertiliser or bio-
cide applications. Four to 7 years after reclamation, fields typ-
ically undergo a wheat and barley crop rotation. Cereals are
fertilised by NPK and CAN (calcium ammonium nitrate) min-
eral fertilisers, and receive in addition in the fourth and seventh
year of reclamation 30 t ha−1 of organic fertiliser (compost),
resulting in a total annual fertilisation rate of 200, 80, 60 and
40 kg ha−1 of N, P, K and Mg fertiliser, respectively. After
7 years, fields are returned to the previous owners and are
usually managed with a sugar beet-winter wheat crop rotation.
The perimeters of the arable fields were left unmanaged and are
only between 20 and 100 cm wide. These strips we here name
‘arable margins’. They differ only in that they were not inten-
sively cultivated, i.e. had a continuous grass cover and were
seldomly ploughed. Due to their narrow width, we assume that
the arable margins received the same mineral fertiliser input as
the arable fields. Minimum sampling distance between arable
field and arable margin soils was 10 m (Fig. S2).

Soil sampling

Soil sampling took place in March 2016 in ten sites of ages 1,
2, 3, 4, 5, 10, 26, 37, 45 and 52 years after reclamation at the

time of sampling. The location of sampling sites was deter-
mined by the exact recordings of the former locations of the
mine (Fig. S1). Most sampling sites were less than 3000 m
apart and the maximum distance between sampling sites was
6000 m. At each site, soil was sampled from the reclaimed
arable field and from the arable margins directly bordering the
arable fields (factor ‘soil origin’). Information on the crop
growing at time of sampling can be found in the supplemen-
tary material (Table S1). Per field, five technical replicates,
each consisting of five pooled soil cores (6 cmØ, with a depth
of 10 cm), were collected (for more details, see Roy et al.
(2017)). At the adjacent arable margins, three technical repli-
cates consisting each of two soil cores were sampled. All
samples were sieved (2 mm), roots and stones removed, and
stored at 4 °C prior to analysis.

Measurement of soil nutrients, microbial
stoichiometry and microbial respiration

Soil organic C (SOC) was measured after the removal of inor-
ganic C by addition of 10% HCl (Nelson and Sommers 1996)
and determined by combustion together with total soil N (Ntot)
using a C/N element analyser (Flash 2000 Thermo Fisher
Scientific GmbH, Germany). Soil extractable P was measured
using the calcium-lactate extraction method (Schüller 1969).

Soil microbial biomass C (MB-C) and N (MB-N) were
determined via the chloroform fumigation-extraction (CFE)
method (Vance et al. 1987) using the respective extraction
constants for C and N, kEC = 0.45 and kEN = 0.54
(Joergensen 1996; Wu et al. 1990). Samples were shaken with
0.5 M K2SO4 on a platform shaker for 30 min (1:4
soil:extractant ratio) to extract available C and N (soil extract-
able C (Cext) and N (Next)). Extracts were frozen until mea-
surement with a Multi N/C 2100S (Analytik Jena, Germany).
Soil microbial P (MB-P) was determined using a modified
anion exchange membrane method (Kouno et al. 1995;
Myers et al. 1999) using hexanol instead of chloroform to
induce cell lysis (Clausing et al. 2020). P concentration in
the extracts was measured using the Murphy and Riley color-
imetric test (Murphy and Riley 1962) with a microplate reader
(photometric wavelength 710, Varioskan™, Thermo Electron
Corporation, Germany). Some extracts for MB-C/MB-N anal-
ysis were lost during failure of the Multi N/C analyser,
resulting in unequal numbers of replicates between sites.

The metabolic quotient (qCO2; CO2-C mmol MB-C
mol−1 h−1) was calculated as the microbial basal respiration to
unit microbial biomass C (MB-C). Microbial basal respiration
was measured over 24 h with a micro-compensation apparatus
(Scheu 1992). Prior to measurement, fresh soil with 3 g equiv-
alent dry soil were adjusted to 50% water holding capacity and
incubated overnight at 20 °C. Respiration rates were converted
from O2 consumption to CO2-C respired using the ideal gas
constant (e.g. 1 μl O2 ~ 12/22.4 = 0.53 μg CO2-C).
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Statistical analyses

Non-linear shifts in microbial nutrient accrual and metabolic
quotient (qCO2) with increasing SOC were revealed by
breakpoint analysis. Data were subsequently ln(x + 1) trans-
formed for linearity and subset into two groups by a soil nu-
trient content grouping variable with two factors (soil nutrient
content either above or below a critical value). Segmented
regression was performed on the subset data to give individual
slopes for the two groups. To determine whether the two
slopes of the segmented regressions were significantly differ-
ent from the slopes where no grouping criteria were applied,
an ANCOVA analysis was performed (linear model with
grouping variable interaction). All statistical analyses were
conducted in R (version 3.5.0) using the base and stats pack-
ages (R Core Team 2018). The segmented function in the
package segmented was used to calculate breakpoints in the
data (Muggeo 2008). Other R packages used for graphing and
data handling include ggplot2 (Wickham 2016), dplyr
(Wickham et al. 2018), tidyr (Wickham and Henry 2018),
lattice (Sarkar 2008) and latticeExtra (Sarkar and Andrews
2019).

Results

Development of soil nutrients and microbial
stoichiometry over time after restoration

Changes in soil nutrient levels (SOC, total N, extractable P)
and microbial biomass (MB-C, MB-N, MB-P) followed a
similar pattern with increasing age after restoration (Fig.
S3a-f). Initially, soil nutrients and microbial biomass in-
creased at the same rate in both arable and arable margins in
soils aged 1–5 years. After 10 years, the accumulation of SOC
and microbial biomass ceased in the arable soils, but contin-
ued to increase in the margin soils (Fig. S1a-e). SOC ranged
between 0.21 and 0.93% in arable soils and between 0.22 and
4.47% in the margin soils.

Plotting the ratios of soil C:N versus microbial biomass
C:N (MB-C:N) with the soil C:N calculated either from
SOC and total N (SOC:Ntot) or from the extractable C and N
(Cext:Next) (Fig. 1a, b) showed slopes strongly deviating from
the 1:1 line (where microbial C:N is exactly balanced by the
C:N of the soil resource). Generally, variation in MB-C:N
relative to soil stoichiometry was high in young soils and
decreased with soil age, indicating a progressively constrained
stoichiometry within the soil microbial community with in-
creasing soil age after recultivation. In particular, the changes
in microbial C:N relative to extractable soil C:N appeared
vertically directed towards the 1:1 line as indicated by signif-
icant linear relationships in soils aged 4, 10 and 26 years after
recultivation (Fig. 1b). In soils aged > 26 years, the slopes

decreased and the values converged close to the 1:1 line with-
in a narrow range of extractable soil C:N (Cext:Next). This was
true for both arable and margin soils, despite significant dif-
ferences in total amounts of C and N (Fig. S3a-b). We calcu-
lated the final microbial C:N ratio as the MB-C:N values
where the slope crossed the 1:1 line in soils aged 37, 42 and
52 years; these were 4.4, 4.6 and 5.6 respectively.

Microbial biomass accumulation as a function of SOM

Nutrient contents of soil microbial biomass generally in-
creased with increasing SOC content. However, the rate of
increase inMB-C andMB-Nwas not constant with increasing
SOC (Fig. 2) due to shifts in microbial stoichiometry around a
threshold value of 810 mmol kg−1 SOC (~ 1% SOC). In soils
containing < 810 mmol kg−1 SOC, MB-C increased strongly
with increasing SOC (slope μ1 = 1.2; Table 1). Above this
threshold, accrual rate of MB-C decreased by 50% MB-C
compared to the soils below the threshold (slope μ2 = 0.58;
Table 1). Conversely, increasing SOC content had the oppo-
site effect on microbial N accumulation (Fig. 2). There was a
weak accumulation of MB-N with increasing SOC in soils
containing < 450 mmol kg−1 SOC (slope μ3 = 0.48;
Table 1), whereas above the critical value of 810 mmol kg−1

SOC, microbial N accumulation rate doubled (slope μ4 =
0.81; Table 1). The shift in microbial N accrual was preluded
by a region of high variance within MB-N in soils containing
450–700 mmol kg−1 SOC (0.5–0.9% SOC). Microbial P
(MB-P) increased gradually with SOC (slope μ5 = 0.31;
Table 1) and no shift in P accrual rate was observed. Soil total
N (Ntot) was strongly correlated to SOC (Fig. S4); therefore,
whenMB-Nwas plotted as a function of Ntot (Fig. 3), a similar
shift in MB-N was observed. Here, the shift to increased ac-
crual rate of MB-N (slope μ7 = 1.03; Table 1) occurred at a
critical value of 32 mmol kg−1 Ntot (~ 0.045% Ntot).

Parallel to the shifts in accrual rate of MB-C and MB-
N, there was also a shift in the relationship of metabolic
quotient (qCO2) to SOC at the same critical value of
810 mmol kg−1 (~ 1%) SOC (Fig. 4). qCO2 decreased
log-linearly with increasing SOC until the critical value
(slope μ8 = − 0.72; Table 1); above the critical value,
qCO2 remained at a low level of 4.46 ± 1.26 (CO2-C
mmol h−1 MB-C mol−1) independent of increasing SOC.

Discussion

In the recultivation chronosequence, the relationships of mi-
crobial C:N ratio to soil C:N ratio were driven by soil age after
recultivation (Fig. 1a, b). Values above the 1:1 line indicate
good N availability due to a narrow soil C:N relationship. Yet
the microbial biomass was characterised by surprisingly high
C:N ratios, especially in soils aged < 10 years (Fig. 1a, b).
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These young soils showed the largest differences between
microbial and resource (soil) C:N ratio, demonstrating a sub-
stantial stoichiometric imbalance. According to high MB-
C:N, Pihlap et al. (2019) assumed N limitation of microorgan-
isms by investigating young reclaimed soils of the Garzweiler
chronosequence with roughly comparable loess substrates in
50 km distance of our sites. With increasing soil age, variation
in microbial stoichiometry decreased as microbial C:N con-
verged towards the 1:1 relationship with soil C:N, pointing to
a weak homeostatic regulation of microbial C:N in these soils
(Scott et al. 2012). Since total SOC and soil N are not imme-
diately accessible to microorganisms, the extractable C and N
give a much better approximation of the potentially available
resources in soil (Griffiths et al. 2012). The (linear) conver-
gence of microbial C:N towards the 1:1 line (Fig. 1b) clearly
shows that the microbes better adjust to the available resource
(Cext:Next) rather than to the total resource (SOC:Ntot) stoichi-
ometry, irrespective of soil origin being arable or arable mar-
gin. Our estimation of MB-C:N in soils aged 37–52 years was
approximately 5:1, which is lower than the global average as
reported by Cleveland and Liptzin (2007) but well within

range of previously reported microbial biomass C:N values
for agricultural fields (Kallenbach and Grandy 2011). It shows
that stoichiometric imbalance was a strong driver to balance
soil microbial communities towards equilibrium with soil
stoichiometry.

There is intensive discussion about the extent of variation
in soil microbial stoichiometry and the factors driving it
(Cleveland and Liptzin 2007; Fanin et al. 2017; 2013;
Hartman and Richardson 2013; Li et al. 2012; Xue et al.
2019). Changes of the homogeneous soil substrate along the
chronosequence revealed regular stoichiometric patterns of
alterations in soil and microorganisms, which enable a better
mechanistic understanding of the processes underlying varia-
tion in microbial stoichiometry and the associated formation
of SOC.

Critical thresholds in microbial stoichiometry

Variation in microbial stoichiometry was not random. The
much higher accrual rate (slope) of MB-C in soils with low
SOC content in comparison to the accrual ofMB-N andMB-P

M
B-
C:
N

M
B-
C:
N

Fig. 1 Scatter plots and slopes (dashed line) of amolar soil total C:N ratio
(SOC:Ntot) versus molar microbial biomass C:N ratio (MB-C:N) and b
molar available C:N ratio from extractable C and N (Cext:Next) versus
molar microbial biomass C:N ratio (MB-C:N) in soils of different ages

(1–52 years) after recultivation for arable field (filled circle) and arable
margin (open circle). Values are shown in comparison to the 1:1 (solid)
line. Adjusted R2 and p values are given in case of significant linear
relationships
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(Fig. 2) reflects a higher microbial demand for C than N and P
(Mulder et al. 2013). The most limiting element, C, showed a
strong increase in microbial biomass with increasing SOC
relative to the other elements until a critical threshold (1%
SOC), where microbial stoichiometry was characterised by
decreasing C and increasing microbial N demand (Fig. 2).
Well-developed soils function as a slow-release fertiliser,
where nutrients bound to SOM are gradually released upon

mineralisation by extracellular enzymes (Sanderman et al.
2017). This buffering pool of C and nutrients was however
largely lacking in the SOM-poor, less-developed agricultural
soils. Farrell et al. (2014) demonstrated that under such con-
ditions microbial uptake of dissolved N-containing low-
molecular-weight molecules, such as peptides and amino
acids, is primarily driven by microbial C demand rather than
N demand. As soil organic C and N content increased above

Fig. 2 Accrual of C (MB-C), N
(MB-N) and P (MB-P) in micro-
bial biomass (mmol kg−1) with
increasing soil organic C (SOC,
mmol kg−1) in arable field soils
(circles) and bordering arable
margin soils (triangles). Data
were ln(x + 1) transformed and
segmented linear regression was
applied. See Table 1 for regres-
sion statistics. Upper x-axis SOC
unit given in %

Table 1 Table of segmented regression statistics and ANCOVAmodel
results for individual slopes μ1–μ9 of Figs. 2, 3 and 4. All variables were
ln(x + 1) transformed for linearity. Microbial biomass C (MB-C), N (MB-
N) and P (MB-P) and metabolic quotient (qCO2) (y variables in Figs. 2, 3
and 4) were modelled as a function of soil organic carbon (SOC) or soil
total nitrogen (Ntot) (x variables in Figs. 2, 3 and 4). Wherever a critical
threshold in x or y (xc or yc) was identified via breakpoint analysis, the
data were subset into two groups: e.g. x < = xc and x > xc. Segmented
linear regression was carried out on the subset data, resulting in two

slopes per xy variable pair. To determine whether the two slopes of the
segmented regressions were significantly different from the slopes where
no grouping criteria were applied, an ANCOVA analysis was performed
(linear model with grouping variable interaction). All ANCOVA models
showed a significant difference to the model without grouping variable
interaction (confidence interval, p < 0.01). ANCOVA results shown in
the table are from the regression model including grouping variable.
Significance levels: p < 0.1 (*); p < 0.05 (*), p < 0.001 (***)

Linear regression of ln(x + 1) transformed data subset according to the breakpoint ANCOVA

Slope ref. Fig. ref. x y n R2 Slope Intercept Significance Critical value (variable, mmol kg−1) R2 F df Sig

μ1 2 SOC MB-C 67 0.88 1.20 − 4.85 *** SOC ≤ 810 0.93 537.4 [3,75] ***

μ2 2 SOC MB-C 12 0.61 0.58 − 0.27 ** SOC> 810

μ3 2 SOC MB-N 39 0.59 0.48 − 2.31 *** MB-N ≤ 1.0 0.95 390.2 [3,67] **

μ4 2 SOC MB-N 32 0.83 0.81 − 3.74 *** MB-N > 1.0

μ5 2 SOC MB-P 46 0.74 0.31 − 1.69 * N/A N/A N/A N/A N/A

μ6 3 Ntot MB-N 33 0.09 0.17 − 0.13 ns Ntot ≤ 32 0.91 261.60 [3,75] ***

μ7 3 Ntot MB-N 39 0.85 1.03 − 2.73 *** Ntot > 32

μ8 4 SOC qCO2 62 0.53 − 0.72 6.70 *** SOC ≤ 810 0.63 42.57 [3, 69] **

μ9 4 SOC qCO2 11 0.03 0.09 0.95 ns SOC> 810
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the critical value, the stoichiometric demands of the microbes
could be better satisfied, as shown by the increased assimila-
tion rate of N into microbial biomass with increasing SOM
(slope μ4; Fig. 2). This demonstrates a shift from principal C
limitation below the critical value, to microbial co-limitation
of C and N above, where N became the next growth-limiting
nutrient after C (Ma et al. 2019; Traoré et al. 2015). The
accrual of C, N and P into microbial biomass with increasing
SOM follows exactly the same pattern in both arable and

margin soils until 1% SOC, but only margin soils that surpass
1% SOC show a sudden decrease in the accrual rate of MB-C
and an increase in the accrual rate of MB-N.

High microbial maintenance respiration due to
stoichiometric imbalance

A parallel shift in qCO2 occurred at the same critical 1% SOC
value and revealed high respiratory C losses below the

Fig. 4 The metabolic quotient
(qCO2) as a function of soil
organic C (SOC) content in arable
field soils (circles) and bordering
arable margin soils (triangles).
Data were ln(x + 1) transformed
for normality and segmented lin-
ear regression was applied. See
Table 1 for regression statistics.
Upper x-axis SOC unit given in%

Fig. 3 Accrual of microbial
biomass N (MB-N) as a function
of soil total N (Ntot) in arable field
soils (circles) and bordering ara-
ble margin soils (triangles). Data
were ln(x + 1) transformed for
normality and segmented linear
regression was applied. See
Table 1 for regression statistics
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threshold, indicating stoichiometric imbalance of the microbi-
al community (Schimel and Weintraub 2003; Sinsabaugh
et al. 2013, 2016). In soils containing less than 1% SOC,
MB-C was low while the microbes showed a high demand
for C (Fig. 2) but simultaneously high C losses per unit bio-
mass (Fig. 4), indicating that a large proportion of the ingested
C was lost through respiration and could not be converted to
microbial biomass. The apparent inability of the microbes to
assimilate more C into biomass likely results from high mi-
crobial investments for resource acquisition in the resource-
poor soils that trade-off against microbial growth (Malik et al.
2019; Ramin and Allison 2019). These processes likely con-
strain the rates of C accrual in soil.

Generally, rates of C accrual from microbial biomass via
necromass into SOC are not constant, but depend on the C
saturation status of the soil matrix, which is a function of clay
content (Frouz 2017; Stewart et al. 2007). Rates of C accrual
decrease as soils approach C saturation (Kimetu et al. 2009;
Stewart et al. 2009), but this does not necessarily equate to an
increase of C accrual in soils far from C saturation. Instead,
empirical measurements of C sequestration in post-mining
chronosequences show a hyperbolic function with reduced
rates of C and N accrual in both soils close to and far from
C saturation (Bartuska and Frouz 2015; Frouz 2017).
Assuming that the proper functioning of a soil is maintained
by mineralisation of C and nutrients from SOM, a minimum
amount of SOMwould be required for the necessary feedback
processes to work. In agreement, Frouz (2017) concluded
from empirical measurements of changes in SOC of
chronosequence soils over time that a ‘soil that has already
accumulated some C will have a greater ability to accumulate
additional C’. Given that the conversion rates of C into micro-
bial biomass via microbial necromass directly feed back on
the formation of SOC (Buchkowski et al. 2019), reduced rates
of C accrual in soils far fromC saturation (Bartuska and Frouz
2015; Frouz 2017) could be explained by increased microbial
metabolic expenditures due to stoichiometric mismatch.

We infer that increasing SOC above the critical 1% SOC
value transitioned the microbes into a new state where incor-
poration of C into biomass was more efficient (Fig. 4), as
demonstrated by the parallel shifts in microbial stoichiometry
and qCO2. This result is in line with previous studies which
showed that decreases in the ratio of soil C to the next growth-
limiting nutrient (C:X) lead to decreases in qCO2 (Hartman
and Richardson 2013; Keiblinger et al. 2010; Spohn 2015;
Spohn and Chodak 2015), demonstrating the coupling of nu-
trient limitation to qCO2 and nutrient-use efficiency. The rapid
decrease in qCO2 in the chronosequence soils on approach to
the critical value again indicates that microbes were out of
stoichiometric equilibrium but moved quickly into a more
nutrient-efficient stoichiometric state once soil nutrient con-
tent exceeded the critical value of 1% SOC. Correspondingly,
Insam and Domsch (1988) on the study of forest restoration in

post open-cast mining land reported a dramatic decrease of
qCO2 once soil nutrient content exceeded 1% SOC, demon-
strating that this observation is not only limited to agricultural
soils.

Microbial stoichiometric transitions occur at different
critical values for different nutrients

Our data do not only indicate a shift in stoichiometric state due
to the crossing of a critical threshold level of SOM but also
indicate that these microbial stoichiometric transitions occur at
different critical values for different nutrients. Ntot was highly
correlated to SOC (Fig. S4); therefore, a similar pattern to-
wards increasing microbial N limitation was observed when
MB-N was described as a function of soil Ntot (Fig. 3). The
shift in MB-N occurred at 32 mmol kg−1 soil Ntot. Soils with
this concentration of total N contained approximately
400 mmol kg−1 SOC (~ 0.5% SOC; Fig. S4). Whereas the
shift in C accrual rate occurred at 1% SOC (Fig. 1), meaning
that the shift towards microbial N limitation (at ~ 0.5% SOC)
commenced at an earlier critical value of SOC.

Furthermore, shifts in microbial N accrual show that stoi-
chiometric transitions were not smooth, but preceded a phase
of high variability between 30 and 60 mmol kg−1 Ntot (0.04–
0.08% Ntot). This high variation has been observed on the
approach to a tipping point, which can be indicative of a sys-
tem entering a critical state (Clements and Ozgul 2018).
According to Scheffer et al. (2012), a decisive prerequisite
for a tipping point is a positive feedback which drives the
change to an alternative state after exceeding a threshold.
Thus, once a critical level of Ntot (and SOC) was reached
(Fig. 2), the more efficient incorporation of C into the micro-
bial community (as confirmed by qCO2) generates a positive
feedback which would be the prerequisite of a more efficient
accrual of SOM from necromass (Ma et al. 2018).

Towards a quantitative framework for SOC targets

Our results show that by increasing SOM the microbial com-
munity shifted from an unstable, metabolic inefficient state
(away from stoichiometric equilibrium) to a stable, more
nutrient-efficient state on the crossing of a critical soil organic
C content of 1%. The concept that soil functions are depen-
dent on critical values of SOM has been previously explored,
in particular the effect of a 1% SOC critical value on crop
yield and SOM decomposition rates in agricultural soils
(Aune and Lal 1997; Loveland and Webb 2003).
Considering the persistence of SOM as an ecosystem property
(Schmidt et al. 2011), where the proper functioning of a soil is
maintained by mineralisation of C and nutrients from SOM, a
minimum amount of SOM appears essential for the necessary
feedback processes to operate. Still, threshold ratios and nu-
trient limitations are most likely site-specific, depending on
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parent soil material and climatic constraints. It is important to
note that the arable soils of the chronosequence did not acquire
SOC in excess of 1% even 52 years after soil reclamation.
Thus, the consequence of a threshold model for SOM accu-
mulation in soil is that soils will remain in the inefficient state
unless the critical tipping point is reached. This may well
explain the repeated failure of arable field soils in becoming
a stable C sink (Minasny et al. 2017; Schulp et al. 2008).
Current meta-analyses suffer from the underrepresentation of
agricultural soils, which are known for having the lowest C
contents (Guo and Gifford 2002). Our data further indicate
that it is crucial to compare soils of similar origin in order to
detect clear patterns that help to explain stoichiometric vari-
ability. Our data are a first step towards establishing a quanti-
tative framework for SOC targets that, along with agricultural
intensification, support sustainable feedback mechanisms for
the accrual of C in soils.

Conclusion

Overall, our combined results show that by increasing SOM
the microbial community shifted from an unstable, metabolic
inefficient state (away from stoichiometric equilibrium) to a
stable, more nutrient-efficient state on the crossing of a critical
soil organic C content of 1%. Microorganisms in the young
chronosequence soils, where stoichiometric imbalance was
greatest, persisted in a nutrient-inefficient state with high C
demand but low acquisition of biomass C. When SOC in-
creased above a critical value of 1% SOC, soils entered into
an alternative stoichiometrically stable state where microbial
C acquisition was more efficient. Similar mechanisms may
underly the functioning of all natural and managed soil sys-
tems, but threshold ratios and nutrient limitations will be likely
site-specific, depending on parent soil material and climatic
constraints. Agricultural soils have the lowest C stocks; there-
fore, efforts to improve this may be fruitless if soils are still
below a critical threshold value, even if C inputs are increased.
A better understanding of critical elemental threshold ratios of
soil microbial biomass may ultimately lead to an improved
management of the processes governing the build-up of or-
ganic matter in soil.
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