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bstract

Cycling of carbon (C), nitrogen (N) and phosphorus (P) at the ecosystem scale is largely driven by microbial activity. A
ajor factor that controls element cycling is the stoichiometric relationship between the microbial biomass and its substrate. I

eview recent advances in the field of ecological stoichiometry in terrestrial ecology with emphasis on processes performed by
on-mycorrhizal soil microorganisms. The review shows that key processes of element cycling are driven by the property of
icroorganisms to maintain their biomass element ratio by (I) adjusting rates of element acquisition processes (organic matter

ecomposition, N2 fixation and P solubilization) in order to acquire missing elements, and by (II) adjusting element partitioning
nd turnover times of elements in the microbial biomass to ratios of available elements. The review also shows that turnover
imes of elements in the microbial biomass have been neglected in ecological stoichiometry so far, although they are likely
f high importance for microorganisms that thrive on substrates with extremely high C:nutrient ratios. Long turnover times of
utrients in the microbial biomass may explain why net nutrient mineralization also occurs at very high substrate C:nutrient
atios. In conclusion, ecological stoichiometry provides a conceptual framework for predicting relationships between the cycling
f several key elements at the ecosystem scale, whose potential has not fully been exploited in terrestrial ecology yet.

usammenfassung

Der Kohlenstoff (C)-, Stickstoff (N)- und Phosphor (P)-Kreislauf werden stark durch mikrobielle Aktivtäten angetrieben.
in Hauptfaktor, der die Stoffkreisläufe beeinflusst, ist das Verhältnis zwischen der Stöchiometrie der Bodenmikroorganismen
nd der Stöchiometrie ihrer Umwelt. Der Artikel gibt einen Überblick über aktuelle Forschungsergebnisse auf dem Gebiet der
kologischen Stöchiometrie in terrestrischen Ökosystemen. Zentrale Stoffumsetzungsprozesse werden von der Eigenschaft der
odenmikroorganismen angetrieben, ihre Biomasse konstant zu halten, indem sie (i) die Raten der Nährstoffakquise oder (ii)
lement-Partitionierung und die Verweilzeiten der Elemente in der mikrobiellen Biomasse an die Verhältnisse der verfügbaren

lemente anpassen. Der Überblick über die aktuelle Forschung zeigt, dass Verweilzeiten von Elementen in der mikrobiellen
iomasse bisher nicht ausreichend in der Ökologischen Stöchiometrie berücksichtigt wurden, obwohl sie vermutlich eine
ichtige Rolle spielen, vor allem für Mikroorganismen, die von Substrat mit hohen C:Nährstoff-Verhältnissen leben. Lange
erweilzeiten von Nährstoffen in der mikrobiellen Biomasse erklären möglicherweise, warum N- und P-Mineralisierung auch
uf Substraten mit sehr hohen C:Nährstoff-Verhältnissen erfolgen. Der Artikel zeigt, dass Ökologische Stöchiometrie einen
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onzeptionellen Ansatz bietet, der erlaubt, das Verhältnis von Umsatzprozessen verschiedener Elemente vorauszusagen, und
essen Potential in der terrestrischen Ökologie noch nicht vollständig ausgeschöpft ist.

 2016 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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ntroduction

Although the microbial biomass only comprises a small
roportion of organic matter in soil, it largely drives the
ycling of carbon (C), nitrogen (N) and phosphorus (P) at
he ecosystem scale (Van Der Heijden, Bardgett, & Van
traalen, 2008). One major factor that controls microbial pro-
esses is the stoichiometric relationship between microbial
ommunities and their environment as proposed by Ecolog-
cal Stoichiometry (ES). Based on the finding by Redfield
1934) that plankton maintains a stable biomass C:N:P ratio,
einers (1986) was among the first to propose stoichiomet-

ic relationships between organisms and their environment
s a general framework for ecosystem functioning. In the
ollowing decades, ES has been developed further mostly in
he study of food webs and organic matter decomposition
n the pelagic zone of lakes (Elser & Urabe, 1999; Sterner

 Elser, 2002; Hessen, Elser, Sterner, & Urabe, 2013). ES
rovides a basis for predicting the cycling of several key ele-
ents and their relationships in ecosystems. Key processes of

lement cycling are explained by microorganisms, maintain-
ng their biomass stoichiometry despite a strong mismatch
etween their biomass element ratio and the element ratio of
heir substrate. Notwithstanding the success of ES to predict
rocesses of element cycling in aquatic ecosystem, a stoi-
hiometric view has only recently been adopted in terrestrial
cology (Cleveland & Liptzin, 2007; Mulder & Elser, 2009;
ooshammer et al., 2012; Mulder et al., 2013; Zechmeister-
oltenstern et al., 2015). The purpose of this article is to

eview recent advances of ES in terrestrial ecology, showing
hat ES allows to integrate several key processes of element
ycling beyond decomposition and provides a framework for
redicting the cycling of several key elements. For the sake
f brevity, the article is restricted to processes performed by
on-mycorrhizal soil microorganisms.

The basis of ES is the concept of stoichiometric homeo-
tasis, which refers to the property of an organism to keep
ts biomass element ratio relatively stable independently of
ts substrate. The soil microbial biomass, which is defined as
he biomass of the soil microbial community (fungi, bacte-
ia, archaea and protozoa), has a relatively well constrained
:N:P ratio, similar to the Redfield ratio found in plank-

onic biomass (Redfield, 1934) in a range between 60:7:1 and
2:6:1 (Cleveland & Liptzin, 2007; Xu, Thornton, & Post,

013). Slight shifts in the microbial biomass stoichiometry
an be caused, first, by changes in the microbial commu-
ity composition (Fanin, Fromin, Buatois, & Hättenschwiler,

b
P
b

013; Tischer, Potthast, & Hamer, 2014; Heuck, Weig, &
pohn, 2015), and second, by storage of C and P present

n excess with respect to the microbial demands (Hessen
 Anderson, 2008; Mooshammer, Wanek, Zechmeister-
oltenstern, & Richter, 2014). Yet, despite some variation,
icrobial biomass element ratios are relatively constrained,

specially compared to the ratio of elements that are bioavail-
ble in soil. Terrestrial decomposer communities grow on a
ide range of substrates, which rarely ever meet their nutri-

ional demands in terms of stoichiometry. For example, the
itter in temperate coniferous forests has an average molar
:P ratio of 2350 (McGroddy, Daufresne, & Hedin, 2004),
hereas the average molar C:P ratio of the soil microbial
iomass is 60 (Cleveland & Liptzin, 2007). Likewise, the
:N ratio of the soil microbial biomass amounts to about 7

Cleveland & Liptzin, 2007), whereas the average C:N ratio
s 88 in temperate coniferous forest litter (McGroddy et al.,
004). Given these large differences between substrate and
ecomposer biomass stoichiometry, how do microbes main-
ain their biomass stoichiometry, and how does this affect
lement cycling at the ecosystem scale?

In this short review of recent advances to answer these two
uestions, I propose to differentiate between two kinds of
rocesses by which microorganisms maintain their biomass
toichiometry; on the one hand processes of element acquisi-
ion, and on the other hand element partitioning and turnover
f elements in the microbial biomass pool (Fig. 1). Soil micro-
ial communities maintain their biomass stoichiometry (i)
y adjusting the rates of processes of element acquisition
n order to acquire missing elements and (ii) by adjusting
lement partitioning and element turnover times in the micro-
ial biomass to ratios of available elements. Both types of
rocesses strongly affect element cycling at the ecosystem
cale.

lement partitioning and turnover time

lement partitioning

One way by which microbial communities maintain their
iomass stoichiometry is the regulation of the partition-
ng of elements taken up into the microbial biomass. C, N
nd P taken up are partitioned between growth (buildup of

iomass) and release in the form of CO2, inorganic N and

 (Fig. 1). The partitioning of organic C taken up between
iomass buildup and respiration is captured by the microbial
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Fig.  1.  The soil microbial biomass has a relatively stable stoichiometry compared to the pool of available elements in soil. Soil microbial
communities maintain their biomass stoichiometry either by adjusting the rates of element acquisition processes (organic matter decomposition,
N djustin
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2 fixation and P solubilization) to acquire missing elements or by a
iomass to ratios of available elements. Both types of processes stron
rganic carbon, Ni stands for inorganic nitrogen and Pi stands for in

 use efficiency (CUE; also called gross growth efficiency
r assimilation efficiency) defined as the ratio of C allo-
ated to biomass production to C taken up (Manzoni, Taylor,
ichter, Porporato, & Ågren, 2012; Sinsabaugh, Manzoni,
oorhead, & Richter, 2013). Theoretically, microbial CUE is

estricted to 0.88 by thermodynamics (Gommers, Van Schie,
an Dijken, & Kuenen, 1988), meaning that not more than
8% of the C that microorganisms take up can be invested into
rowth, because microorganisms need at least 12% of it for
nergy production by respiration to maintain their biomass
nd acquire unavailable elements. Yet, the microbial CUE
n soil is thought to hardly ever reach the theoretical maxi-

um because environmental conditions usually request more
han minimum energy investment for biomass maintenance
nd growth (Manzoni et al., 2012; Sinsabaugh et al., 2013).
mong the factors that request additional investment of

nergy and C is an unfavorable stoichiometry of the available
lements that forces microorganisms to allocate larger pro-
ortions of C and energy to C or nutrient acquisition (Spohn,
laus, Wanek, & Richter, 2016; Spohn, Pötsch, et al., 2016).
everal studies found that elevated N availability increased
icrobial CUE, likely because it allows microorganisms to

llocate less C and N to N acquisition and more to buildup
f biomass. Thiet, Frey, and Six (2006) reported an increase
n microbial growth yields in soil amended with N by 13%.
urthermore, it was observed that bacterial growth efficiency
as higher in fertilized agricultural soils than in non-fertilized

orest soils (Lee & Schmidt, 2014). In a long term fertiliza-
ion experiment in a temperate grassland, N fertilization but
ot P or K fertilization increased the microbial CUE by 38%

Spohn, Pötsch, et al., 2016).

It has been derived from models that during decom-
osition of forest litter, microorganisms have much more

i
e
t

g element partitioning and element turnover times in the microbial
ect element cycling at the ecosystem scale. DOC stand for dissolved
c phosphorus.

 available in relation to N, and thus cannot use it
or the buildup of biomass but release it via so-called
verflow respiration, which strongly decreases their CUE
Manzoni, Jackson, Trofymow, & Porporato, 2008; Manzoni,
rofymow, Jackson, & Porporato, 2010). Overflow respira-

ion is respiration uncoupled from the production of energy
hat serves to dispose of C and is known to occur in microor-
anisms under laboratory conditions on substrates with very
igh C:nutrient ratio (Russell & Cook, 1995). Yet, it is still
nder discussion whether overflow respiration exists in  situ
Hessen & Anderson, 2008). From an evolutionary point of
iew, it seems more reasonable that microorganisms use C
hey cannot allocate to growth for the formation of com-
ounds that increase their fitness or for the establishment of
ymbiosis instead of just disposing it (Hessen & Anderson,
008; Hessen et al., 2013; Spohn, 2015). In a recent study
t was shown that microbial CUE in the litter layer was
ot decreased compared to mineral soil, indicating that no
verflow respiration took place despite very high C:nutrient
atios (Spohn, Klaus, et al., 2016). It should be considered
hat microorganisms can grow on organic matter with very
igh C:nutrient ratios, not only by decreasing their CUE,
ut potentially also by extending the mean turnover time of
utrients in the microbial biomass (see below).

Analogous to microbial CUE, microbial N use efficiency
an be defined as the ratio of N allocated to the buildup
f biomass and N taken up by the microbial community.
ooshammer, Wanek, Hämmerle, et al. (2014) showed that
icrobial N use efficiency was higher in litter, which has

 high C:N ratio, than in mineral soil. Thus, the finding

ndicates that microbial communities regulate their N use
fficiency according to the availability of N, in the way that
hey use N more efficiently when its availability is low.
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urnover  times of  elements in the microbial
iomass

While the element use efficiency denotes the proportion
f an element taken up that is allocated to the production of
iomass, the turnover time (=mean residence time) indicates
ow long the element remains in the microbial biomass pool.
he turnover time of an element in the microbial biomass

ikely increases with decreasing availability of the element
Oberson & Joner, 2005; Kaiser, Franklin, Dieckmann, &
ichter, 2014), similar to the turnover time of nutrients in
lants, which also increases with decreasing nutrient avail-
bility (Aerts & Chapin, 2000). This can occur at the level of

 single cell as well as at the level of the microbial biomass
s a biogeochemical pool, consisting of several cells. In an
rable soil of the temperate zone, C had a turnover time of
2–95 days in the microbial biomass, while P had a turnover
ime in the same microbial biomass of 37–42 days (Kouno,

u, & Brookes, 2002), indicating that C was more effi-
iently retained in the microbial biomass than P. This finding
s in accordance with the generally observed C limitation
f microorganisms in mineral soil. Cheng (2009) reported
urnover times of the microbial biomass C of 48 and 35 days
n planted soils, and 97 days in unplanted soils, suggesting
hat the presence of roots stimulated the turnover of microbial
iomass C, likely due to the release of exudates, i.e. eas-
ly available C. Other studies on P in the microbial biomass
howed rather short turnover times, suggesting that the ele-
ent is quickly turned over (McLaughlin et al., 1988; Oehl

t al., 2001). The efficient retention of nutrients in the biomass
ool should be especially important during the decomposi-
ion of nutrient-poor organic matter as for example wood and
orest litter, in which the C:nutrient ratios exceed by far the
:nutrient ratios of the microbial biomass. The immobiliza-

ion of nutrients in the microbial biomass strongly affects the
mounts of nutrients available for plants (Van Der Heijden,
ardgett & Van Straalen, 2008; Richardson, Barea, McNeill,

 Prigent-Combaret, 2009), and thus element cycling at
he ecosystem scale. However, despite its importance, the
urnover times of elements in the microbial biomass have
een overlooked in studies on organic matter decomposi-
ion (Manzoni et al., 2008, 2010). Yet, the adjustment of
he turnover time is likely critical for microorganisms that
hrive on substrates that do not match their nutritional needs
n terms of element ratios, and may explain why net nutrient

ineralization also occurs at very high substrate C:nutrient
atios (see below).

lement acquisition
ecomposition and mineralization

Decomposition of organic matter is a central process
f element cycling which ends with the mineralization of

A
s
b
t

ology 17 (2016) 471–478

utrients and organic C fixated during photosynthesis. Ele-
ent ratios of organic matter have been investigated for many

ecades as important controls of decomposition processes
ostly in litter decomposition studies (Berg & Matzner,

997; Berg & McClaugherty, 2003). However, only few stud-
es also considered the stoichiometry of the decomposer
ommunities and the internal cycling of elements in the
icrobial biomass (Bosatta & Staaf, 1982; Manzoni et al.,

008, 2010; Zechmeister-Boltenstern et al., 2015), showing
hat organic C, N and P mineralization and immobilization in
he microbial biomass is strongly determined by the relation-
hip between the substrate stoichiometry on the one hand and
he microbial biomass stoichiometry on the other hand. The
ritical substrate C:N and C:P ratio at which decomposers
hift from being C-limited to being nutrient-limited or vice
ersa is called threshold element ratio (TER). When microor-
anisms decompose substrate with a C:N or C:P ratio beyond
heir TER, N and P are taken up into the microbial biomass,
hile below the TER net mineralization occurs (Bosatta &
taaf, 1982; Olsen et al., 1986; Urabe & Watanabe, 1992;
terner & Hessen, 1994). The TER can be calculated as
ollows

ERC:X = MBC

MBX
∗ XUE

CUE
(1)

here CUE is the microbial C use efficiency, XUE is micro-
ial nutrient use efficiency with X being a specific nutrient
N or P), MBC is the microbial biomass C concentration,
nd MBX is the microbial biomass nutrient (N or P) concen-
ration. In agreement with these theoretical considerations,
t has been shown that the stoichiometry of forest litter
trongly affects rates of net organic C, N and P mineraliza-
ion (Manzoni et al., 2008, 2010), gross organic C, N and

 mineralization (Mooshammer et al., 2012), and organic C
ineralization per unit microbial biomass (Spohn & Chodak,

015; Spohn, 2015).
It has been concluded that decomposition of litter with

igh C:nutrient ratios is only possible when microorganisms
trongly decrease their CUE by releasing excess C (Manzoni
t al., 2010). However, it should be considered that microor-
anisms might also be able to grow on substrate that strongly
xceeds the C:nutrient ratio required for microbial nutri-
ion, by retaining nutrients very efficiently in their biomass,
nd thus increasing the turnover time of the nutrients in the
iomass. This can be seen best from the equation of the TER
nder steady state conditions which can be written as follows

ERC:X = CUptake ×  TC

XUptake ×  TX
(2)

here TC and TX are the turnover times of C and X in the
icrobial biomass, respectively (for details see Appendix

). This shows that low N or P uptake can be compen-

ated by a long turnover time of the nutrients in the microbial
iomass. The regulation of the turnover time of elements in
he microbial biomass may explain why even at a very high
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ubstrate C:nutrient ratio, as for example during the decom-
osition of deadwood, net nutrient mineralization occurs
Bantle, Borken, & Matzner, 2014; Ricker, Lockaby, Blosser,

 Conner, 2016).
Moreover, microorganisms likely selectively feed on frac-

ions of the soil organic matter that matches their nutritional
eeds (Arsuffi & Suberkropp, 1989; Hood, McNeely, Finlay,

 Sterner, 2014). The co-metabolism of N-rich compounds
ight allow the decomposition of nutrient-poor substrate

Hood et al., 2014), and the metabolism of energy-rich com-
ounds might provide the necessary energy to decompose
ore recalcitrant fractions of the soil organic matter (Craine,
orrow, & Fierer, 2007). The use of selected fractions of the

rganic matter affects the soil organic matter quality on the
ong-term.

The decomposition of organic matter and the mineraliza-
ion of organic P is a C and N consuming process because
t is based on the production and the release of N-rich
xoenzymes. Marklein and Houlton (2012) showed in a meta-
nalysis that N inputs to soil either in the form of fertilizer or
n the form of biologically fixed N2 accelerated the activity of
hosphatases in a wide range of terrestrial ecosystems. These
esults suggests that microbial communities allocate more C
nd N to P acquisition when there is an N input to soil.

2 fixation

N2 fixation by free-living bacteria is nearly ubiquitous in
errestrial ecosystems, and it is the largest natural N input to
errestrial ecosystems. Free-living N2-fixers may meet their

 demands by fixing N2, by acquiring mineral N from their
nvironment or by organic matter decomposition. When inor-
anic forms of N are readily available in the environment,
any N2-fixing organisms switched off N2 fixation in incu-

ation studies (Reed, Cleveland, & Townsend, 2011). This
s in accordance with an inverse relationship between N2
xation by free-living bacteria and N availability in several
cosystems (Smith, 1992), and a negative effect of N fertiliza-
ion on free-living diazotrophs (Zackrisson, DeLuca, Nilsson,
ellstedt, & Berglund, 2004; Cusack, Silver, & McDowell,
009). N2 fixation is one of the metabolically most costly
rocesses on Earth, and can require 16 mole adenosine
riphosphate, i.e. 48 mole P, per one fixed mole N2 (Simpson

 Burris, 1984). This high demand for ATP may explain the
igh P requirements of N2-fixing organisms (Vitousek et al.,
002). Many fertilization studies have observed a stimula-
ory response of N fixation by free-living bacteria to added

 (Eisele, Schimel, Kapustka, & Parton, 1989; Vitousek &
obbie, 2000; Reed, Cleveland, & Townsend, 2007), and P

vailability has been found to constrain N2 fixation by free-
iving bacteria in tropical forest soils (Wurzburger, Bellenger,

raepiel, & Hedin, 2012; Reed, Cleveland, & Townsend,
013). N2-fixation could be quantitatively predicted based on
he ratio of available P:N in soil as N2-fixation is suppressed
t high soil N availability, and increases with the soil P:N ratio

f
h
i

ology 17 (2016) 471–478 475

Eisele et al., 1989). The production of ATP requires energy,
tored in the form of organic C. Consequently, N2-fixation
y free-living microorganisms is stimulated by organic com-
ounds such as sugars that typically form part of root exudates
Bürgmann, Meier, Bunge, Widmer, & Zeyer, 2005). N2 fix-
tion might be especially important during decomposition
f N-poor substrate such as deadwood because it provides
dditional N (Sollins, Cline, Verhoeven, Sachs, & Spycher,
987).

olubilization of bound inorganic P

Solubilization of bound mineral P is a central process by
hich P becomes bioavailable (Richardson et al., 2009; Jones

 Oburger, 2011). Bound inorganic P is solubilized (i) by
cidification through the release of protons (ii) by complex-
tion of metals such as iron by the release of organic acid
nions, and (iii) by exopolysaccharides and siderophores that
oth work as chelators (Welch, Taunton, & Banfield, 2002;
ones & Oburger, 2011). The capacity to solubilize P is widely
pread among microorganisms, and more than half of all
ultivatable bacteria were able to solubilize P in temperate
roplands (Browne et al., 2009). Microorganisms solubilized

 more actively when C sources were available (Hameeda,
eddy, Rupela, Kumar, & Reddy, 2006; Patel, Archana, &
umar, 2008). Since the release of bound inorganic P is

aused by organic acids and siderophores that contain C and
 (Jones & Oburger, 2011), the solubilization of P should also
nderlay stoichiometric constrains. Yet, ES has never been
pplied to the release of nutrients such as P from minerals or
ound inorganic forms.

onclusion

ES provides a conceptual framework that allows for inte-
rating several key processes of element cycling. Being based
n element ratios, which by definition are dimensionless, ES
ffers to compare biological systems across a wide range
f spatial scales where quantities differ greatly. This short
eview of current research showed that stoichiometric homeo-
tasis of soil microorganisms is a driver of element cycling
n terrestrial ecosystems. Processes of terrestrial element
ycling can be predicted based on the ratio of elements in the
nvironment and element partitioning and turnover of ele-
ents in the microbial biomass. Moreover, the review shows

hat turnover times of elements in the microbial biomass have
een rather neglected in ES so far, although they might be
f importance for microorganisms that thrive on substrates
ith extremely high C:nutrient ratios, and may explain why
et nutrient mineralization also occurs at very high substrate
:nutrient ratios. Taken together, ES offers a conceptual basis
or predicting the cycling of several key elements that still
as not fully been exploited in the study of element cycling
n terrestrial ecosystems yet.
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