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Abstract This study presents a conceptual frame-
work of buffering through storage and recycling of
elements in terrestrial ecosystems and reviews the
current knowledge about storage and recycling of
elements in plants and ecosystems. Terrestrial ecosys-
tems, defined here as plant-soil systems, buffer inputs
from the atmosphere and bedrock through storage and
recycling of elements, i.e., they dampen and delay
their responses to inputs. Our framework challenges
conventional paradigms of ecosystem resistance
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derived from plant community dynamics, and instead
shows that element pools and fluxes have an overrid-
ing effect on the sensitivity of ecosystems to environ-
mental change. While storage pools allow ecosystems
to buffer variability in inputs over short to interme-
diate periods, recycling of elements enables ecosys-
tems to buffer inputs over longer periods. The
conceptual framework presented here improves our
ability to predict the responses of ecosystems to
environmental change. This is urgently needed to
define thresholds which must not be exceeded to
guarantee ecosystem functioning. This study provides
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a framework for future research to explore the extent
to which ecosystems buffer variability in inputs.

Keywords FElement storage - Nutrient recycling -
Soil element cycling - Buffer - Storage mobilization

Introduction

Terrestrial ecosystems, by nature of their location at or
near Earth’s surface, are sensitive to the input and
output of elements by different atmospheric, geologic,
geomorphic, hydrologic, and ecologic processes. Cli-
matic processes active ‘above’ an ecosystem influence
the fluxes of nutrients and water into and out of an
ecosystem. Furthermore, the composition and proper-
ties of bedrock underlying an ecosystem set the
template for nutrient and element availability as inputs
to the system from ‘below’ as well as outputs from the
system by solute transport (Fig. 1). However, ecosys-
tems have the ability to reduce their reliance on
external inputs of elements and water, and thereby
decrease their sensitivity to variations in the rate of
inputs through storage and recycling. This property
has been termed resistance by some authors (Pimm
1984; Connell and Ghedini 2015; Nimmo et al. 2015),
even though it has proven difficult to explain the
factors that produce ecosystem resistance (Connell
and Ghedini 2015; Nimmo et al. 2015; Willis et al.
2018). In this review, we focus on developing the
concept of buffering in ecosystems to provide a
process-based understanding of the extent to which
ecosystems can minimize their sensitivity to changes
in the fluxes of inputs through storage and recycling.

Recently, Timpane-Padgham et al. (2017) per-
formed a meta-analysis to identify ecosystem attri-
butes that confer resistance or resilience to climate
change. Of the 170 publications they analyzed, none
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identified ecosystem nutrient storage or recycling as a
factor associated with resistance or resilience. Instead,
the focus falls on species- to ecosystem-level ecolog-
ical attributes (growth rates, diversity, species inter-
actions, etc.). In this contribution, we develop the
concept of ecosystem buffers as a mechanistic,
processed-based approach to understand the ability
of ecosystems to resist changes in their environment.
This framework makes the testable prediction that
ecosystems with large internal storage pools (relative
to their supply rate) and effective recycling of
nutrients buffer external inputs more effectively than
ecosystems with small pools and small rates of
nutrient recycling. The buffering framework attributes
ecosystem responses to inputs to tangible pools and
fluxes, whereas the concept of resistance fails to
facilitate a mechanistic, process-based understanding
of ecosystem functioning, and thus has difficulties to
predict resistance or even to explain what causes
resistance in ecosystems (Nimmo et al. 2015; Willis
et al. 2018). The framework suggested here provides a
quantifiable metric useful in diverse arenas such as
long-term geochemical budgeting (e.g. Uhlig and von
Blanckenburg 2019), development of ecosystem con-
servation and restoration strategies, identification and
prediction of potential tipping points, and as explana-
tory variables in resilience analyses (e.g. Seddon et al.
2016; Willis et al. 2018). A quantifiable metric of the
buffer capacity of ecosystems is essential for identi-
fying the planetary boundaries that define a safe
operating space for humanity on planet Earth (Steffen
et al. 2015).

Compared to geological time scales, the period of
time over which terrestrial ecosystems buffer vari-
ability in inputs are small, and depend on the turnover
time of the buffer pool. However, compared to the
lifespan of many animal species, these time periods
are long. Thus, buffering of external inputs allows
ecosystems to maintain their structure and functioning
for periods of time during which many generations of
one species (e.g. animals and shot-lived plants)
develop. Buffering of inputs in ecosystems prevents
small to intermediate changes in external factors
leading to quick shifts in the ecosystem structure and
functioning.

Storage and recycling of elements in ecosystems
have been studied in biogeochemistry and ecosystem
ecology for many years (e.g., Jordan et al. 1972;
Vitousek and Reiners 1975). In addition, the question
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Fig. 1 Storage of elements as well as processes of nutrient
recycling decrease the sensitivity of ecosystems to external
inputs. Pools are shown by white boxes with black frames.
Fluxes of external inputs to the ecosystem are indicated by red

of how recycling of nutrients affects ecosystem
stability has been intensively discussed in ecosystem
ecology, particularly in the in the 1970s and 1980s
(e.g. May 1972; De Angelis 1980). Here, we build on
this basis and extend the knowledge of storage and
recycling of elements by reviewing recent advances
and providing a unifying framework of buffering in
terrestrial ecosystems via storage and recycling.

This review complements the advances of the
previous work by: (1) proposing a unifying concept of
buffers in ecosystem based on a review of existing
concepts, and (2) summarizing current knowledge
about storage and recycling of elements in ecosystems.
We concentrate on storage and cycling of the
macronutrients N, P and K as well as C while
acknowledging the role of other elements when
appropriate.

arrows, and ecosystem internal fluxes are indicated by blue
arrows. Fluxes of nutrient recycling are indicated by dark blue
arrows, and fluxes of elements out of storage pools are indicated
by light blue arrows (colour figure online)

Conceptual framework
Review of concepts of buffering

The concept of a buffer is found in many environ-
mental science disciplines, including soil science,
biogeochemistry, hydrology, geomorphology, plant
ecophysiology, and ecology. These disciplines have
developed subtly different concepts of what a buffer is
and how it functions. Here we summarize the various
concepts of buffers across these disciplines, identify
the commonalities, and develop a quantitative frame-
work to define the buffer capacity of an ecosystem.
Based on this, we present a quantitative framework for
the buffering capacity of an ecosystem with respect to
a given element or compound.

In soil science and biogeochemistry, the concept of
a buffer is frequently used in the context of anthro-
pogenic inputs to ecosystems. For example, in soil
science, the term often refers to the capacity of soils to
neutralize proton inputs due to the presence of
carbonates, silicates and organic matter (OM) that
react with protons at specific rates. Thus, the buffer
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capacity of a soil is defined as the maximum flux of
protons entering the soil that does not induce a change
in soil pH (Ulrich 1983; Chadwick and Chorover
2001). In biogeochemistry, the term buffer has been
used, for example, with respect to anthropogenic P
inputs to catchments. These inputs can bind to soil/
sediment up to a limit, after which they enter the
fluvial system when the buffer capacity of the soil/
sediment is exceeded and no more P-binding sites are
available (Jgrgensen and Mejer 1977; Doody et al.
2016; Schippers et al. 2006; Kusmer et al. 2019). In
this case, buffering results from the ability of the
system to internally store P. Previous work defines the
buffer capacity as the reciprocal of the change in an
ecosystem state variable (e.g. P concentration of a
water body) per unit of forcing applied (e.g. per unit P
input) (Jgrgensen and Mejer 1977). More recently,
buffer capacity was defined as one minus the ratio of P
outputs to P inputs in a watershed (Kusmer et al.
2019). In all of these examples, a buffer is a pool of a
reactant, and buffer capacity is defined as the size of
the available pool of the reactant (i.e. quantity of
available reactants or binding sites). In these exam-
ples, a buffered system is one in which an input of a
substance (e.g. protons, P, etc.) induces a proportion-
ally smaller change in the system functioning because
the pool of reactant is sufficient to immobilize,
neutralize, or otherwise retain the input.

In hydrology, the term buffering describes the
properties of water reservoirs that alleviate asyn-
chronicities between water supply and demand and
mitigate the effects of high rainfall variability on water
availability (e.g., Riebsame 1988; Calow et al. 2010;
Pritchard 2017). In geomorphology, the term buffering
is used with respect to the delayed and dampened
sediment output from a catchment that results from
internal storage of sediment (Brunsden and Thornes
1979; Armitage et al. 2013; Hoffmann 2015). The
term buffer often also refers to landforms that act as
barriers and disrupt the sediment transport pathway
(Harvey 2002; Fryirs et al. 2007), or to thresholds that
need to be exceeded before sediment transport is
initiated (Schumm 1973). Thus, in both hydrology and
in geomorphology, buffering results from the storage
of matter (water or sediment).

In plant ecophysiology, buffering refers to an
alleviation of the effect of temporarily low nutrient
or water availability on biomass production by storage
of resources within plants (Millard and Grelet 2010).
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Thus, as above, buffering is caused by the storage of
mass. Here, the quantification of buffering is achieved
not by comparing the input of a certain substance to
the output of the same substance (cf. P, water,
sediment), but rather by comparing the input (water
or element uptake) to biomass production as the
response signal. The term buffering has also been used
in ecology to describe a reduction in the temporal
variance of productivity of an ecosystem in a fluctu-
ating environment in response to an increase in
biodiversity, albeit without a clear definition of the
processes causing the buffered response (Yachi and
Loreau 1999; Isbell et al. 2015). The concept of
buffers is also popular in conservation ecology, where
it refers to a protective zone of land around a sensitive
area that lessens the impact of human disturbances
(Sliva and Dudley Williams 2001).

Buffering of inputs in ecosystems: quantitative
framework

To facilitate a more mechanistic understanding of
buffers in plant-soil systems we develop an approach
using mass-balance models that encapsulate the
buffering of variable inputs. Our approach merges
most concepts reported in “Review of concepts of
buffering” section. Three concepts form the basis for
our approach (Box 1 part A). First, buffering is a
system behavior that consists of dampening and/or
delaying the response of a state variable to an external,
varying input. Second, a buffer is an ecosystem pool.
Third, buffer capacity is the ability of a system to
buffer external inputs, which reduces the sensitivity of
the system to external inputs, and depends on the size
and turnover of the buffer pool.

While the term buffering has mostly been used with
respect to temporal changes in inputs, we propose to
widen this concept and include spatial changes in
inputs (see Box 1 part A). This makes the concept
more useful to ecology and environmental science,
which usually have data with high spatial resolution
but limited temporal resolution (see also “Buffering of
variable inputs through storage and recycling of
elements” section).

In the following part of this section, we build upon
the previous general concepts and show how a simple
mass-balance model can describe buffering of tempo-
rally varying inputs. We focus on a simplified
approach here for a single buffer pool and a linear
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Box 1 Definitions. Please notice that the colors in part A correspond to the colors in Figs. 2, 3, 4 and 5 and that the colors of the arrows

in part B correspond to the ones in Fig. 1

dependence of the output fluxes on the pool size. This
approach over-simplifies ecological complexity, but
suffices as a way of conveying the concepts of a buffer
and buffer capacity.

The rate of change of the pool size (Box 1) is given
by the difference between the input and the output
fluxes to the pool:
am
E_ Qin_Qout (1)
where M(7) is the pool size [mass] of some substance
at time ¢ and Q,, and Q,,, are the sum of all fluxes of
that substance into and out of the pool [mass time ™ 1,
respectively. For many systems, Q,,; can be approx-
imated as a linear function of M :

Qout = kM (2)

where k is a rate constant, with units of time™ '. For a
system at steady state, the size of the pool M is
constant (%” =0, and thus Q,, = Q,,,) and the turn-
over time (7, units of time) of the pool is defined as the
ratio of the pool size (M) to the input flux Q,,, or as the
inverse of k:
M _1 3)
Qin k

Variations in inputs to a system are often cyclical or
quasi-cyclical (the functional form of the cyclicity is
process dependent). For the sake of simplicity, we
consider that Q;, varies sinusoidally with time, a
reasonable approximation of many periodic environ-
mental changes:

T
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Fig.2 The response of well-buffered and poorly-buffered pools
and systems of pools. Panels A, C, and E show the input flux
over time and panels B, D, and F show the normalized pool size.
Scenario 1 (Panels A, B) considers cyclical change in input
fluxes, varying sinusoidally by & 50% around a mean. The
response of an ecosystem pool (B) depending on the period of
oscillation of the input flux relative to the turnover time of the
pool (see main text for details). Time on the x-axis is given in
units of multiples of the turnover time of the pool. Both x- and
y-axes are non-dimensional. Scenario 2 (Panels C, D) considers
a stepwise halving of an input flux, where well-buffered pools

Oy = a+b x sin(wt) 4)

where a is the mean of Q;, and b is the amplitude of
oscillation in Q;,. The frequency of oscillation w
equals 27/T, with T being the period of oscillation (in
the same units as ). This cyclicity may represent any
timescale, including (sub-)annual (e.g. diurnal to
seasonal), multiannual, (e.g. El Nifio-Southern Oscil-
lation) to centennial or longer (e.g. solar insolation or
Milankovitch cycles). Substituting Eqs. 2 and 4 into
Eq. 1 permits an analytical solution for temporal
changes in the pool size M (Kercher 1983; Sarmiento
and Gruber 2006):

M(t) =a/k + -sin(wt + ¢) (5)

b
Va2 + i
where a is the mean of Q;, and b is the amplitude of
oscillation in Q;,.

In this formulation, ¢ captures the phase shift of the
pool size relative to the cyclicity of Q,,, the value of

@ Springer

(with long turnover times) respond with a larger delay than
poorly-buffered pools. Scenario 3 (Panels E, F) demonstrates
that the concept is extendable to multi-pool systems. A x5
increase in N and P deposition rates (panel E) to an Eucalyptus
forest is prescribed (data from Attiwill and Adams (1993) as
reported in Spohn and Sierra (2018)). The resulting changes in
the sizes of the three pools are derived by solving a system of
ordinary differential equations (see text for details). In this
example, the relative change in the P pools at a given time is
smaller than the N pools, indicating the P cycle is more strongly
buffered

which is given by tang = w/k. Thus, the relationship
between the frequency of oscillation of the input flux
(w) and k determines the phase shift of the oscillation
of M. Equation 5 also shows that (1) the mean pool
size is directly proportional to the mean input (a/k),
and that (2) the amplitude of the variation of the pool
size is related to the amplitude of the variation in
inputs and the relative timescales of input oscillation w

and pool response k ( bz k’)' Further inspection of
e

=

Eq. 5 suggests two extremes for the response of the
pool size for variations in the input flux (Fig. 2B). If
the turnover time of the pool (1) is short (i.e. k is large)
relative to the frequency of oscillation of the input flux
(w), the pool size will vary almost directly in
proportion to the input. However, if the turnover time
of the pool (1) is large (i.e. k is small) relative to the
frequency of oscillation of the input flux (w), the
response of the pool size to variation in the input will
be relatively small (Sarmiento and Gruber 2006). In
summary, for cyclical changes or short-lived pulses,
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Fig. 3 Buffering of inputs that vary in time: Water inputs from
the atmosphere vary in time over several decades in a Pinus
ponderosa forest in New Mexico, USA (A). The ecosystem
buffered the inputs over several decades through storage leading
to a stable forest size (B). However, large variations in the water
inputs in the 1950s exceeded the buffer capacity of the
ecosystem causing a strong decreased in the forested area
(changed after Allen and Breshears 1998)

buffering is manifest in the magnitude of system
response relative to input forcing.

Besides cyclical changes, the input to an ecosystem
might also change in a stepwise manner. Let us assume
a pool with pool size My and input flux Q,,, is in steady
state (Mo = Q;,/k). As the input flux changes stepwise
from Q;, to Q' the pool changes to a new steady state
with a new pool size M; = Q,/k, and the pool size
changes according to:

M(t) =M, — (M) — M) -e ¥ (6)

where ¢ is the time since the change of input. The
response time, defined as the time required to reach a
new steady-state after a change in inputs is propor-
tional to 1/k, or the turnover time of the system in the
initial state. In this simple one-box formulation, both
well- and poorly-buffered systems will attain the same
new steady-state pool size. However, well-buffered
systems have longer response times. Figure 2D dis-
plays the development of a pool M for various values
of k in response to a stepwise and permanent halving

of the input flux Q,,, shown in Fig. 2C. The example
illustrates that the response of the pool and the extent
to which this response is dampened compared to the
change over time of the input flux depends on the
pool’s initial turnover time.

The concept is readily extendable to multi-com-
partment systems defined by a system of ordinary
differential equations, as illustrated in the following
example. Figure 2F shows the temporal development
of three connected N and P pools (soil, plant biomass,
and litter layer) in a forest following a stepwise
fivefold increase in the rate of N and P deposition to
the litter layer (Fig. 2E) while all other inputs of P (i.e.
weathering) and N (i.e. N,-fixation) to the ecosystem
being held constant. Changes of the N and P pools in
Fig. 2F are normalized to the initial pool size. In this
example, the P-pools require ~ 2500 years to attain a
new steady state. A k value for P for the whole system,
derived from fitting Eq. 6 to the sum of biomass in all
pools, is 0.002 year™ '. In contrast, N-pools achieve a
new steady state after about 500 years, with a k value
for the whole system of 0.01 year™ '. In this example,
the P cycle is more strongly buffered than the N cycle
and thus reacts more slowly to a change in inputs.

Simple example: storage of water in ecosystems
buffers time-variable inputs

In “Buffering of inputs in ecosystems: quantitative
framework” section we defined the terms buffering,
buffer capacity as well as buffer pool (Box 1 part A)
and introduced a simple model. In the following, we
will illustrate how storage can buffer temporally
varying inputs over short to intermediate timescales,
based on a simple example.

Ecosystems can buffer water inputs that vary in
time through water storage (Singh et al. 1998§;
Fernandez-Illescas et al. 2001; Porporato et al. 2002;
Viola et al. 2008). For example, Mediterranean
ecosystems experience drought in summer when solar
radiation and temperature are high, and a surplus of
water in winter when precipitation rates are high and
solar radiation and temperature are lower (Viola et al.
2008; Lauenroth et al. 2014). The capacity of these
ecosystems to buffer low external water inputs
depends on the buffer pool, i.e. on the size of the pool
of water stored in plants and soil and the turnover time
of the water pool relative to the magnitude and
frequency of rainfall cyclicity (Fig. 2). If the turnover
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Fig. 4 Buffering of inputs that vary in space: nutrient inputs
from the lithosphere differ largely between nine Fagus sylvatica
forest sites in Northwest Germany on different bedrock (A). The
ecosystems buffer the nutrient inputs through nutrient storage
and recycling, leading to very similar productivities across the
nine ecosystems (B). The labels on the x axis indicate the
bedrock of the nine sites (changed after Meier et al. 2005)

time of the water pool in the ecosystem is large relative
to the oscillation frequency of the water input, the size
of the water pool changes little over time, and the
system is well buffered. However, if the turnover time
is small relative to the oscillation frequency, the size of
the storage pool changes considerably over time and
might even change proportionally with the input flux
(Fig. 2).

If the period of oscillation of the inputs by far
exceeds the turnover time of the storage pool, the
ecosystem might cross a tipping point by fundamen-
tally changing its structure and functioning (Scheffer
et al. 2001; Zehe and Sivapalan 2009). For example,
Allen and Breshears (1998) studied forests in New
Mexico that buffered small changes in annual precip-
itation for many decades (Fig. 3) until a severe
drought occurred that caused a rapid shift of the
ecotone, i.e. the border between two biomes (Fig. 3).
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The ecotone between semiarid ponderosa pine (Pinus
ponderosa) forest and piflon—juniper (Pinus edulis and
Juniperus monosperma) woodland shifted extensively
(> 2 km) and rapidly (< 5 years) through mortality of
Pinus ponderosa in response to an extended period of
decreased precipitation (Fig. 3). This shift persisted
for decades and was accompanied by accelerated soil
erosion in areas previously vegetated by pine forest.
Thus, in this example, the ecosystem buffered tempo-
rally varying water inputs for many decades until the
water input was too small and the capacity of the
ecosystem to buffer transiently low water inputs was
exceeded, which shifted the structure of the
ecosystem.

Buffering of variable inputs through storage
and recycling of elements

Buffering and recycling

In the previous section we developed an example
illustrating the functioning of a buffer pool. In this
one-pool example the buffer pool was the water stored
in the ecosystem, and the ecosystem could buffer short
and intermediate-term decreases in water inputs.
Decreased inputs over long periods cannot be buffered
only by storage because the buffer capacity (Box 1 part
A) would be quickly exceeded (see above). Buffering
of low inputs over long periods only works if the
buffer is re-filled by recycling (Fig. 1 dark blue text
and arrows), i.e. by ecosystem-internal fluxes (Box 1
part B). This can happen at the scale of a single plant
through element resorption or at the scale of the
ecosystem through re-uptake of elements (Fig. 1).
Recycling retains elements in the ecosystem, and thus
maintains the buffer, as we will explain through three
examples.

Buffering through storage and recycling
of elements: three examples

As a first example, tropical lowland forests on highly
weathered soils receive a large proportion of nutrients
that sustain their primary production from the atmo-
sphere in the form of dissolved ions and dust (Fig. 1
top left; Chadwick et al. 1999; Carrillo et al. 2002).
These inputs are highly variable in time (Kellman et al.
1982; Carrillo et al. 2002). Despite the low
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the ecosystem (A). During intermediate stages of development,
the ecosystem buffers decreased P inputs (compared to the
initial stages) by storage and recycling, and thus leaf P contents
are still as high as during the initial stages (B). However, at late
stages of ecosystem development (> 5000 years), the buffer
capacity is exceeded and leaf P contents are very low
(B) (changed after Richardsson et al. 2004)

atmospheric inputs and their high temporal variability,
tropical lowland forest ecosystems have high rates of
net primary production that are similar to upland
tropical forests which receive larger inputs of nutrients
from bedrock (Vitousek and Sanford 1986). The
reason for this is that they recycle nutrients very
efficiently and store large amounts of elements in the
biomass (Vitousek and Sanford 1986).

As a second example, European beech (Fagus
sylvatica L.) forests exist on a large range of geolog-
ical substrates, and thus the nutrient inputs that these
ecosystems receive from bedrock (i.e., inputs from
lithosphere, Fig. 1) differ largely among different
beech forests (Fig. 4). Despite differences in nutrient
inputs from the underlying substrate, productivity
among mature beech forests growing on different
substrates under the same climate conditions is very
similar (Fig. 4; Meier et al. 2005). This is because
productivity is largely supported through recycling of

nutrients in the plant and in the entire ecosystem.
Processes of nutrient recycling and storage allow
plants to thrive at sites with minimal nutrient inputs
(Chapin et al. 1990; Millard and Grelet 2010). Without
efficient recycling, storage pools of nutrients would be
quickly depleted if nutrient inputs from the bedrock
were constantly low. In contrast to the former (tropical
forest) example, the nutrient inputs in the latter (beech
forest) example (Fig. 4) differ in space (see also Box 1
part A) and the buffering behavior of a beech forest is
deduced from a comparison of the biomass production
rate of different forest ecosystems.

As a third example, after a disturbance (e.g. fire, or
drought) or during interglacial periods, ecosystems
undergo a primary succession and subsequently a
retrogressive succession during which ecosystem
productivity and plant biomass production decrease
(Birk and Birk 2004; Wardle et al. 2004). The reason
for this decrease is that the total nutrient pool as well as
available and intermediately available nutrient pools
in soil decrease over time due to the cumulative export
of nutrients (decreased net inputs, Fig. 2C and D) and
formation of plant-unavailable nutrient pools (Walker
and Syers 1976; Richardson et al. 2004). During
intermediate stages of ecosystem retrogression, stor-
age and recycling can still buffer decreased P inputs.
This can be observed, for example, in the chronose-
quence at the Franz Josef glacier in New Zealand
(Fig. 5). At sites where the glacier retreated 130-5000
years ago, the leaf P content is as high as the very
young sites, despite strong decreases in soil P. This
observation suggests that recycling of P buffers the
decreased net P inputs and P availability (Richardson
et al. 2004). In contrast, at the older sites (> 5000
years) leaf P content strongly decreased compared to
younger sites because the capacity of the system to
buffer low inputs was exceeded.

The study of buffering in ecosystems through
storage and recycling of elements is associated with
the challenge that stored elements, in contrast to water
(see “Simple example: storage of water in ecosystems
buffers time-variable inputs” section), often need to be
mobilized before they can move from one ecosystem
pool to another. For instance, adsorbed ions in soil
must be desorbed to become available for plant uptake
and nutrients covalently bound in soil organic matter
(SOM) must be mineralized. Mobilization of elements
from storage pools both in the plant and in the soil can
be very slow, and might limit the capacity of the
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ecosystem to buffer the effects of variable inputs on
ecosystem properties, such as primary production.
Thus, the major challenges in the study of buffering
through storage and recycling of elements are: (a) the
identification and quantification of the buffer pool;
(b) the determination of the rate at which elements of
the buffer pool are mobilized; and (c) the determina-
tion of the rate of element recycling.

In the following sections, we review the current
knowledge of processes of storage and recycling that
allow ecosystems to buffer element inputs. To start
with, we synthesize the current knowledge of element
storage in plants (4.1) and soils (4.2).

Storage of elements in ecosystems
Storage of elements in plants

Plants store C and nutrients as reserves, which are
storage pools that can be mobilized by plants (Fig. 1).
The build-up of reserves in the plant can compete with
other plant functions, such as growth or defense, and
allows the plant to: (1) overcome periods of asyn-
chrony between supply and demand, e.g., nighttime
metabolism; (2) recover from damage and biomass
loss via herbivory, disturbance, or disease; and (3)
support sudden changes in allocation patterns during
plant development, like the shift from vegetative to
reproductive growth (Chapin et al. 1990). The most
abundant storage form of C in plants is carbohydrates,
i.e., sugars and starch. These reserves can make up a
substantial proportion of dry biomass in leaves,
branches, and roots in trees (Hoch et al. 2003; Wurth
et al. 2005) and provide a buffer large enough to
regrow the entire tree foliage four times (Hoch et al.
2003). Carbohydrate concentrations are, on average,
highest in leaves (14%) and roots (10%) and lowest in
stems (7%). Starch stored as osmotically inactive
grains in chloroplasts, or in specialized organelles
called amyloplasts, makes up roughly half of the
carbohydrate pool (6, 7, and 3% in leaves, roots and
stems, respectively, Martinez-Vilalta et al. 2016).
Inorganic nutrients like Mg, S, K or P as well as amino
acids and proteins, are typically stored and withdrawn
from vacuoles with specialized membrane pumps or
molecule carriers. Lipids are concentrated in specific
organelles called oleosomes, spherical bodies in the
cytoplasm of parenchyma cells that self-organize due
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to the polar nature of the fatty acids (Mohr and
Schopfer 1995). All of the previously described
storage compounds can individually be thought of as
pools such that the concepts presented in “Conceptual
framework” section and Box 1 for changes in pool size
are applicable.

The mobilization of reserves can buffer resource
supply during unfavorable environmental conditions
and extreme events (e.g., drought, fire, Fig. 3) when
photosynthetic activity and root uptake is constrained
by water or nutrient shortages (Gessler et al. 2017).
While most soluble carbohydrates can be readily re-
fed into the metabolic pool, starch must be hydrolyzed
to glucose before it can be metabolized or transported,
and more complex or large molecules like lipids must
be converted to other forms like carbohydrates before
they can be transported to other plant organs through
the phloem (Mohr and Schopfer 1995). The mobiliza-
tion of reserves occurs over diurnal scales in devel-
oping leaves (Gibon et al. 2004; Stitt and Zeeman
2012) but can also span across seasons (Helle and
Schleser 2004), decades or even centuries (Wiley and
Helliker 2012). Plant reserve formation and reserve
use is a highly variable component of ecosystem
element storage and is governed by plant control
mechanisms that are currently not well understood
(Huang et al. 2018). What is known is that short-term
(e.g., daytime) storage of carbohydrates in starch
granules and their mobilization during nighttime is
genetically controlled (Gibon et al. 2009) and can
prevent C shortages in growth and other metabolic
activities (Smith and Stitt 2007). The regulation of
long-term C storage activity and the factors determin-
ing the amount of storage in long-lived organisms like
trees is still not fully understood (Dietze et al. 2014;
Hoch 2015) but is thought to optimize fitness via long-
term survival (Wiley and Helliker 2012; Mubhr et al.
2013, 2016).

Accumulation of carbohydrates may occur when
growth is constrained by unfavorable environmental
conditions such as low temperatures or drought
(Korner 1998, 2003; Muller et al. 2011). Other
evidence suggests that source activity (photosynthe-
sis) is downregulated when sink activity (e.g., growth,
respiration) is constrained. For example, when devel-
oping fruits are removed from a branch (Nebauer et al.
2011) the entailing build-up of carbohydrates triggers
a sugar sensing feedback mechanism that causes a
molecular down-regulation of photosynthetic rates
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(Koch, 1996). The uptake of mineral nutrients is
generally regulated by the demand of the plant for
growth and development, but accumulation of nutri-
ents may also occur at the same time (Wirén et al.
1997). Research on the regulation and control mech-
anisms of nutrient uptake and accumulation has so far
focused mainly on crops (Yu et al. 2015) and very little
information is available for natural ecosystems.
Uncertainties in our knowledge of nutrient uptake
and accumulation are a research frontier that is
important for developing a holistic perspective of
buffering in plant—soil ecosystems.

The capacity of plants and trees to drawn down, i.e.
fully exploit, C reserves is also not well understood
and is an active field of research (Hartmann and
Trumbore 2016). During periods of C limitation from
shading, trees can use up to ~ 85% of stored
carbohydrates before they die (Weber et al. 2018). In
contrast, some species can switch to other resources
like lipids to postpone starvation (Fischer et al. 2015).
However, mobilization of stored carbohydrates is
inhibited by declining hydration during drought
(Hartmann et al. 2013a) in above-ground tissues, but
less so in the root system (Hartmann et al. 2013b; Li
et al. 2018). While draw down of carbohydrates during
drought is a common phenomenon, it is not ubiquitous
across different species, functional types, or even
organs (Adams et al. 2017).

In summary, plants can store large amounts of C
and nutrients in the form of reserves that are
sufficiently large to allow regrowth of the entire tree
foliage several times (Fig. 1). However, mobilization
of stored carbohydrates can be inhibited by declining
hydration during drought, and the processes of storage
mobilization and draw down are not yet fully under-
stood. Future research should study how storage pools
in plants are related to cyclical changes in inputs and to
which extent the response in plant biomass production
is dampened and delayed in response to changes in
inputs (see “Conceptual framework™ section, Box 1).

Storage of elements in soils

Soils can store nutrients released from weathering of
primary minerals or derived from the atmosphere in
inorganic form and bound in SOM (Fig. 1). Nutrients
are retained in soil due to sorption on charged surfaces.
Surface charges of the solid soil phase can be either
permanent or variable, i.e. pH-dependent (Essington

2003). Most of the charge in soils is negative and is
balanced by cations including protons. However,
significant positively charged mineral and organic
colloid surfaces can be found in acidic soils with
dominant variable charge (e.g., Oxisols) (Bergaya
et al., 2006). Globally, in neutral and alkaline soils
Ca’t is the dominant exchangeable cation
(25.18 £+ 16.28 cmol, kg~ "), followed by Mg2+
(10.06 + 8.49 cmol. kg~ "), Na™ (1.21 + 4.31 cmol,
kg™ 1), KT (0.737 + 0.684 cmol. kg~ ') (Essington
2003). With increasing levels of leaching, soil pH and
base cation contents decrease, and the relative pro-
portion of AI’Y, Mn™? and KT in the exchange
complex increase Essington 2003; Jobbagy and Jack-
son 2001; Li and Johnson 2016). Despite the fact that
exchangeable cations and anions for many lithogenic
elements represent only a minor fraction of the total
soil nutrient element inventory, the temporal retention
and demand-driven release of these nutrients from the
exchange complex is one of the main process facil-
itating storage and recycling of nutrients in ecosys-
tems (Fig. 1 light blue text and arrows) and sustain the
productivity of terrestrial ecosystems (Sverdrup and
Rosen 1998).

Total soil cation and anion storage and the relative
proportion of sorbed ions can vary significantly
throughout the seasons mostly because of changes in
plant uptake, atmospheric inputs, leaching rates, and
SOM mineralization dynamics Helmisaari and Mil-
konen 1989; Nodvin et al. 1988; Vitousek and Reiners
1975). Similarly, decadal-scale changes in the total,
and the composition of sorbed, nutrients has been
observed during forest succession (Johnson et al.
2008). More dramatic changes in sorbed ions and
nutrient leaching losses occur as a result of large
ecosystem disturbance like soil degradation (Fang
et al. 2017), forest clearcutting (Nodvin et al. 1988),
and fire (Fang et al. 2017; Ulery et al. 2017).

While the stocks of sorbed elements in soils have
been quantified extensively, much less is known about
the rates at which elements sorbed to different
minerals desorb and become available to biota under
field conditions. This process might be limiting for
plant nutrition. Plants and microorganisms can mobi-
lize sorbed ions by enhancing their desorption from
mineral surfaces. They do this by releasing protons
that exchange with sorbed cations or by releasing
organic anions. Organic anions can both exchange
with sorbed anions and chelate cations, preventing
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precipitation of cations with nutritive anions (Hin-
singer 2001; Richardson et al. 2009). Despite release
of organic acid by microorganisms, nutrients might
only desorb at low rates from mineral surfaces. It has
been shown, for instance, that desorption of P from
goethite is very slow compared to the release of P from
primary minerals (Pastore et al. 2020) and might limit
plant P uptake if P bound to goethite is the only P
source (Klotzbiicher et al. 2020).

Besides being sorbed on charged surfaces in
inorganic form, N and P can also be stored covalently
bound in SOM. Soils have a finite capacity to sequester
SOM, and thus nutrients in organic form, with the
maximum amounts depending on climate and soil
characteristics (Jackson et al. 2017). The factors that
control the stabilization of OM in mineral soil against
decomposition have been intensively studied in recent
years. The emerging picture is that OM is mainly
stabilized through adsorption to charged mineral
surfaces (organo-mineral interactions) and through
occlusion, both making OM spatially inaccessible for
microorganisms and exoenzymes (Dungait et al. 2012;
Schmidt et al. 2011). Support for this concept comes
from studies showing that organic C in microaggre-
gates (John et al. 2005; Monreal et al. 1997) and in
mineral-associated fractions (Anderson and Paul
1984; Ludwig et al. 2003; Bol et al. 2009) is older
than the mean age of organic C in soil. Nutrients
covalently bound in OM are highly relevant for plant
nutrition because they are mineralized at intermediate
timescales (see “Recycling of elements in terrestrial
ecosystems” section). Nitrogen in OM comprises
more than 95% of all N present in soils (Johnson
1992). The molar C:N ratio of OM in mineral
soils ranges on average between 12.2 in desert soils
to 36.6 in boreal forest soils (Xu et al. 2013). The C:P
ratio of OM is typically much higher averaging around
250 Kirkby et al. 2011; Spohn 2020a, b) but is more
variable among ecosystems than the C:N ratio (Kirkby
et al. 2011; Tipping et al. 2016; Xu et al. 2013). The
C:P ratio and to a lesser extent the C:N ratio of OM
decrease during decomposition (Cotrufo et al. 2013;
Spohn and Chodak 2015; Zechmeister-Boltenstern
et al. 2015). This enrichment of N and P over C is
likely driven by interactions of the charged N- and
P-containing OM moieties with charged mineral
surfaces, which stabilizes nutrient-rich OM against
decomposition Knicker 2011; Newcomb et al. 2017;
Cotrufo et al. 2019; Spohn 2020a,b).
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Storage of elements in soils is also controlled by
erosion, transport, and deposition of soil. Hillslope
erosion preferentially transports topsoil, and thus
elements that are present in larger concentrations in
the topsoil, such as organic C, N and P (Avnimelech
and McHenry, 1984). Thus, soils in areas affected by
soil erosion are often depleted in organic C, N and P,
whereas in depositional environments, soils are
enriched in organic C, N, and P (Jobbagy and Jackson,
2001; Berhe et al. 2018). Studies that support this
finding and identify the topographic control on the
spatial variability of element storage in undisturbed
natural systems are limited (for exceptions see Avn-
imelech and McHenry, 1984; Yoo et al. 2006;
Weintraub et al. 2015). However, it has been shown,
that depositional environments such as floodplains
have increased OC stocks compared to sites of erosive
soil losses (van Qost et al. 2007; Oost et al. 2012;
Hoffmann et al. 2009; 2015; Berhe and Torn 2016;
Wang et al. 2017). Furthermore, soil erosion depends
not only on climate and topographic slope, but also on
vegetation cover (e.g., Starke et al. 2020; Schmid et al.
2018). Finally, bioturbation in the upper ~ 0.5 m of
soils (Schaller et al. 2009, 2018) that leads to the
translocation of OM from the topsoil to the subsoil
might increase storage of organic C, N and P since
decomposition of OM in the subsoil is slower than in
topsoil due to interaction with non-saturated mineral
surfaces in the subsoil (Don et al. 2008; Jackson et al.
2017).

Taken together, soils retain nutrients in both
organic and inorganic forms (white boxes in Fig. 1),
which is strongly affected by soil minerals and
topography. The soil nutrient pools can be sufficient
to supply plants for several decades with nutrients.
However, the mobilization of nutrients stored in soil
might limit plant nutrient uptake. Future research
should study how different soil types and storage pools
in soils respond to (cyclical) changes in inputs, and to
which extent their response to periodic changes in
inputs are dampened and delayed (see “Conceptual
framework” section).

Recycling of elements

Ecosystems do not only store nutrients, as discussed
above, but also recycle nutrients, which maintains
them in the ecosystem and can compensate for low
inputs. In this section, we review the status of
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knowledge of element recycling, first, in plants
through resorption of nutrients (“Recycling of ele-
ments in plants” section) and second, in ecosystems
through re-uptake of elements by plants that have been
used by plants before (“Recycling of elements in
terrestrial ecosystems” section).

Recycling of elements in plants

Plants recycle nutrients internally as they resorb
nutrients from senescent leaves and roots before
abscission and transport them to other plant tissues
where they are re-used (Fig. 1) (Aerts 1996; Yuan and
Chen 2009; Vergutz et al. 2012). Based on a global
meta-analysis, Vergutz et al. (2012) concluded that
terrestrial plants resorb 70.1% of leaf K, 64.9% of leaf
P, and 62.1% of leaf N before leaf abscission, while
only 28.6% of leaf Mg, 23.3% of leaf C, and 10.9% of
leaf Ca is resorbed. Graminoids tend to have the
highest nutrient resorption, whereas deciduous angios-
perms typically resorb a comparatively small propor-
tion of their leaf nutrients (Vergutz et al. 2012). The
differences in nutrient resorption between graminoids
and deciduous angiosperms amount to about 14% for
Cand N and to 5-6% for P and K (Vergutz et al. 2012).
However, it has to be taken into account that K
resorption might be overestimated in Vergutz et al.
(2012) because K leaches very quickly out of senes-
cent leaves (Schlesinger 2020). Nutrient resorption
from senescent leaves is not only affected by plant
functional type but also by mycorrhizal symbiosis; P
resorption was 76% larger for ectomycorrhizal trees
than for trees forming symbiosis with arbuscular
mycorrhiza (Zhang et al. 2018). In contrast to nutrient
resorption from leaves, much less is known about
nutrient resorption from senescent roots (Fig. 1).
Available data indicate that resorption from roots is
lower than from leaves (Brant and Chen 2015) but
does not allow for conclusive statements. Other
studies have found that resorption of N from senescent
leaves generally increases with increasing latitude and
decreases with increasing mean annual temperature
(MAT) and mean annual precipitation (MAP) across
different plant functional types. In contrast, resorption
of P decreases with latitude and increases with
increasing MAT and MAP (Yuan and Chen 20009;
Reed et al. 2012). This pattern has been attributed
mostly to the low P and high N availability in tropical

soils and low N availability in boreal soils (Yuan and
Chen 2009; Reed et al. 2012).

The extent to which plant species resorb nutrients
from senescent leaves correlates with the nutrient
status of the leaves. Vergutz et al. (2012) showed
based on observational data that the percentage of
resorbed N, P, K, and Mg each decline with increasing
leaf N, P, K, and Mg concentration, respectively. This
indicates that plants adjust the efficiency with which
they resorb nutrients to the nutrient concentration in
their leaves. Since these results are derived from
observational studies and all species only grow on a
limited number of soils, it cannot be concluded
whether this is due to an adaptation of the species to
the nutrient availability of the soils in which they
typically grow or due to an adjustment of individual
plants to the local nutrient availability. A meta-
analysis of fertilization studies showed that individual
plants are to some extent able to adjust the proportion
of nutrients they resorb from senescent leaves within
only one growing season. N resorption decreased in
response to N fertilization on average by 12.2% across
different plant functional types, while P resorption
decreased following P fertilization by 8.8% (Yuan and
Chen 2015). These experimental results show that
individual plants can adjust nutrient resorption effi-
ciency over short timescales to adjust to nutrient
availability of the soil in which they grow. This
plasticity allows plants to use nutrients more conser-
vatively under nutrient-poor conditions and to save the
energy required for resorption when soil nutrient
availability is high (Chapin et al. 1990, 1990; Yuan
and Chen 2015). Based on a global dataset it was
shown that N resorption in woody plants depends on
both the N content and the P content of the leaves, and
vice versa, P resorption is controlled by both P and N
content of leaves (Han et al. 2013). This finding
indicates that the resorption of one element depends
not only on the concentration of the element in the
leaves but also on the leaf contents of other nutrients.
In the example of the chronosequence in New Zealand
(Fig. 5) resorption of P allowed plants to maintain
relative high leaf P contents in the intermediate stages
of ecosystem development (Richardson et al. 2004).
However, the example also shows that the possibility
to compensate for low P inputs from soil by P
resorption is limited (see Fig. 5).

In summary, the extent to which plants recycle
nutrients internally depends on the plant functional
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type, the plant nutrient status, plant-microbial inter-
actions, and nutrient availability. In general, the
resorption efficiency is higher for N, P, and K than
for other nutrients. Furthermore, previous studies
indicate that resorption of a nutrient is only rewarding
for the plant if the availability of the nutrient in the soil
is low.

Recycling of elements in terrestrial ecosystems

Nutrients derived from plant litter can be taken up
again by plants, and many nutrients cycle several
times between soil and plant before eventually being
lost from the ecosystem (Fig. 1). In this section, we
discuss recycling of nutrients as the re-uptake of plant-
litter derived nutrients by plants. Microorganisms
might also re-use nutrients that have passed through
the soil microbial biomass before. However, since the
distinction between re-use of nutrients derived from
microbial necromass and microbial cell-internal ele-
ment re-cycling is difficult and has hardly been
addressed so far (Spohn and Widdig 2017), we
concentrate our discussion on the recycling of nutri-
ents in ecosystems by plants (dark blue arrows in
Fig. 1).

Nutrient recycling at the ecosystem scale encom-
passes re-use of nutrients within plants (resorption, see
“Storage of elements in plants” section) and re-uptake
of nutrients contained in plant and animal detritus,
such as litter. Nutrients in litter are released in
inorganic form during the decomposition process.
This process represents one of the prerequisites for
recycling since it enables plant uptake of litter-derived
nutrients. During decomposition of litter, large
organic polymers are depolymerized and organic C,
N, P, and S are mineralized (Coleman et al. 1983;
Richardson et al. 2009). Whether N and P are miner-
alized or immobilized in the microbial biomass
depends on the critical element ratio of the OM
(Parton et al. 2007). If the C:N or the C:P ratio of OM
is above the critical element ratio, N or P, respectively
is immobilized by microorganisms and is not rendered
available for plant uptake. If the element ratio of OM is
below the critical element ratio for the respective
nutrient, the nutrient content of the OM exceeds the
microbial nutrient demand and excess inorganic N or P
is released, which is termed net mineralization (Parton
et al. 2007; Spohn 2016). The threshold C:N ratio for
net N mineralization from plant leaf litter was
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determined to be between 20 and 40 (Gosz et al.
1973; Blair 1988; Parton et al. 2007; Moore et al.
2011; Mooshammer et al. 2012; Heuck and Spohn
2016), while threshold C:P ratios for net P mineral-
ization are between 300 and 1700 (Edmonds 1980;
Blair 1988; Saggar et al. 1998; Moore et al. 2011;
Heuck and Spohn 2016). The threshold element ratio
allows us to estimate if N or P mineralization takes
place. However, plants might also take up small
amounts of N in the form of amino acids (McKane
et al. 2002; Jacob and Leuschner 2015).

The extent to which plants take up litter-derived
nutrients can be quantified by either mass balance
approaches (Box 1) or by tracing nutrients contained
in litter until their uptake by plants through isotopes.
Using a mass balance approach, Chapin (1991)
estimated, based on long-term measurements of
nutrient fluxes, that 96% of both N and P that plants
take up in a tundra ecosystem were recycled from plant
detritus. In temperate forests, 69-93 and 67-89% of
the N and P were derived from plant detritus, and
87-88 and 65-85% of K and Ca, respectively (Chapin
1991; Schlesinger 2020). A mass balance approach
was also used by Cleveland et al. (2013). They
estimated that globally, recycled N and P (resorption
plus re-uptake of plant-litter derived nutrients) con-
tributed ca. 90 and 98%, respectively, to yearly plant N
and P demand (Cleveland et al. 2013). Uhlig
et al. (2017) deduced that P and K must be largely
recycled in temperate forest because the plant P
demand was not covered by the P released from
bedrock. Based on a similar mass-balance approach,
Schuessler et al. (2018) deduced Mg must be largely
recycled in a montane rain forest. One large uncer-
tainty in all mass-balance studies is the flux of
nutrients from plants to the soil (Fig. 1). The deter-
mination of this flux is not trivial because it requires
information not only about the nutrient content in
different plant compartments but also about the
turnover of the different plant compartments and
about nutrient resorption from the different plant
compartments (Sec. Recycling of elements in plants).

The contribution of litter-derived nutrients to plant
element uptake can more directly be assessed through
isotopic tracer studies. For example, the addition of
>N-enriched plant litter and the subsequent recovery
of "*N in plants can be used to estimate the magnitude
of recycling for plant N uptake. In contrast to the large
contribution of recycling to plant N uptake reported



Biogeochemistry (2021) 156:351-373

365

above based on an indirect mass-balance approach, all
studies tracing the fate of leaf-litter derived N based on
isotopes report surprisingly small recoveries in above-
and below ground plant biomass irrespective of
experimental duration (up to eleven years): < 5% in
forests (Zeller et al. 2000, 2001; Stoelken et al. 2010;
Guo et al. 2013b; Leppert et al. 2017) and grasslands
(Seeber et al. 2008; Saj et al. 2009). The small 5N
tracer recovery in plant biomass in direct approaches
might be related to: (1) long-term storage of N-rich
organic matter in soils (see “Storage of elements in
plants” section); (2) methodological constraints,
namely the non-homogeneous distribution of the '°N
label; and (3) the importance of root rather than leaf
litter (Schmidt et al. 2011; Guo et al. 2013a;
Ruppenthal et al. 2015) for element recycling, which
is not accounted for in studies adding '’N-labeled leaf
litter. Similar to N, several authors suggested that the
main proportion (> 90%) of P taken up by beech trees
originates from the organic layer (Brandtberg et al.
2004; Jonard et al. 2009; Hauenstein et al. 2018). The
critical role of the organic layer for plant uptake was
also reported for Mg but not for Ca (van der Heijden
et al. 2014; Heijden et al. 2015). In agricultural
systems, a maximum of 44% of P taken up by plants
originated from plant residues (Noack et al. 2014;
Maltais-Landry and Frossard 2015).

Irrespective of the element considered, probabilis-
tic models predict that the contribution of recycled
nutrients to plant nutrition is linked to the rates of
external input into an ecosystem. (Spohn and Sierra
2018). This follows from simple probability distribu-
tions; the lower the rate at which a given nutrient
enters the ecosystem from outside (i.e., from the
atmosphere or the bedrock) in comparison to the rate at
which the nutrient is released from plant detritus, the
higher the probability that the plant takes up an atom
that has already passed at least once through the plant
biomass.

In conclusion, indirect and direct approaches con-
cur that N and P are heavily recycled in all ecosystems
to cover the plant nutrient demand. Both direct and
indirect approaches suggest that recycling is of less
importance for Mg and K, while no conclusive
statement can be drawn for Ca.

Caveats and future research needs

In this contribution, we revisited concepts of buffers in
environmental sciences, developed a conceptual
framework of buffering of inputs in terrestrial ecosys-
tems, and reviewed the current knowledge about
storage and recycling of elements in plants and
ecosystems (Fig. 1). In this section, we address
research needs in this field of study.

First, here we propose studying ecosystem
responses to resource inputs as dependent on storage
and recycling of elements. Since buffers dampen the
effect of an input, one of the challenges when studying
buffering in ecosystems is the clear distinction
between cause and effect. For example, biomass
production (often used to evaluate the buffering of
an ecosystems (see Fig. 4)) depends on many different
inputs to the ecosystem. Thus, it is difficult to
determine the contribution of element storage and
recycling to ecosystem functioning. In addition, it is
challenging to unambiguously attribute changes in
ecosystem functioning to changes in external inputs,
unless they are as extreme as in the case of the drought
example (Fig. 3). In order to understand the contribu-
tion of storge and recycling to ecosystem functioning,
long-term observations of ecosystems are required
(Lindenmayer et al. 2010; Richter et al. 2018) in
combination with tracer analyses, e.g. isotopes, that
capture the long-term fate of elements in ecosystems.

Second, this review suggests that the buffer capac-
ity (see Box 1) can be limited not only by the size of
storage pools in an ecosystem, but also by the capacity
to mobilize stored elements. The rate of mobilization
can be critical for the ability of ecosystems to dampen
and delay their response to temporally varying exter-
nal inputs. The boreal forest is an example of an
ecosystem in which an element is stored in large
quantities and at the same time primary production is
limited by the same element. Boreal forests store large
amounts of N in the organic layer, but with increasing
ecosystem development time the ecosystem is increas-
ingly unable to mobilize it (Peltzer et al. 2010). Future
research should focus on the processes by which stored
elements are mobilized and under which conditions
available storage (i.e. reserves) become unavailable
for organisms.

Third, here we only reviewed knowledge about
buffering through storage and recycling of elements.
Terrestrial ecosystems can also buffer variations in
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external inputs to some extent by adjusting nutrient-
(and water-) use efficiencies. Plants can, for example,
increase the efficiency with which they use a specific
nutrient for biomass production when nutrient avail-
ability is low. Nutrient-use efficiency is very well
described for crops but less so for plants in natural
ecosystems (Hawkesford et al. 2016). Future research
should quantify to which extent adjustment of nutri-
ent- (and water-) use efficiency allows ecosystems to
buffer variation in external inputs.

Fourth, the output flux (Q,) from an ecosystem
does not have to linearly depend on the pool size, as
assumed here (Fig. 2). Element release from a pool
can be dependent on the specific process and not just
pool size. For example, ecosystem disturbances (e.g.
fires, increased herbivory) are stochastic events (in-
dependent of pool size) that can result in rapid output
fluxes from the system and likely a different system
response than illustrated in this study. An opportunity
for future work is to explore how changes in the
formulation of the input and export fluxes driven by
different climate, geomorphic, or episodic events
affect the buffering behavior of ecosystems.

Fifth, future research should explore how storage of
water and nutrients in soil and plants affects weath-
ering and nutrient inputs from the lithosphere (Fig. 1).
During the last decades, biota have been regarded
mostly as drivers of weathering that can cause
weathering rates several magnitudes larger than abi-
otic processes (Finlay et al. 2020). Yet, biota in
ecosystems could also decrease weathering rates by
reducing the amount of water available for rock
weathering. Furthermore, storage and recycling of
nutrients by biota can decrease their need to acquire
new nutrients from rock. Thus, future studies should
explore how weathering rates in different ecosystems
change over time depending on storage and recycling
of nutrients.

Conclusions

We presented the state-of-the-art in storage and
recycling of elements in ecosystems and provided a
framework for studying ecosystem responses to ele-
ment inputs. This approach improves our understand-
ing of the extent to which ecosystems minimize their
sensitivity to changes in inputs. In contrast to the
concept of resistance, the framework developed here

@ Springer

facilitates a process-based understanding of the prop-
erty of ecosystems to decrease their reliance on
external inputs. The approach presented related
ecosystem responses to inputs to tangible pools and
associated fluxes. This resulted in the testable predic-
tion that ecosystems with large internal storage pools
relative to their supply rate and effective recycling of
nutrients, buffer external inputs more effectively.
Thus, our approach provides a metric for explaining
and predicting ecosystem functioning. We suggest,
based on this framework, that future research should
further formalize ecosystem responses to changes in
mass inputs and outputs from above, below, or across
the Earth’s surface and link these inputs to storage and
recycling of elements. Furthermore, future research
should identify the boundaries of element recycling in
ecosystems since they are ultimately decisive for the
time over which ecosystems can buffer external
inputs. The conceptual framework presented here
improves our ability to predict the responses of
ecosystems to environmental change. This is urgently
needed to better describe the safe operating space for
human existence on our planet and to define thresholds
which must not be exceeded to guarantee ecosystem
functioning.

Acknowledgements This contribution emerged from an
interdisciplinary discussion on an internal meeting of the
Priority Research Program ‘EarthShape: Earth Surface
Shaping by Biota’ (SPP-1803) funded by the German
Research Foundation (DFG). The authors thank the DFG for
funding. We thank Friedhelm von Blanckenburg and two
anonymous reviewers for input on an early version of this
manuscript.

Funding Open access funding provided by Swedish
University of Agricultural Sciences. The study was funded by
DFG.

Declarations

Conflict of interests The authors declare no conflict of
interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any med-
ium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in
the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your



Biogeochemistry (2021) 156:351-373

367

intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Adams HD, Zeppel MJB, Anderegg WRL, Hartmann H,
Landhausser SM, Tissue DT, Huxman TE, Hudson PJ,
Franz TE, Allen CD, Anderegg LDL, Barron-Gafford GA,
Beerling DJ, Breshears DD, Brodribb TJ, Bugmann H,
Cobb RC, Collins AD, Dickman LT, Duan H, Ewers BE,
Galiano L, Galvez DA, Garcia-Forner N, Gaylord ML,
Germino MJ, Gessler A, Hacke UG, Hakamada R, Hector
A, Jenkins MW, Kane JM, Kolb TE, Law DJ, Lewis JD,
Limousin JM, Love DM, Macalady AK, Martinez-Vilalta
J, Mencuccini M, Mitchell PJ, Muss JD, O’Brien MJ,
O’Grady AP, Pangle RE, Pinkard EA, Piper FI, Plaut JA,
Pockman WT, Quirk J, Reinhardt K, Ripullone F, Ryan
MG, Sala A, Sevanto S, Sperry JS, Vargas R, Vennetier M,
Way DA, Xu C, Yepez EA, McDowell NG (2017) A multi-
species synthesis of physiological mechanisms in drought-
induced tree mortality. Nat Ecol Evol 1(9):1285-1291.
https://doi.org/10.1038/s41559-017-0248-x

Aerts R (1996) Nutrient resorption from senescing leaves of
perennials: are there general patterns? J Ecol
84(4):597-608. https://doi.org/10.2307/2261481

Allen CD, Breshears DD (1998) Drought-induced shift of a
forest—-woodland ecotone: rapid landscape response to
climate variation. Proc Natl Acad Sci 95(25):14839

Anderson DW, Paul EA (1984) Organo-mineral complexes and
their study by radiocarbon datingl. Soil Sci Soc Am J
48(2):298-301. https://doi.org/10.2136/sssaj1984.
03615995004800020014x

Armitage JJ, Dunkley Jones T, Duller RA, Whittaker AC, Allen
PA (2013) Temporal buffering of climate-driven sediment
flux cycles by transient catchment response. Earth Planet
Sci Lett 369-370:200-210. https://doi.org/10.1016/j.epsl.
2013.03.020

Attiwill PM, Adams MA (1993) Nutrient cycling in forests. New
Phytol 124(4):561-582

Avnimelech Y, McHenry JR (1984) Enrichment of transported
sediments with organic carbon, nutrients, and clay. Soil Sci
Soc Am J 48:259-266. https://doi.org/10.2136/sssaj1984.
03615995004800020006xBergaya

Berhe AA, Torn MS (2016) Erosional redistribution of topsoil
controls soil nitrogen dynamics. Biogeochemistry
132(1-2):37-54. https://doi.org/10.1007/s10533-016-
0286-5

Berhe AA, Barnes RT, Six J, Marin-Spiotta E (2018) Role of soil
erosion in biogeochemical cycling of essential elements:
carbon, nitrogen, and phosphorus. Annu Rev Earth Planet
Sci 46(1):521-548. https://doi.org/10.1146/annurev-earth-
082517-010018

Birks HH, Birks HIB (2004) The rise and fall of forests. Science
305(5683):484-485. https://doi.org/10.1126/science.
1101357

Blair JM (1988) Nitrogen, sulfur and phosphorus dynamics in
decomposing deciduous leaf litter in the southern

appalachians. Soil Biol Biochem 20(5):693-701. https://
doi.org/10.1016/0038-0717(88)90154-X

Bol R, Poirier N, Balesdent J, Gleixner G (2009) Molecular
turnover time of soil organic matter in particle-size frac-
tions of an arable soil. Rapid Commun Mass Spectrom
23(16):2551-2558. https://doi.org/10.1002/rcm.4124

Brandtberg PO, Bengtsson J, Lundkvist H (2004) Distributions
of the capacity to take up nutrients by Betula spp. and Picea
abies in mixed stands. For Ecol Manage
198(1-3):193-208. https://doi.org/10.1016/j.foreco.2004.
04.012

Brant AN, Chen HYH (2015) Patterns and mechanisms of
nutrient resorption in plants. Crit Rev Plant Sci
34(5):471-486.  https://doi.org/10.1080/07352689.2015.
1078611

Brunsden B, Thornes JB (1979) Landscape sensitivity and
change. Trans Inst Br Geogr 4(4):463-484

Calow RC, MacDonald AM, Nicol AL, Robins NS (2010)
Ground water security and drought in Africa: linking
availability, access, and demand. Groundwater
48(2):246-256. https://doi.org/10.1111/j.1745-6584.20009.
00558.x

Carrillo JH, Hastings MG, Sigman DM, Huebert BJ (2002)
Atmospheric deposition of inorganic and organic nitrogen
and base cations in Hawaii. Global Biogeochem Cycles
16(4):24-21. https://doi.org/10.1029/2002GB001892

Chadwick OA, Chorover J (2001) The chemistry of pedogenic
thresholds. Geoderma 100(3):321-353. https://doi.org/10.
1016/S0016-7061(01)00027-1

Chadwick OA, Derry LA, Vitousek PM, Huebert BJ, Hedin LO
(1999) Changing sources of nutrients during four million
years of ecosystem development. Nature
397(6719):491-497. https://doi.org/10.1038/17276

Chapin FS (1991) Effects of multiple environmental stresses on
nutrient availability and use. In: Mooney HA, Winner WE,
Pell EJ (eds) Response of plants to multiple stresses:
pergamon programmed texts. Academic Press, San Diego,
pp 67-88

Chapin FS, Schulze E-D, Mooney HA (1990) The ecology and
economics of storage in plants. Annu Rev Ecol Syst
21:423-447

Cleveland CC, Houlton BZ, Smith WK, Marklein AR, Reed SC,
Parton W, Del Grosso SJ, Running SW (2013) Patterns of
new versus recycled primary production in the terrestrial
biosphere. Proc Natl Acad Sci 110(31):12733-12737.
https://doi.org/10.1073/pnas.1302768110

Coleman DC, Reid CPP, Cole CV (1983) Biological strategies
of nutrient cycling in soil systems. In: MacFadyen A, Ford
ED (eds) Advances in ecological research, vol 13. Aca-
demic Press, pp 1-55

Connell SD, Ghedini G (2015) Resisting regime-shifts: the
stabilising effect of compensatory processes. Trends Ecol
Evol 30(9):513-515. https://doi.org/10.1016/j.tree.2015.
06.014

Cotrufo MF, Wallenstein MD, Boot CM, Denef K, Paul E
(2013) The microbial efficiency-matrix stabilization
(MEMS) framework integrates plant litter decomposition
with soil organic matter stabilization: do labile plant inputs
form stable soil organic matter? Glob Change Biol
19(4):988-995. https://doi.org/10.1111/gcb.12113

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.2307/2261481
https://doi.org/10.2136/sssaj1984.03615995004800020014x
https://doi.org/10.2136/sssaj1984.03615995004800020014x
https://doi.org/10.1016/j.epsl.2013.03.020
https://doi.org/10.1016/j.epsl.2013.03.020
https://doi.org/10.2136/sssaj1984.03615995004800020006xBergaya
https://doi.org/10.2136/sssaj1984.03615995004800020006xBergaya
https://doi.org/10.1007/s10533-016-0286-5
https://doi.org/10.1007/s10533-016-0286-5
https://doi.org/10.1146/annurev-earth-082517-010018
https://doi.org/10.1146/annurev-earth-082517-010018
https://doi.org/10.1126/science.1101357
https://doi.org/10.1126/science.1101357
https://doi.org/10.1016/0038-0717(88)90154-X
https://doi.org/10.1016/0038-0717(88)90154-X
https://doi.org/10.1002/rcm.4124
https://doi.org/10.1016/j.foreco.2004.04.012
https://doi.org/10.1016/j.foreco.2004.04.012
https://doi.org/10.1080/07352689.2015.1078611
https://doi.org/10.1080/07352689.2015.1078611
https://doi.org/10.1111/j.1745-6584.2009.00558.x
https://doi.org/10.1111/j.1745-6584.2009.00558.x
https://doi.org/10.1029/2002GB001892
https://doi.org/10.1016/S0016-7061(01)00027-1
https://doi.org/10.1016/S0016-7061(01)00027-1
https://doi.org/10.1038/17276
https://doi.org/10.1073/pnas.1302768110
https://doi.org/10.1016/j.tree.2015.06.014
https://doi.org/10.1016/j.tree.2015.06.014
https://doi.org/10.1111/gcb.12113

368

Biogeochemistry (2021) 156:351-373

Cotrufo MF, Ranalli MG, Haddix ML, Six J, Lugato E (2019)
Soil carbon storage informed by particulate and mineral-
associated organic matter. Nat Geosci 12:989-994. https://
doi.org/10.1038/541561-019-0484-6

De Angelis DL (1980) Energy flow, nutrient cycling, and
ecosystem resilience. Ecology 61(4):764-771

Dietze MC, Sala A, Carbone MS, Czimczik CI, Mantooth JA,
Richardson AD, Vargas R (2014) Nonstructural carbon in
woody plants. Annu Rev Plant Biol 65(1):667-687. https://
doi.org/10.1146/annurev-arplant-050213-040054

Don A, Steinberg B, Schoning I, Pritsch K, Joschko M, Gleixner
G, Schulze E-D (2008) Organic carbon sequestration in
earthworm burrows. Soil Biol Biochem 40(7):1803-1812.
https://doi.org/10.1016/j.s0ilbio.2008.03.003

Doody DG, Withers PJA, Dils RM, McDowell RW, Smith V,
McElarney YR, Dunbar M, Daly D (2016) Optimizing land
use for the delivery of catchment ecosystem services. Front
Ecol Environ 14(6):325-332. https://doi.org/10.1002/fee.
1296

Dungait JAJ, Hopkins DW, Gregory AS, Whitmore AP (2012)
Soil organic matter turnover is governed by accessibility
not recalcitrance. Glob Change Biol 18(6):1781-1796.
https://doi.org/10.1111/j.1365-2486.2012.02665.x

Edmonds RL (1980) Litter decomposition and nutrient release
in Douglas-fir, red alder, western hemlock, and Pacific
silver fir ecosystems in western Washington. Can J For Res
10(3):327-337. https://doi.org/10.1139/x80-056

Essington ME (2003) Cation Exchange. Soil and water Chem-
istry: an integrative approach, 11th edn. CRC Press LLC,
Boca Raton, pp 399-443

Fang K, Kou D, Wang G, Chen L, Ding J, Li F, Yang G, Qin S,
Li L, Zhang Q, Yang Y (2017) Decreased soil cation
exchange capacity across Northern China’s grasslands over
the last three decades: CEC dynamics across grasslands.
J Geophys Res 122(11):3088-3097. https://doi.org/10.
1002/2017JG003968

Fernandez-Illescas CP, Porporato A, Laio F, Rodriguez-Iturbe 1
(2001) The ecohydrological role of soil texture in a water-
limited ecosystem. Water Resour Res 37(12):2863-2872.
https://doi.org/10.1029/2000WR000121

Finlay RD, Mahmood S, Rosenstock N, Bolou-Bi EB, Kohler
SJ, Fahad Z, Rosling A, Wallander H, Belyazid S, Bishop
K, Lian B (2020) Biological weathering and its conse-
quences at different spatial levels-from nanoscale to global
scale. Biogeosciences 17:1507-1533

Fischer S, Hanf S, Frosch T, Gleixner G, Popp J, Trumbore S,
Hartmann H (2015) Pinus sylvestris switches respiration
substrates under shading but not during drought. New
Phytol 207(3):542-550. https://doi.org/10.1111/nph.13452

Fryirs KA, Brierley GJ, Preston NJ, Kasai M (2007) Buffers,
barriers and blankets: the (dis)connectivity of catchment-
scale sediment cascades. Catena 70(1):49-67. https://doi.
org/10.1016/j.catena.2006.07.007

Gessler A, Schaub M, McDowell NG (2017) The role of nutri-
ents in drought-induced tree mortality and recovery. New
Phytol 214(2):513-520. https://doi.org/10.1111/nph.14340

Gibon Y, Blasing OE, Palacios-Rojas N, Pankovic D, Hendriks
JHM, Fisahn J, Hohne M, Giinther M, Stitt M (2004)
Adjustment of diurnal starch turnover to short days:
depletion of sugar during the night leads to a temporary
inhibition of carbohydrate utilization, accumulation of

@ Springer

sugars and post-translational activation of ADP-glucose
pyrophosphorylase in the following light period. Plant J
39(6):847-862. https://doi.org/10.1111/j.1365-313X.
2004.02173.x

Gibon Y, Pyl E-T, Sulpice R, Lunn JE, Hohne M, Giinther M,
Stitt M (2009) Adjustment of growth, starch turnover,
protein content and central metabolism to a decrease of the
carbon supply when Arabidopsis is grown in very short
photoperiods. Plant Cell Environ 32(7):859-874. https://
doi.org/10.1111/j.1365-3040.2009.01965.x

Gosz JR, Likens GE, Bormann FH (1973) Nutrient release from
decomposing leaf and Branch Litter in the Hubbard Brook
Forest, New Hampshire. Ecol Monogr 43(2):173-191.
https://doi.org/10.2307/1942193

Guo CJ, Dannenmann M, Gasche R, Zeller B, Papen H, Polle A,
Rennenberg H, Simon J (2013a) Preferential use of root
litter compared to leaf litter by beech seedlings and soil
microorganisms. Plant Soil 368(1-2):519-534. https://doi.
org/10.1007/s11104-012-1521-z

Guo CJ, Simon J, Gasche R, Naumann PS, Bimuller C, Pena R,
Polle A, Kogel-Knabner I, Zeller B, Rennenberg H, Dan-
nenmann M (2013b) Minor contribution of leaf litter to N
nutrition of beech (Fagus sylvatica) seedlings in a moun-
tainous beech forest of Southern Germany. Plant Soil
369(1-2):657-668.  https://doi.org/10.1007/s11104-013-
1603-6

Han W, Tang L, Chen Y, Fang J (2013) Relationship between
the relative limitation and resorption efficiency of nitrogen
vs phosphorus in woody plants. PLoS ONE 8(12):e83366.
https://doi.org/10.1371/journal.pone.0083366

Hartmann H, Trumbore S (2016) Understanding the roles of
nonstructural carbohydrates in forest trees: from what we
can measure to what we want to know. New Phytol
211(2):386-403. https://doi.org/10.1111/nph.13955

Hartmann H, Ziegler W, Kolle O, Trumbore S (2013a) Thirst
beats hunger: declining hydration during drought prevents
carbon starvation in Norway spruce saplings. New Phytol
200(2):340-349. https://doi.org/10.1111/nph.12331

Hartmann H, Ziegler W, Trumbore S (2013b) Lethal drought
leads to reduction in nonstructural carbohydrates in Nor-
way spruce tree roots but not in the canopy. Funct Ecol
27(2):413-427. https://doi.org/10.1111/1365-2435.12046

Harvey AM (2002) Effective timescales of coupling within
fluvial systems. Geomorphology 44(3):175-201. https://
doi.org/10.1016/S0169-555X(01)00174-X

Hauenstein S, Neidhardt H, Lang F, Kruger J, Hofmann D, Putz
T, Oelmann Y (2018) Organic layers favor phosphorus
storage and uptake by young beech trees (Fagus sylvatica
L) at nutrient poor ecosystems. Plant Soil
432(1-2):289-301.  https://doi.org/10.1007/s11104-018-
3804-5

Hawkesford MJ, Kopriva S, De Kok LJ (2016) Nutrient use
efficiency in plants. Springer, pp 1-279

Helle G, Schleser GH (2004) Beyond CO,-fixation by Rubisco:
an interpretation of '*C/'2C variations in tree rings form
novel intra-seasonal studies on broad-leaf trees. Plant Cell
Environ 27:367-380

Helmisaari HS, Milkonen E (1989) Acidity and nutrient content
of throughfall and soil leachate in three Pinus sylvestris
stands. Scand J For Res 4(1-4):13-28. https://doi.org/10.
1080/02827588909382542


https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1016/j.soilbio.2008.03.003
https://doi.org/10.1002/fee.1296
https://doi.org/10.1002/fee.1296
https://doi.org/10.1111/j.1365-2486.2012.02665.x
https://doi.org/10.1139/x80-056
https://doi.org/10.1002/2017JG003968
https://doi.org/10.1002/2017JG003968
https://doi.org/10.1029/2000WR000121
https://doi.org/10.1111/nph.13452
https://doi.org/10.1016/j.catena.2006.07.007
https://doi.org/10.1016/j.catena.2006.07.007
https://doi.org/10.1111/nph.14340
https://doi.org/10.1111/j.1365-313X.2004.02173.x
https://doi.org/10.1111/j.1365-313X.2004.02173.x
https://doi.org/10.1111/j.1365-3040.2009.01965.x
https://doi.org/10.1111/j.1365-3040.2009.01965.x
https://doi.org/10.2307/1942193
https://doi.org/10.1007/s11104-012-1521-z
https://doi.org/10.1007/s11104-012-1521-z
https://doi.org/10.1007/s11104-013-1603-6
https://doi.org/10.1007/s11104-013-1603-6
https://doi.org/10.1371/journal.pone.0083366
https://doi.org/10.1111/nph.13955
https://doi.org/10.1111/nph.12331
https://doi.org/10.1111/1365-2435.12046
https://doi.org/10.1016/S0169-555X(01)00174-X
https://doi.org/10.1016/S0169-555X(01)00174-X
https://doi.org/10.1007/s11104-018-3804-5
https://doi.org/10.1007/s11104-018-3804-5
https://doi.org/10.1080/02827588909382542
https://doi.org/10.1080/02827588909382542

Biogeochemistry (2021) 156:351-373

369

Heuck C, Spohn M (2016) Carbon, nitrogen and phosphorus net
mineralization in organic horizons of temperate forests:
stoichiometry and relations to organic matter quality.
Biogeochemistry 131(1):229-242. https://doi.org/10.1007/
$10533-016-0276-7

Hinsinger P (2001) Bioavailability of soil inorganic P in the
rhizosphere as affected by root-induced chemical changes:
a review. Plant Soil 237(2):173-195. https://doi.org/10.
1023/A:1013351617532

Hoch G (2015) Carbon reserves as indicators for carbon limi-
tation in trees. In: Liittge U, Beyschlag W (eds) Progress in
botany, vol 76. Springer, Cham, pp 321-346

Hoch G, Richter A, Korner C (2003) Non-structural carbon
compounds in temperate forest trees. Plant Cell Environ
26(7):1067-1081.  https://doi.org/10.1046/j.0016-8025.
2003.01032.x

Hoffmann T (2015) Sediment residence time and connectivity in
non-equilibrium and transient geomorphic systems. Earth
Sci Rev 150:609-627. https://doi.org/10.1016/j.earscirev.
2015.07.008

Hoffmann T, Glatzel S, Dikau R (2009) A carbon storage per-
spective on alluvial sediment storage in the Rhine catch-
ment. Geomorphology 108(1-2):127-137. https://doi.org/
10.1016/j.geomorph.2007.11.015

Huang J, Hammerbacher A, Weinhold A, Reichelt M, Gleixner
G, Behrendt T, van Dam NM, Sala A, Gershenzon J,
Trumbore S, Hartmann H (2018) Eyes on the future: evi-
dence for trade-offs between growth, storage and defense
in Norway spruce. New Phytol 222(1):144-158. https://
doi.org/10.1111/nph.15522

Isbell F, Craven D, Connolly J, Loreau M, Schmid B,
Beierkuhnlein C, Bezemer TM, Bonin C, Bruelheide H, de
LucaE, Ebeling A, Griffin JN, Guo Q, Hautier Y, Hector A,
Jentsch A, Kreyling J, Lanta V, Manning P, Meyer ST,
Mori AS, Naeem S, Niklaus PA, Polley HW, Reich PB,
Roscher C, Seabloom EW, Smith MD, Thakur MP, Tilman
D, Tracy BF, van der Putten WH, van Ruijven J, Weigelt A,
Weisser WW, Wilsey B, Eisenhauer N (2015) Biodiversity
increases the resistance of ecosystem productivity to cli-
mate extremes. Nature 526(7574):574-577. https://doi.org/
10.1038/nature15374

Jackson RB, Lajtha K, Crow SE, Hugelius G, Kramer MG,
Pifieiro G (2017) The ecology of soil carbon: pools, vul-
nerabilities, and biotic and abiotic controls. Ann Rev Ecol
48(1):419-445. https://doi.org/10.1146/annurev-ecolsys-
112414-054234

Jacob A, Leuschner C (2015) Complementarity in the use of
nitrogen forms in a temperate broad-leaved mixed forest.
Plant Ecol Divers 8:243-258. https://doi.org/10.1080/
17550874.2014.898166

Jobbagy EG, Jackson RB (2001) The distribution of soil nutri-
ents with depth: global patterns and the imprint of plants.
Biogeochemistry 53:51-77. https://doi.org/10.1023/A:
1010760720215

John B, Yamashita T, Ludwig B, Flessa H (2005) Storage of
organic carbon in aggregate and density fractions of silty
soils under different types of land use. Geoderma
128(1):63-79.  https://doi.org/10.1016/j.geoderma.2004.
12.013

Johnson DW (1992) Nitrogen retention in forest soils. J Environ
Qual 21(1):1-12. https://doi.org/10.2134/jeq1992.
00472425002100010001x

Johnson DW, Todd DE Jr, Trettin CF, Mulholland PJ (2008)
Decadal changes in potassium, calcium, and magnesium in
a deciduous forest soil. Soil Sci Soc Am J 72(6):1795-1805

Jonard M, Augusto L, Morel C, Achat DL, Saur E (2009) Forest
floor contribution to phosphorus nutrition: experimental
data. Ann For Sci 66(510). https://doi.org/10.1051/forest/
2009039

Jordan CF, Kline JR, Sasscer DS (1972) Relative stability of
mineral cycles in forest ecosystems. Am Nat
106(948):237-253. https://doi.org/10.1086/282764

Jgrgensen SE, Mejer H (1977) Ecological buffer capacity. Ecol
Model 3(3):39-61

Kellman M, Hudson J, Sanmugadas K (1982) Temporal vari-
ability in atmospheric nutrient influx to a tropical ecosys-
tem. Biotropica 14(1):1-9. https://doi.org/10.2307/
2387753

Kercher JR (1983) Closed-form solutions to sensitivity equa-
tions in the frequency and time do-mains for linear models
of ecosystems. Ecol Model 18(3-4):209-221. https://doi.
org/10.1016/0304-3800(83)90013-3

Kirkby CA, Kirkegaard JA, Richardson AE, Wade LJ, Blan-
chard C, Batten G (2011) Stable soil organic matter: a
comparison of C:N:P:S ratios in Australian and other world
soils. Geoderma 163(3):197-208. https://doi.org/10.1016/
j-geoderma.2011.04.010

Klotzbiicher A, Schunck F, Klotzbiicher T, Kaiser K, Glaser B,
Spohn M, Widdig M, Mikutta R (2020) Goethite-bound
phosphorus in an acidic subsoil is not available to beech
(Fagus sylvatica L.). Front For Global Change 3:94.
https://doi.org/10.3389/ffgc.2020.00094

Knicker H (2011) Soil organic N: an under-rated player for C
sequestration  in  soils?  Soil  Biol = Biochem
43(6):1118-1129.  https://doi.org/10.1016/j.s0ilbio.2011.
02.020

Korner C (1998) A re-assessment of high elevation treeline
positions and their explanation. Oecologia
115(4):445-459. https://doi.org/10.1007/s004420050540

Korner C (2003) Carbon limitation in trees. J Ecol 91(1):4-17.
https://doi.org/10.1046/j.1365-2745.2003.00742.x

Kusmer AS, Goyette J-O, MacDonald GK, Bennett EM, Mar-
anger R, Withers PJA (2019) Watershed buffering of
legacy phosphorus pressure at a regional scale: a compar-
ison across space and time. Ecosystems 22(1):91-109.
https://doi.org/10.1007/s10021-018-0255-z

Lagaly F, Vayer G M (2006) Developments in clay science.
Chapter 12.10 Cation and Anion Exchange. Elsevier,
Amsterdam

Lauenroth WK, Schlaepfer DR, Bradford JB (2014) Ecohy-
drology of dry regions: storage versus pulse soil water
dynamics. Ecosystems 17(8):1469-1479. https://doi.org/
10.1007/s10021-014-9808-y

Leppert KN, Niklaus PA, Scherer-Lorenzen M (2017) Does
species richness of subtropical tree leaf litter affect
decomposition, nutrient release, transfer and subsequent
uptake by plants? Soil Biol Biochem 115:44-53. https://
doi.org/10.1016/j.s0ilbio.2017.08.007

Li W, Hartmann H, Adams HD, Zhang H, Jin C, Zhao C, Guan
D, Wang A, Yuan F, Wu J (2018) The sweet side of global

@ Springer


https://doi.org/10.1007/s10533-016-0276-7
https://doi.org/10.1007/s10533-016-0276-7
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1016/j.earscirev.2015.07.008
https://doi.org/10.1016/j.earscirev.2015.07.008
https://doi.org/10.1016/j.geomorph.2007.11.015
https://doi.org/10.1016/j.geomorph.2007.11.015
https://doi.org/10.1111/nph.15522
https://doi.org/10.1111/nph.15522
https://doi.org/10.1038/nature15374
https://doi.org/10.1038/nature15374
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1080/17550874.2014.898166
https://doi.org/10.1080/17550874.2014.898166
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1016/j.geoderma.2004.12.013
https://doi.org/10.1016/j.geoderma.2004.12.013
https://doi.org/10.2134/jeq1992.00472425002100010001x
https://doi.org/10.2134/jeq1992.00472425002100010001x
https://doi.org/10.1051/forest/2009039
https://doi.org/10.1051/forest/2009039
https://doi.org/10.1086/282764
https://doi.org/10.2307/2387753
https://doi.org/10.2307/2387753
https://doi.org/10.1016/0304-3800(83)90013-3
https://doi.org/10.1016/0304-3800(83)90013-3
https://doi.org/10.1016/j.geoderma.2011.04.010
https://doi.org/10.1016/j.geoderma.2011.04.010
https://doi.org/10.3389/ffgc.2020.00094
https://doi.org/10.1016/j.soilbio.2011.02.020
https://doi.org/10.1016/j.soilbio.2011.02.020
https://doi.org/10.1007/s004420050540
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.1007/s10021-018-0255-z
https://doi.org/10.1007/s10021-014-9808-y
https://doi.org/10.1007/s10021-014-9808-y
https://doi.org/10.1016/j.soilbio.2017.08.007
https://doi.org/10.1016/j.soilbio.2017.08.007

370

Biogeochemistry (2021) 156:351-373

change—dynamic responses of non-structural carbohy-
drates to drought, elevated CO, and nitrogen fertilization in
tree species. Tree Physiol 38(11):1706-1723. https://doi.
org/10.1093/treephys/tpy059

Li W, Johnson CE (2016) Relationships among pH, aluminum
solubility and aluminum complexation with organic matter
in acid forest soils of the Northeastern United States.
Geoderma 271:234-242. https://doi.org/10.1016/j.
geoderma.2016.02.030

Lindenmayer DB, Likens GE, Krebs CJ, Hobbs RJ (2010)
Improved probability of detection of ecological “sur-
prises”. Proc Natl Acad Sci 107(51):21957-21962

Ludwig B, John B, Ellerbrock R, Kaiser M, Flessa H (2003)
Stabilization of carbon from maize in a sandy soil in a long-
term experiment. Eur J Soil Sci 54(1):117-126. https://doi.
org/10.1046/j.1365-2389.2003.00496.x

Maltais-Landry G, Frossard E (2015) Similar phosphorus
transfer from cover crop residues and water-soluble min-
eral fertilizer to soils and a subsequent crop. Plant Soil
393(1-2):193-205.  https://doi.org/10.1007/s11104-015-
2477-6

Martinez-Vilalta J, Sala A, Asensio D, Galiano L, Hoch G,
Palacio S, Piper FI, Lloret F (2016) Dynamics of non-
structural carbohydrates in terrestrial plants: a global syn-
thesis. Ecol Monogr 86(4):495-516. https://doi.org/10.
1002/ecm.1231

May RM (1972) Will a large complex system be stable? Nature
238:413—414. https://doi.org/10.1038/238413a0

McKane RB, Johnson LC, Shaver GR, Nadelhoffer KIJ,
Rastetter EB, Fry B, Giblin AE, Kielland K, Kwiatkowski
BL, Laundre JA, Murray G (2002) Resource-based niches
provide a basis for plant species diversity and dominance in
arctic tundra. Nature 415:68-71. https://doi.org/10.1038/
415068a

Meier IC, Leuschner C, Hertel D (2005) Nutrient return with
leaf litter fall in Fagus sylvatica forests across a soil fer-
tility gradient. Plant Ecol 177(1):99-112. https://doi.org/
10.1007/s11258-005-2221-z

Millard P, Grelet G-A (2010) Nitrogen storage and remobi-
lization by trees: ecophysiological relevance in a changing
world. Tree Physiol 30(9):1083-1095. https://doi.org/10.
1093/treephys/tpq042

Mohr H, Schopfer P (1995) Plant physiology, translated by G
Lawlor and DW Lawlor. Springer, Berlin

Monreal CM, Schulten HR, Kodama H (1997) Age, turnover
and molecular diversity of soil organic matter in aggregates
of a Gleysol. Can J Soil Sci 77(3):379-388. https://doi.org/
10.4141/S95-064

Moore TR, Trofymow JA, Prescott CE, Titus BD, CIDET
Working Group (2011) Nature and nurture in the dynamics
of C, N and P during litter decomposition in Canadian
forests. Plant Soil 339(1):163-175. https://doi.org/10.
1007/s11104-010-0563-3

Mooshammer M, Wanek W, Schnecker J, Wild B, Leitner S,
Hofthansl F, Blochl A, Himmerle I, Frank AH, Fuchslueger
L, Keiblinger KM, Zechmeister-Boltenstern S, Richter A
(2012) Stoichiometric controls of nitrogen and phosphorus
cycling in decomposing beech leaf litter. Ecology
93(4):770-782. https://doi.org/10.1890/11-0721.1

Mubhr J, Angert A, Negron-Juarez RI, Muiioz WA, Kraemer G,
Chambers JQ, Trumbore SE (2013) Carbon dioxide

@ Springer

emitted from live stems of tropical trees is several years
old. Tree Physiol 33(7):743-752. https://doi.org/10.1093/
treephys/tpt049

Muhr J, Messier C, Delagrange S, Trumbore S, Xu X, Hartmann
H (2016) How fresh is maple syrup? Sugar maple trees
mobilize carbon stored several years previously during
early springtime sap-ascent. New Phytol
209(4):1410-1416. https://doi.org/10.1111/nph.13782

Muller B, Pantin F, Genard M, Turc O, Freixes S, Piques M,
Gibon Y (2011) Water deficits uncouple growth from
photosynthesis, increase C content, and modify the rela-
tionships between C and growth in sink organs. J Exp Bot
62(6):1715-1729. https://doi.org/10.1093/jxb/erq438

Nebauer SG, Renau-Morata B, Guardiola JL, Molina R-V
(2011) Photosynthesis down-regulation precedes carbo-
hydrate accumulation under sink limitation in Citrus. Tree
Physiol 31(2):169-177. https://doi.org/10.1093/treephys/
tpql03

Newcomb CJ, Qafoku NP, Grate JW, Bailey VL, de Yoreo JJ
(2017) Developing a molecular picture of soil organic
matter—mineral interactions by quantifying organo—min-
eral binding. Nat Commun 8(1):396. https://doi.org/10.
1038/541467-017-00407-9

Nimmo DG, Mac Nally R, Cunningham SC, Haslem A, Bennett
AF (2015) Vive la résistance: reviving resistance for 21st
century conservation. Trends Ecol Evol 30(9):516-523.
https://doi.org/10.1016/j.tree.2015.07.008

Noack SR, McBeath TM, McLaughlin MJ, Smernik RJ, Arm-
strong RD (2014) Management of crop residues affects the
transfer of phosphorus to plant and soil pools: results from
a dual-labelling experiment. Soil Biol Biochem 71:31-39.
https://doi.org/10.1016/j.s0ilbio.2013.12.022

Nodvin SC, Driscoll CT, Likens GE (1988) Soil processes and
sulfate loss at the hubbard brook experimental forest.
Biogeochemistry 5(2):185-199

Parton W, Silver WL, Burke IC, Grassens L, Harmon ME,
Currie WS, King JY, Adair EC, Brandt LA, Hart SC, Fasth
B (2007) Global-scale similarities in nitrogen release pat-
terns  during long-term  decomposition.  Science
315(5810):361. https://doi.org/10.1126/science.1134853

Pastore G, Kaiser K, Kernchen S, Spohn M (2020) Microbial
release of apatite- and goethite-bound phosphate in acidic
forest soils. Geoderma 370:114360. https://doi.org/10.
1016/j.geoderma.2020.114360

Peltzer DA, Wardle DA, Allison VJ, Baisden WT, Bardgett RD,
Chadwick OA, Condron LM, Parfitt RL, Porder S,
Richardson SJ, Walker LR (2010) Understanding ecosys-
tem retrogression. Ecol Monogr 80(4):509-529. https://
doi.org/10.1890/09-1552.1

Pimm SL (1984) The complexity and stability of ecosystems.
Nature  307(5949):321-326.  https://doi.org/10.1038/
307321a0

Porporato A, D’Odorico P, Laio F, Ridolfi L, Rodriguez-Iturbe I
(2002) Ecohydrology of water-controlled ecosystems. Adv
Water Resour 25(8):1335-1348. https://doi.org/10.1016/
S0309-1708(02)00058-1

Pritchard HD (2017) Asia’s glaciers are a regionally important
buffer against drought. Nature 545(7653):169-174. https://
doi.org/10.1038/nature22062

Reed SC, Townsend AR, Davidson EA, Cleveland CC (2012)
Stoichiometric patterns in foliar nutrient resorption across


https://doi.org/10.1093/treephys/tpy059
https://doi.org/10.1093/treephys/tpy059
https://doi.org/10.1016/j.geoderma.2016.02.030
https://doi.org/10.1016/j.geoderma.2016.02.030
https://doi.org/10.1046/j.1365-2389.2003.00496.x
https://doi.org/10.1046/j.1365-2389.2003.00496.x
https://doi.org/10.1007/s11104-015-2477-6
https://doi.org/10.1007/s11104-015-2477-6
https://doi.org/10.1002/ecm.1231
https://doi.org/10.1002/ecm.1231
https://doi.org/10.1038/238413a0
https://doi.org/10.1038/415068a
https://doi.org/10.1038/415068a
https://doi.org/10.1007/s11258-005-2221-z
https://doi.org/10.1007/s11258-005-2221-z
https://doi.org/10.1093/treephys/tpq042
https://doi.org/10.1093/treephys/tpq042
https://doi.org/10.4141/S95-064
https://doi.org/10.4141/S95-064
https://doi.org/10.1007/s11104-010-0563-3
https://doi.org/10.1007/s11104-010-0563-3
https://doi.org/10.1890/11-0721.1
https://doi.org/10.1093/treephys/tpt049
https://doi.org/10.1093/treephys/tpt049
https://doi.org/10.1111/nph.13782
https://doi.org/10.1093/jxb/erq438
https://doi.org/10.1093/treephys/tpq103
https://doi.org/10.1093/treephys/tpq103
https://doi.org/10.1038/s41467-017-00407-9
https://doi.org/10.1038/s41467-017-00407-9
https://doi.org/10.1016/j.tree.2015.07.008
https://doi.org/10.1016/j.soilbio.2013.12.022
https://doi.org/10.1126/science.1134853
https://doi.org/10.1016/j.geoderma.2020.114360
https://doi.org/10.1016/j.geoderma.2020.114360
https://doi.org/10.1890/09-1552.1
https://doi.org/10.1890/09-1552.1
https://doi.org/10.1038/307321a0
https://doi.org/10.1038/307321a0
https://doi.org/10.1016/S0309-1708(02)00058-1
https://doi.org/10.1016/S0309-1708(02)00058-1
https://doi.org/10.1038/nature22062
https://doi.org/10.1038/nature22062

Biogeochemistry (2021) 156:351-373

371

multiple scales. New Phytol 196(1):173-180. https://doi.
org/10.1111/§.1469-8137.2012.04249.x

Richardson SJ, Peltzer DA, Allen RB, McGlone MS, Parfitt RL
(2004) Rapid development of phosphorus limitation in
temperate rainforest along the Franz Josef soil chronose-
quence. Oecologia 139(2):267-276. https://doi.org/10.
1007/s00442-004-1501-y

Richardson AE, Barea J-M, McNeill AM, Prigent-Combaret C
(2009) Acquisition of phosphorus and nitrogen in the rhi-
zosphere and plant growth promotion by microorganisms.
Plant Soil 321(1):305-339. https://doi.org/10.1007/
s11104-009-9895-2

Richter DD, Billings SA, Groffman PM, Kelly EF, Lohse KA,
McDowell WH, White T, Anderson S, Baldocchi DD,
Banwart S, Brantley S, Braun JJ, Brecheisen ZS, Cook
CW, Hartnett HE, Hobbie SE, Gaillardet J, Jobbagy E,
Jungkunst HF, Kazanski CE, Krishnaswamy J, Markewitz
D, O’Neill K, Riebe CS, Schroeder P, Siebe C, Silver WL,
Thompson A, Verhoef A, Zhang G (2018) Ideas and per-
spectives: strengthening the biogeosciences in environ-
mental research networks. Biogeosciences 15:4815-4832.
https://doi.org/10.5194/bg-15-4815-2018

Riebsame WE (1988) Adjusting water resources management to
climate change. Clim Change 13(1):69-97. https://doi.org/
10.1007/BF00140162

Ruppenthal M, Oelmann Y, Francisco del Valle H, Wilcke W
(2015) Stable isotope ratios of nonexchangeable hydrogen
in organic matter of soils and plants along a 2100-km
climosequence in Argentina: new insights into soil organic
matter sources and transformations? Geochim Cosmochim
Acta  152:54-71. https://doi.org/10.1016/j.gca.2014.12.
024

Saggar S, Parfitt RL, Salt G, Skinner MF (1998) Carbon and
phosphorus transformations during decomposition of pine
forest floor with different phosphorus status. Biol Fertil
Soils 27(2):197-204. https://doi.org/10.1007/
s003740050420

Saj S, Mikola J, Ekelund F (2009) Species-specific effects of
live roots and shoot litter on soil decomposer abundances
do not forecast plant litter-nitrogen uptake. Oecologia
161(2):331-341. https://doi.org/10.1007/s00442-009-
1380-3

Sarmiento JL, Gruber N (2006) Ocean biogeochemical
dynamics. Princeton University Press

Schaller M, Ehlers TA, Blum JD, Kallenberg MA (2009)
Quantifying glacial moraine age, denudation, and soil
mixing with cosmogenic nuclide depth profiles. ] Geophys
Res 114(F1). https://doi.org/10.1029/2007JF000921

Schaller M, Ehlers TA, Lang KAH, Schmid M, Fuentes-Espoz
JP (2018) Addressing the contribution of climate and
vegetation cover on hillslope denudation, Chilean Coastal
Cordillera (26°-38°S). Earth Planet Sci Lett 489:111-122.
https://doi.org/10.1016/j.epsl.2018.02.026

Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001)
Catastrophic shifts in ecosystems. Nature
413(6856):591-596. https://doi.org/10.1038/35098000

Schippers P, van de Weerd H, de Klein J, de Jong B, Scheffer M
(2006) Impacts of agricultural phosphorus use in catch-
ments on shallow lake water quality: about buffers, time
delays and  equilibria. Sci  Total  Environ

369(1-3):280-294.
2006.04.028

Schlesinger WH (2020) Some thoughts on the biogeochemical
cycling of potassium in terrestrial ecosystems. Biogeo-
chemistry. https://doi.org/10.1007/s10533-020-00704-4

Schmid M, Ehlers TA, Werner C, Hickler T, Fuentes-Espoz J-P
(2018) Effect of changing vegetation and precipitation on
denudation—part 2: predicted landscape response to tran-
sient climate and vegetation cover over millennial to mil-
lion-year timescales. Earth Surf Dyn 6(4):859-881. https://
doi.org/10.5194/esurf-6-859-2018

Schmidt MWI, Torn MS, Abiven S, Dittmar T, Guggenberger
G, Janssens IA, Kleber M, Kogel-Knabner I, Lehmann J,
Manning DAC, Nannipieri P, Rasse DP, Weiner S,
Trumbore SE (2011) Persistence of soil organic matter as
an ecosystem property. Nature 478(7367):49-56. https://
doi.org/10.1038/nature 10386

Schuessler JA, von Blanckenburg F, Bouchez J, Uhlig D,
Hewawasam T (2018) Nutrient cycling in a tropical mon-
tane rainforest under a supply-limited weathering regime
traced by elemental mass balances and Mg stable isotopes.
Chem Geol 497:74-87. https://doi.org/10.1016/j.chemgeo.
2018.08.024

Schumm SA (1973) Geomorphic thresholds and complex
response of drainage systems. Fluvial Geomorphol 69-85

Seddon AW, Macias-Fauria M, Long PR, Benz D, Willis KJ
(2016) Sensitivity of global terrestrial ecosystems to cli-
mate variability. Nature 531:229-232

Seeber J, Seeber GUH, Langel R, Scheu S, Meyer E (2008) The
effect of macro-invertebrates and plant litter of different
quality on the release of N from litter to plant on alpine
pastureland. Biol Fertil Soils 44(5):783-790. https://doi.
org/10.1007/s00374-008-0282-6

Singh JS, Milchunas DG, Lauenroth WK (1998) Soil water
dynamics and vegetation patterns in a semiarid grassland.
Plant Ecol 134(1):77-89. https://doi.org/10.1023/A:
1009769620488

Sliva L, Dudley Williams D (2001) Buffer zone versus whole
catchment approaches to studying land use impact on river
water quality. Water Res 35(14):3462-3472. https://doi.
org/10.1016/S0043-1354(01)00062-8

Smith AM, Stitt M (2007) Coordination of carbon supply and
plant growth. Plant Cell Environ 30(9):1126—1149. https://
doi.org/10.1111/j.1365-3040.2007.01708.x

Spohn M (2016) Element cycling as driven by stoichiometric
homeostasis of soil microorganisms. Basic Appl Ecol
17(6):471-478.  https://doi.org/10.1016/j.baae.2016.05.
003

Spohn M (2020a) Phosphorus and carbon in soil particle size
fractions: a synthesis. Biogeochemistry 147(3):225-242.
https://doi.org/10.5194/bg-2018-404

Spohn M (2020b) Increasing the organic carbon stocks in
mineral soils sequesters large amounts of phosphorus. Glob
Change Biol 26(8):4169-4177

Spohn M, Chodak M (2015) Microbial respiration per unit
biomass increases with carbon-to-nutrient ratios in forest
soils. Soil Biol Biochem 81:128-133. https://doi.org/10.
1016/j.s0ilbi0.2014.11.008

Spohn M, Sierra CA (2018) How long do elements cycle in
terrestrial ecosystems? Biogeochemistry 139(1):69-83.
https://doi.org/10.1007/s10533-018-0452-z

https://doi.org/10.1016/j.scitotenv.

@ Springer


https://doi.org/10.1111/j.1469-8137.2012.04249.x
https://doi.org/10.1111/j.1469-8137.2012.04249.x
https://doi.org/10.1007/s00442-004-1501-y
https://doi.org/10.1007/s00442-004-1501-y
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.5194/bg-15-4815-2018
https://doi.org/10.1007/BF00140162
https://doi.org/10.1007/BF00140162
https://doi.org/10.1016/j.gca.2014.12.024
https://doi.org/10.1016/j.gca.2014.12.024
https://doi.org/10.1007/s003740050420
https://doi.org/10.1007/s003740050420
https://doi.org/10.1007/s00442-009-1380-3
https://doi.org/10.1007/s00442-009-1380-3
https://doi.org/10.1029/2007JF000921
https://doi.org/10.1016/j.epsl.2018.02.026
https://doi.org/10.1038/35098000
https://doi.org/10.1016/j.scitotenv.2006.04.028
https://doi.org/10.1016/j.scitotenv.2006.04.028
https://doi.org/10.1007/s10533-020-00704-4
https://doi.org/10.5194/esurf-6-859-2018
https://doi.org/10.5194/esurf-6-859-2018
https://doi.org/10.1038/nature10386
https://doi.org/10.1038/nature10386
https://doi.org/10.1016/j.chemgeo.2018.08.024
https://doi.org/10.1016/j.chemgeo.2018.08.024
https://doi.org/10.1007/s00374-008-0282-6
https://doi.org/10.1007/s00374-008-0282-6
https://doi.org/10.1023/A:1009769620488
https://doi.org/10.1023/A:1009769620488
https://doi.org/10.1016/S0043-1354(01)00062-8
https://doi.org/10.1016/S0043-1354(01)00062-8
https://doi.org/10.1111/j.1365-3040.2007.01708.x
https://doi.org/10.1111/j.1365-3040.2007.01708.x
https://doi.org/10.1016/j.baae.2016.05.003
https://doi.org/10.1016/j.baae.2016.05.003
https://doi.org/10.5194/bg-2018-404
https://doi.org/10.1016/j.soilbio.2014.11.008
https://doi.org/10.1016/j.soilbio.2014.11.008
https://doi.org/10.1007/s10533-018-0452-z

372

Biogeochemistry (2021) 156:351-373

Spohn M, Widdig M (2017) Turnover of carbon and phosphorus
in the microbial biomass depending on phosphorus avail-
ability. Soil Biol Biochem 113:53-59. https://doi.org/10.
1016/j.50ilbi0.2017.05.017

Starke J, Ehlers TA, Schaller M (2020) Latitudinal effect of
vegetation on erosion rates identified along western South
America. Science 367(6484):1358-1361. https://doi.org/
10.1126/science.aaz0840

Steffen W, Richardson K, Rockstrom J, Cornell SE, Fetzer I,
Bennett EM, Biggs R, Carpenter SR, De Vries W, De Wit
CA, Folke C (2015) Planetary boundaries: guiding human
development on a changing planet. Science 347(6223).
https://doi.org/10.1126/science.1259855

Stitt M, Zeeman SC (2012) Starch turnover: pathways, regula-
tion and role in growth. Curr Opin Plant Biol 15:282-292.
https://doi.org/10.1016/j.pbi.2012.03.016

Stoelken G, Pritsch K, Simon J, Mueller CW, Grams TEE,
Esperschuetz J, Gayler S, Buegger F, Brueggemann N,
Meier R, Zeller B, Winkler JB, Rennenberg H (2010)
Enhanced ozone exposure of European beech (Fagus syl-
vatica) stimulates nitrogen mobilization from leaf litter and
nitrogen accumulation in the soil. Plant Biosyst
144(3):537-546. https://doi.org/10.1080/
11263500903429346

Sverdrup H, Rosen K (1998) Long-term base cation mass bal-
ances for Swedish forests and the concept of sustainability.
For Ecol Manage 110(1-3):221-236. https://doi.org/10.
1016/S0378-1127(98)00283-7

Timpane-Padgham BL, Beechie T, Klinger T (2017) A sys-
tematic review of ecological attributes that confer resi-
lience to climate change in environmental restoration.
PLoS ONE 12:e0173812

Tipping E, Somerville CJ, Luster J (2016) The C:N:P:S stoi-
chiometry of soil organic matter. Biogeochemistry
130(1):117-131. https://doi.org/10.1007/s10533-016-
0247-z

Uhlig D, von Blanckenburg F (2019) How slow rock weathering
balances nutrient loss during fast forest floor turnover in
Montane, Temperate Forest Ecosystems: Frontiers in Earth
Science, v. 7 https://doi.org/10.3389/feart.2019.00159

Uhlig D, Schuessler JA, Bouchez J, Dixon JL, von Blancken-
burg F (2017) Quantifying nutrient uptake as driver of rock
weathering in forest ecosystems by magnesium stable iso-
topes. Biogeosciences 14(12):3111-3128. https://doi.org/
10.5194/bg-14-3111-2017

Ulery AL, Graham RC, Goforth BR, Hubbert KR (2017) Fire
effects on cation exchange capacity of California forest and
woodland soils. Geoderma 286:125-130. https://doi.org/
10.1016/j.geoderma.2016.10.028

Ulrich B (1983) Soil acidity and its relations to acid deposition.
Effects of accumulation of air pollutants in forest ecosys-
tems 127-146

van Oost K, Quine TA, Govers G, de Gryze S, Six J, Harden JW,
Ritchie JC, McCarty GW, Heckrath G, Kosmas C, Giraldez
JV, da Silva JR, Marques, Merckx R (2007) The impact of
agricultural soil erosion on the global carbon cycle. Sci-
ence 318(5850):626—629. https://doi.org/10.1126/science.
1145724

van Oost K, Verstraeten G, Doetterl S, Notebaert B, Wiaux F,
Broothaerts N, Six J (2012) Legacy of human-induced C
erosion and burial on soil-atmosphere C exchange. Proc

@ Springer

Natl Acad Sci USA 109(47):19492-19497. https://doi.org/
10.1073/pnas.1211162109

van der Heijden G, Legout A, Pollier B, Ranger J, Dambrine E
(2014) The dynamics of calcium and magnesium inputs by
throughfall in a forest ecosystem on base poor soil are very
slow and conservative: evidence from an isotopic tracing
experiment (Mg-26 and Ca-44). Biogeochemistry
118(1-3):413-442.  https://doi.org/10.1007/s10533-013-
9941-2

van der Heijden G, Dambrine E, Pollier B, Zeller B, Ranger J,
Legout A (2015) Mg and Ca uptake by roots in relation to
depth and allocation to aboveground tissues: results from
an isotopic labeling study in a beech forest on base-poor
soil. Biogeochemistry 122(2-3):375-393. https://doi.org/
10.1007/s10533-014-0047-2

Vergutz L, Manzoni S, Porporato A, Novais RF, Jackson RB
(2012) Global resorption efficiencies and concentrations of
carbon and nutrients in leaves of terrestrial plants. Ecol
Monogr 82(2):205-220. https://doi.org/10.1890/11-0416.1

Viola F, Daly E, Vico G, Cannarozzo M, Porporato A (2008)
Transient soil-moisture dynamics and climate change in
Mediterranean ecosystems. Water Resour Res 44(11).
https://doi.org/10.1029/2007WR006371

Vitousek PM, Reiners WA (1975) Ecosystem succession and
nutrient  retention: a  hypothesis. ~ BioScience
25(6):376-381. https://doi.org/10.2307/1297148

Vitousek PM, Sanford RL (1986) Nutrient cycling in moist
tropical forest. Ann Rev Ecol Syst 17(1):137-167

von Wirén N, Gazzarrini S, Frommer WB (1997) Regulation of
mineral nitrogen uptake in plants. Plant Soil
196(2):191-199. https://doi.org/10.1023/A:
1004241722172

Walker TW, Syers JK (1976) The fate of phosphorus during
pedogenesis. Geoderma 15(1):1-19. https://doi.org/10.
1016/0016-7061(76)90066-5

Wang Z, Hoffmann T, Six J, Kaplan JO, Govers G, Doetterl S,
van Oost K (2017) Human-induced erosion has offset one-
third of carbon emissions from land cover change. Nat
Clim Chang 7(5):345-349. https://doi.org/10.1038/
nclimate3263

Wardle DA, Walker LR, Bardgett RD (2004) Ecosystem prop-
erties and forest decline in contrasting long-term
chronosequences. Science 305(5683):509—-513. https://doi.
org/10.1126/science. 1098778

Weber R, Schwendener A, Schmid S, Lambert S, Wiley E,
Landhéusser SM, Hartmann H, Hoch G (2018) Living next
to nothing: tree seedlings can survive weeks with very low
carbohydrate concentrations. New Phytol (218):111-122.
https://doi.org/10.1111/nph.14987

Weintraub SR, Taylor PG, Porder S, Cleveland CC, Asner GP,
Townsend AR (2015) Topographic controls on soil nitro-
gen availability in a lowland tropical forest. Ecology
96(6):1561-1574. https://doi.org/10.1890/14-0834.1

Wiley E, Helliker B (2012) A re-evaluation of carbon storage in
trees lends greater support for carbon limitation to growth.
New Phytol 195(2):285-289. https://doi.org/10.1111/j.
1469-8137.2012.04180.x

Willis KJ, Jeffers ES, Tovar C (2018) What makes a terrestrial
ecosystem resilient? Science 359(6379):988. https://doi.
org/10.1126/science.aar5439


https://doi.org/10.1016/j.soilbio.2017.05.017
https://doi.org/10.1016/j.soilbio.2017.05.017
https://doi.org/10.1126/science.aaz0840
https://doi.org/10.1126/science.aaz0840
https://doi.org/10.1126/science.1259855
https://doi.org/10.1016/j.pbi.2012.03.016
https://doi.org/10.1080/11263500903429346
https://doi.org/10.1080/11263500903429346
https://doi.org/10.1016/S0378-1127(98)00283-7
https://doi.org/10.1016/S0378-1127(98)00283-7
https://doi.org/10.1007/s10533-016-0247-z
https://doi.org/10.1007/s10533-016-0247-z
https://doi.org/10.5194/bg-14-3111-2017
https://doi.org/10.5194/bg-14-3111-2017
https://doi.org/10.1016/j.geoderma.2016.10.028
https://doi.org/10.1016/j.geoderma.2016.10.028
https://doi.org/10.1126/science.1145724
https://doi.org/10.1126/science.1145724
https://doi.org/10.1073/pnas.1211162109
https://doi.org/10.1073/pnas.1211162109
https://doi.org/10.1007/s10533-013-9941-2
https://doi.org/10.1007/s10533-013-9941-2
https://doi.org/10.1007/s10533-014-0047-2
https://doi.org/10.1007/s10533-014-0047-2
https://doi.org/10.1890/11-0416.1
https://doi.org/10.1029/2007WR006371
https://doi.org/10.2307/1297148
https://doi.org/10.1023/A:1004241722172
https://doi.org/10.1023/A:1004241722172
https://doi.org/10.1016/0016-7061(76)90066-5
https://doi.org/10.1016/0016-7061(76)90066-5
https://doi.org/10.1038/nclimate3263
https://doi.org/10.1038/nclimate3263
https://doi.org/10.1126/science.1098778
https://doi.org/10.1126/science.1098778
https://doi.org/10.1111/nph.14987
https://doi.org/10.1890/14-0834.1
https://doi.org/10.1111/j.1469-8137.2012.04180.x
https://doi.org/10.1111/j.1469-8137.2012.04180.x
https://doi.org/10.1126/science.aar5439
https://doi.org/10.1126/science.aar5439

Biogeochemistry (2021) 156:351-373

373

Wurth MKR, Pelaez-Riedl S, Wright SJ, Korner C (2005) Non-
structural carbohydrate pools in a tropical forest. Oecologia
143(1):11-24. https://doi.org/10.1007/s00442-004-1773-2

Xu X, Thornton PE, Post WM (2013) A global analysis of soil
microbial biomass carbon, nitrogen and phosphorus in
terrestrial ecosystems. Glob Ecol Biogeogr 22(6):737-749.
https://doi.org/10.1111/geb.12029

Yachi S, Loreau M (1999) Biodiversity and ecosystem pro-
ductivity in a fluctuating environment: the insurance
hypothesis. Proc Natl Acad Sci 96(4):1463. https://doi.org/
10.1073/pnas.96.4.1463

Yoo K, Amundson R, Heimsath AM, Dietrich WE (2006)
Spatial patterns of soil organic carbon on hillslopes: inte-
grating geomorphic processes and the biological C cycle.
Geoderma 130(1):47-65. https://doi.org/10.1016/j.
geoderma.2005.01.008

Yu S-M, Lo S-F, Ho T-HD (2015) Source—sink communication:
regulated by hormone, nutrient, and stress cross-signaling.
Trends Plant Sci 20(12):844-857. https://doi.org/10.1016/
j-tplants.2015.10.009

Yuan ZY, Chen HYH (2009) Global-scale patterns of nutrient
resorption associated with latitude, temperature and pre-
cipitation. Glob Ecol Biogeogr 18(1):11-18. https://doi.
org/10.1111/j.1466-8238.2008.00425.x

Yuan ZY, Chen HYH (2015) Negative effects of fertilization on
plant nutrient resorption. Ecology 96(2):373-380. https://
doi.org/10.1890/14-0140.1

Zechmeister-Boltenstern S, Keiblinger KM, Mooshammer M,
Pefiuelas J, Richter A, Sardans J, Wanek W (2015) The

application of ecological stoichiometry to plant-micro-
bial-soil organic matter transformations. Ecol Monogr
85(2):133-155. https://doi.org/10.1890/14-0777.1

Zehe E, Sivapalan M (2009) Threshold behaviour in hydrolog-
ical systems as (human) geo-ecosystems: manifestations,
controls, implications. Hydrol Earth Syst Sci
13(7):1273-1297.  https://doi.org/10.5194/hess-13-1273-
2009

Zeller B, Colin-Belgrand M, Dambrine E, Martin F, Bottner P
(2000) Decomposition of N-15-labelled beech litter and
fate of nitrogen derived from litter in a beech forest.
Oecologia  123(4):550-559.  https://doi.org/10.1007/
pl00008860

Zeller B, Colin-Belgrand M, Dambrine E, Martin F (2001) Fate
of nitrogen released from N-15-labeled litter in European
beech forests. Tree Physiol 21(2-3):153-162. https://doi.
org/10.1093/treephys/21.2-3.153

Zhang H-Y, Lii X-T, Hartmann H, Keller A, Han X-G, Trum-
bore S, Phillips RP (2018) Foliar nutrient resorption differs
between arbuscular mycorrhizal and ectomycorrhizal trees
at local and global scales. Glob Ecol Biogeogr
27(7):875-885. https://doi.org/10.1111/geb.12738

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1007/s00442-004-1773-2
https://doi.org/10.1111/geb.12029
https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1016/j.geoderma.2005.01.008
https://doi.org/10.1016/j.geoderma.2005.01.008
https://doi.org/10.1016/j.tplants.2015.10.009
https://doi.org/10.1016/j.tplants.2015.10.009
https://doi.org/10.1111/j.1466-8238.2008.00425.x
https://doi.org/10.1111/j.1466-8238.2008.00425.x
https://doi.org/10.1890/14-0140.1
https://doi.org/10.1890/14-0140.1
https://doi.org/10.1890/14-0777.1
https://doi.org/10.5194/hess-13-1273-2009
https://doi.org/10.5194/hess-13-1273-2009
https://doi.org/10.1007/pl00008860
https://doi.org/10.1007/pl00008860
https://doi.org/10.1093/treephys/21.2-3.153
https://doi.org/10.1093/treephys/21.2-3.153
https://doi.org/10.1111/geb.12738

	Terrestrial ecosystems buffer inputs through storage and recycling of elements
	Abstract
	Introduction
	Conceptual framework
	Review of concepts of buffering
	Buffering of inputs in ecosystems: quantitative framework
	Simple example: storage of water in ecosystems buffers time-variable inputs

	Buffering of variable inputs through storage and recycling of elements
	Buffering and recycling
	Buffering through storage and recycling of elements: three examples

	Storage of elements in ecosystems
	Storage of elements in plants
	Storage of elements in soils
	Recycling of elements
	Recycling of elements in plants
	Recycling of elements in terrestrial ecosystems
	Caveats and future research needs

	Conclusions
	Funding
	References




