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Despite the general agreement that maximizing carbon storage and its persistence in
forest soils are top priorities in the context of climate change mitigation, our knowledge
on how to steer soil organic carbon (SOC) through forest management remains limited.
For some soils, tree species selection based on litter quality has been shown a
powerful measure to boost SOC stocks and stability, whereas on other locations
similar efforts result in insignificant or even opposite effects. A better understanding of
which mechanisms underpin such context-dependency is needed in order to focus and
prioritize management efforts for carbon sequestration. Here we discuss the key role of
acid buffering mechanisms in belowground ecosystem functioning and how threshold
behavior in soil pH mediates tree species effects on carbon cycling. For most forests
around the world, the threshold between the exchange buffer and the aluminum buffer
around a pH-H»>O of 4.5 is of particular relevance. When a shift between these buffer
domains occurs, it triggers changes in multiple compartments in the soil, ultimately
altering the way carbon is incorporated and transformed. Moreover, the impact of such
a shift can be amplified by feedback loops between tree species, soil biota and cation
exchange capacity (CEC). Hence, taking into account non-linearities related to acidity
will allow more accurate predictions on the size and direction of the effect of litter quality
changes on the way soil organic carbon is stored in forest soils. Consequently, this
will allow developing more efficient, context-explicit management strategies to optimize
SOC stocks and their stability.

Keywords: SOC, tree species effect, litter quality, soil acidity, soil process domain, acid buffering, CEC, context-
dependency

INTRODUCTION

The potential of forests, and particularly the soils beneath them, in combating climate change
is increasingly recognized in science (Bastin et al., 2019), policy (European Commission [EC],
2019), and management (Mayer et al., 2020). Boosting soil organic matter (SOC) in forest soils
not only mitigates the continued increase of atmospheric CO, concentrations, but also provides
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associated benefits, including increased soil fertility, productivity,
water holding capacity and therefore better adaptation in the face
of climate change (Tiessen et al, 1994; Minasny et al.,, 2017).
Tree species selection has been identified as a promising avenue
to steer carbon cycling by the forester (Prescott and Vesterdal,
2013). A considerable body of literature has addressed the link
between overstory tree species and functioning of the forest
soil, in terms of productivity, nutrient availability, biological
activity and soil carbon cycling (Finzi et al, 1998; Augusto
et al., 2002; Reich et al., 2005; Mueller et al., 2015; Schelfhout
et al., 2017). However, the reported effects of litter quality on
belowground functioning often vary in magnitude or even in
direction (Ehrenfeld et al, 2005). Accordingly many papers
conclude that litter effects are site- or context-dependent (Eviner
and Hawkes, 2008; Kooijman and Martinez-Hernandez, 2009).
To reach the full potential that is predicted in terms of boosting
soil carbon stocks via forest management, it is therefore crucial
to understand what drives this context-dependency (Jandl et al.,
2007; Jackson et al., 2017; Solly et al., 2020). Or, as Prescott and
Vesterdal, 2013 emphasize, the question is no longer “what is the
effect?”, but “under which conditions is this effect happening”?

Context-dependency was anchored in soil carbon research by
Schmidt et al. (2011), who argued that carbon persistence in
soils is an ecosystem property. Lehmann et al. (2020) moreover
highlighted the role of substrate complexity in soil carbon cycles,
but the nexus between litter quality, the edaphic context and
soil carbon decomposition and stabilization to this date remains
poorly explored. Previous studies have already indicated the role
of soil pH (Vedy, 1973; Beck et al., 1969; Gurmesa et al., 2013;
Solly et al., 2020), texture (Vesterdal and Raulund-Rasmussen,
1998; Angst et al., 2018b; Desie et al., 2020c), cation exchange
capacity (CEC) (Rasmussen et al., 2018; Desie et al., 2019), soil
type (Kogel-Knabner and Amelung, 2021), and parent material
(Heckman et al., 2009; Angst et al., 2018a) on various aspects of
soil organic matter dynamics, but integration of these variables
into an overall conceptual model remains elusive. Moreover, a
complex system approach to ecosystem science (sensu Messier
etal,, 2013) is needed to recognize tipping points or non-linearity
in a system’s behavior. Indeed, non-linearity has been identified as
a key feature of ecosystems (Scheffer et al., 2001) and accordingly
it is important in the success (or failure) of forest ecosystems as
measures for global climate change mitigation.

In this concept letter, we explore the importance of a well-
described pedogenic threshold in soil acidity at a pH-H,O of
ca. 4.5 and a base saturation (BS) of 30% for soil carbon
= processes (BOX1). This threshold is known as the limit
between the exchange buffer range (“acidic” or mesotrophic
domain) and the aluminum buffer range (“acid” or oligotrophic
domain) (Ulrich, 1991). Literature agrees that a shift from the
exchange to the aluminum domain can result in multiple shifts
in belowground functioning (Ulrich, 1991; Ponge, 2013). In this
letter, we discuss how a change in tree species composition
can trigger such a shift in forest floor and soil functioning and
argue how that must ultimately also affect carbon dynamics in
the soil, particularly the quantity, composition and stability of
forest soil carbon can be affected. A change in overstory species
composition has multiple effects on belowground ecosystem

functioning, including a potential change in (leaf/root) litter
input quantity and quality (Guo et al., 2005; Mueller et al., 2015),
rooting patterns (Spielvogel et al., 2014; Cremer et al., 2016),
microclimate (Joly et al., 2017), associated mycorrhiza (Hedénec
et al., 2020), and etc. Here, we focus on the impact of leaf litter
quality which has been identified as a strong driver of soil pH
(van Breemen et al, 1997). Other indirect tree species effects
were not in the scope of this concept letter, although remain key
for understanding plant-soil interactions. Secondly, soil buffer
mechanisms and ecological feedbacks can mitigate or amplify
shifts in belowground functioning and thereby explain context
dependent litter effects. This would also imply that there is a
“window of opportunity” to steer carbon sequestration outcomes
via the selection of tree species based on litter quality. We will
discuss (i) how leaf litter-induced acidification can cause rapid
changes in forest soils; (ii) how these changes in belowground
functioning affect processes relevant to carbon cycling; and (iii)
how context-dependency leads to a “window of opportunity” for
steering carbon cycling through selection of tree species.

WHEN TREE SPECIES ACIDIFY THE
SOIL, THAT CASCADES THROUGH
BELOWGROUND FUNCTIONING

A change in overstory species composition that results in a
decrease in litter quality, i.e., either characterized by a decrease
in base cation content or an increase in C/N ratio, lignin,
and cutin content (Cornwell et al., 2008), can lead to a litter-
induced shift between the exchange and aluminum soil process
domain and trigger sudden changes in soil geochemistry thereby
altering the composition, diversity and functioning of biotic
communities (Figure 1).

The composition of meso- and macrofaunal communities is
one of the first biotic compartments to react. The activity of
burrowing macro-fauna such as endogeic and anecic earthworm
species is reduced below a pH of ca. 4.5 (De Wandeler
et al, 2016; Schelfhout et al, 2017) with the exception of
acid tolerant ants and termites (Taylor et al, 2019). Smaller
mesofauna such as enchytraeids, collembola and mites become
more dominant (Briones, 2014; Korboulewsky et al., 2016),
leading to reduced soil bioturbation and a vertical decoupling of
organic matter and nutrient cycles in the soil (Muys et al., 1992;
Ponge et al., 2010). This provokes a clear spatial disconnection
between microbial communities in the litter layer and underlying
mineral soil layers: most of the microbial catabolic potential is
concentrated in the litter layer when the soil further acidifies
(Desie et al., 2019). Not only the location of dominance, but
also the species composition of decomposers shifts below a pH
of ca. 4.5: fungi become dominant over bacteria (Blagodatskaya
and Anderson, 1998; Phillips et al., 2013; Hedénec et al,
2020) and the diversity of bacterial communities decreases
(Fierer and Jackson, 2006). This also leads to more pronounced
substrate-decomposer interactions (Palozzi and Lindo, 2018),
e.g., there is an increased cooperation between plants and
nutrient mining symbionts, which are often species specific
(Eastwood et al, 2011). Corresponding with aboveground
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FIGURE 1 | Left: Soil pH-H,O is buffered by several subsequent mechanisms. These soil process domains are interchanged by pedogenic thresholds (BOX1).
Right: A shift from the exchange domain to the aluminum domain cascades through belowground functioning and ultimately affects SOC dynamics.

Stabilization mechanisms

changes in species composition, the mycorrhizal associations may
change: Ectomycorrhiza (ECM) are typically more related to tree
species with low quality litter and more acidic conditions whereas
arbuscular mycorrhiza (AM) depend on saprotrophic microbes
for nutrient release and are therefore associated with base cation-
rich, fast decaying litter and higher soil pH (that allow bacterial
communities to thrive) (Phillips et al., 2013; Hedénec et al., 2020;
Peng et al., 2020). Overall, when the soil shifts to the Al buffer
domain, ecological strategies focus more on mitigating nutrient
limitations (Wardle et al., 2004; Ribbons et al., 2018) mirrored by
a more “organic based nutrient economy” instead of a mineral
nutrient economy (Lin et al., 2017). Moreover, the aboveground
shift in tree species can also correspond with changes in canopy
and rooting characteristics that further impact the belowground
ecosystem and amplify or mitigate other litter effects (Spielvogel
etal., 2014; Joly et al., 2017).

... AND ULTIMATELY AFFECTS SOC
DYNAMICS

Both the input of low quality litter and the changed
environmental conditions (low pH, high Al, low base cations
availability, in addition to microclimatic conditions) change the
community of decomposers leading to a slower decomposition
pathway and the accumulation of organic matter on the soil
surface (Blagodatskaya and Anderson, 1998). Therefore, we
argue that this abiotic shift in soil process domain and the
following chain in biotic reactions eventually translates in a
change in soil carbon dynamics, ie., a change in the vertical
distribution of SOC, its chemical composition and its stability.
The most visible and widely studied result of all above changes
in faunal and microbial life in the soil is a change in the forest
floor or litter layer. Most studies agree that forest floors become
thicker when litter quality decreases (Toutain, 1981). Moreover
the litter layer also changes functionally with a shift in soil process
domain: when pH drops below 5, moder and mor humus forms

become dominant and mull humus forms no longer occur (Ponge
etal., 2010), indicating that humus form would already be a good
indicator of carbon cycling (Andreetta et al., 2011).

The accumulation on top of the soil profile and the reduced
activity of bioturbators leads to a different vertical distribution
of carbon within in the soil profile as a consequence of a shift
in soil process domain (Vesterdal et al., 2013). In accordance
with the accumulation in the forest floor, many studies report
an increase in topsoil total carbon stocks with a change to lower
litter quality (Vesterdal et al.,, 2008; Boca et al., 2014; Augusto
et al,, 2015). For deeper soil layers, the results are less clear, yet
some studies report a decrease in subsoil carbon stocks, although
more subtle, as bioturbation and organic matter incorporation
are inhibited (Oostra et al., 2006; Mareschal et al., 2010; Frouz
et al., 2013). Subsoil carbon stocks are probably relatively more
influenced by other tree species effects (e.g., rooting patterns and
root litter and exudates) and soil texture (vertical migration of
DOC) (Rumpel and Kogel-Knabner, 2011).

Moreover, the change in decomposer community
causes a change in the chemical composition as lignin is
favorably decomposed by a dominantly fungal community
(Vancampenhout et al., 2009; Brock et al., 2019). Concurrently,
interactions between different types of organic molecules in the
soil may also change. Typically, the addition of high-quality litter
leads to increased decomposition of low-quality litter in non-acid
soils (positive priming), while negative apparent priming is
observed in acid systems (the most advantageous food source is
processed first) (Heitkotter et al., 2017; Zhou et al., 2021).

Finally, also the stability of stored carbon is altered when
the pH drops below ca. 4.5. First of all, the vertical distribution
of carbon will affect its persistence as carbon in the forest
floor and topsoil layers is more exposed to environmental
disturbances, such as increased microbial decomposition because
of higher soil temperatures in canopy gaps or direct oxidation
by fire (von Liitzow et al., 2006; Jandl et al., 2007). Secondly,
we argue that with this change in biochemical conditions
and the players present in the process, also the stabilization
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BOX 1 | Pedogenic thresholds in soil acidity.

of particular relevance for forest carbon cycles around the globe.

Acidity has long been recognized as a key factor of belowground forest ecosystem functioning (Ulrich, 1991), linked to differences in the biotic compartment for a
range of soils (Ponge, 2003). Moreover, it is one of the best described edaphic properties prone to tipping points in soil geochemistry (Ulrich, 1987) and thereby a
good example of non-linearity in belowground ecosystem functioning. Most of the time, a temporary increase in H* ion production or exogenic input has little or no
effect, as these protons are neutralized by a range of soil buffer mechanisms. These include dissolution of carbonates between pH-H>O 8.6 and 6.2, weathering of
silicates between pH-H»O 6.2 and 5.0, mainly exchange of base cations between pH-H>O 5.0 and 4.5 and Al-hydroxides below pH-H,>O ca. 4.5 (Ulrich, 1991).
When a certain buffer is exhausted, pH drops suddenly in response to a small additional increase in acidity. These steep intervals in soil pH response curve are
termed pedogenic thresholds (Chadwick and Chorover, 2001). As most forests around the world are characterized by low pH values (Supplementary Figure 1),
many of them might be very close to the threshold value of 4.5 (Slessarev et al., 2016). Hence, understanding the effect of overstory species around that threshold is

mechanisms within the mineral soil are altered. Microbial
activity is inhibited by low pH values and thus there is reduced
microbial entombing for SOC stabilization (Cotrufo et al., 2013;
Liang et al., 2017; Angst et al., 2021). The absence of burrowing
macro- and mesofauna moreover leads to reduced aggregate
stabilization and reduced organo-mineral interactions (Briones,
2014), resulting in less carbon stored in mineral associated
fractions and more in large particulate organic matter (POM)
(Laganiére et al., 2011; Angst et al., 2018b; Desie et al., 2019;
Giannetta et al., 2019). Chemical recalcitrance and metal-humus
complexation become the main SOC stabilization mechanisms
at play (Heckman et al., 2009; Clarholm and Skyllberg, 2013).
Corresponding with this, Hobbie et al. (2007) reported greater
impact of acidic hydrolyzing cations (Al and Fe) on the exchange
complex for carbon stabilization in mineral soil layers via cation
bridging and flocculation and indirectly by inhibiting microbial
activity (due to the low pH and high Al). Hence, organic matter
decomposition becomes nutrient driven rather than energy
driven (Grime et al., 1988; Camenzind et al., 2018; Wiesmeier
etal., 2019). Altogether, these studies illustrate that with a change
in soil process domain (when the pH drops below ca. 4.5)
the carbon cycle is altered. Although carbon sequestration by
accumulation in the forest floor may increase, the mechanisms
controlling SOC stabilization shift as well and the stability of the
carbon stored in the soil decreases.

Still, the impact of a pedogenic threshold in terms of total
carbon stocks is less clear: studies reporting differences in total
carbon over the entire soil profile are inconsistent (Mayer et al.,
2020). This can partly be explained by the longer timespan needed
to alter total carbon stocks: decomposer communities react fast to
changing conditions thereby more quickly resulting in changes
in the forest floor and stabilization mechanisms, whereas in
terms of total carbon stocks, legacies can mask the effect of
changed conditions for a relative long time. That could also
explain why the impact of litter quality on mineral soil carbon
stocks is more pronounced in recently reclaimed mining sites,
where legacy effects are small (Frouz et al., 2013). Also, carbon
saturation and/or differences in root litter carbon input (that are
relatively more pronounced in the mineral soil) may explain the
absence of clear trends in total mineral soil carbon stocks per soil
process domain. Finally, only few studies follow and integrate
the continuum from forest floors to deep mineral soil layers
(Thomas et al., 2021).

Incorporating the impact of acid buffering explicitly into soil
carbon research could provide more insight in the mechanisms
controlling organic matter cycles, including the effect on total

mineral carbon stocks, and how to steer it by management.
Along that line, Schmidt et al. (2011) emphasized that the
way carbon is processed (and its persistence) does not merely
depend on intrinsic properties of the input (e.g., the litter
quality), but is to a great extent determined by the surrounding
environment, i.e., it can be considered an ecosystem property.
This corroborates findings of Duchaufour (1990) and Raulund-
Rasmussen and Vejre (1995) that already stressed the important
influence of the environment and edaphic factors on carbon
cycling. In forest ecosystems in particular, the pervasive role
of acidity is long recognized (Beck et al., 1969; Ulrich, 1991)
and broadly applicable (Figure 1; Supplementary Figure 1;
Slessarev et al., 2016). However, based on existing literature,
it is hard to evaluate effects of tree species on soil carbon
relative to the soil process domain they create, as few studies
provide data on texture, soil pH and base saturation per tree
species (or per reported effect). Also, the myriad of methods
and setups to evaluate tree species effects makes meta-analysis
challenging. Future studies of tree species effects on SOC should
clearly describe and parameterize the context (including the
dominating soil process domain) and evaluate tree species effects
relative to this context. In that regard, reporting the soil type
as a resulting structure of the processes at play might once
again prove valuable (De Vos et al, 2015; Kogel-Knabner
and Amelung, 2021). Nevertheless, it remains a challenge
to find set-ups, e.g., multisite common garden experiments,
that allow to evaluate tree species and context independently
(Vesterdal et al., 2013).

A WINDOW OF OPPORTUNITY FOR
MANAGEMENT

If and when a change in litter quality can induce the above
described shift in soil process domain and the corresponding
cascade in belowground functioning, depends on intrinsic soil
properties and is simultaneously mitigated by mechanisms of
mineral and biological nature (Ulrich, 1987; Ponge, 2013).
Combined, these mechanisms underpin the context-dependency
of litter effects on carbon cycling.

First, we discuss how the mechanism of mineral nature causes
context-dependency and leads to a window of opportunity for
management. As indicated by Slessarev et al. (2016), all climatic
zones that are suitable for forest growth, typically characterized
by a precipitation surplus that induces leaching of nutrients,
move naturally toward the threshold between the exchange and

Frontiers in Forests and Global Change | www.frontiersin.org

May 2021 | Volume 4 | Article 679813


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles

Desie et al.

Context-Dependent Effects on Soil Carbon

the aluminum domain (Figure 1 and Supplementary Figure 1).
In this range, the shape of soil response curves to increased acidity
essentially depend on two factors: (i) the total amount of negative
charge on the exchange complex (i.e., CEC), and (ii) the relative
proportion of basic cations (Ca?*, Mg?*, K, or Na™) on that
exchange complex that have already been replaced by HT or AI*™
(i.e., the base saturation or, inverted, the exchangeable acidity)
(Ulrich, 1991; Blume et al., 2016).

In soils with a very low CEC, e.g., extremely sandy soils low
in organic matter or carbonates, there is very little exchange
buffer capacity and pH will not exhibit strong threshold
behavior because of the variable charge, which is dependent
on the acid strength of specific organic matter functional
groups (Schwertmann et al., 1987). The response curve therefore
approaches an inverse logarithmic relation (Figure 2A). In these
forest soils the potential to alter carbon processing via tree
species selection is rather limited. Note that in this concept we
assume CEC to remain constant over the entire soil profile.
In practice, however, there are situations where CEC and BS
vary with depth, which results in more complex results; e.g.,
in acidified topsoil with low CEC (Figure 2A), tree species can
still induce a shift if base cations can be taken up from deeper

unaffected layers. This added complexity when integrating depth
was not included in our concept, however, it remains key in the
understanding of belowground functioning and carbon cycles
(Rumpel and K6gel-Knabner, 2011).

If the CEC buffer is larger, the replacement of basic
cations by HT or AT will initially keep the pH almost
constant upon addition of low quality litter (via tree species
selection). When most of the base cations have been replaced
(typically when the base saturation drops below 30%), the
curve shows a clear threshold behavior, i.e., when the ecosystem
shifts from the exchange domain to the aluminum domain
(Figure 2B). In these zones the choice for a certain tree
species can have high consequences in terms of acidity
and carbon cycling.

Finally, if the CEC is very high (this limit was set at
24meq/100 g clay for agricultural soils (Driessen et al., 2001)),
the response curve can fold back upon itself (sensu Scheffer
et al,, 2001; Figure 2C). This is when AI’T saturation will induce
increasing hysteresis as a consequence of the stronger sorption of
Al on the CEC (Bolt and Bruggenwert, 1978). In this last case,
the impact of changing litter quality - solely - is insufficient
to shift the soil process domain and affect carbon processes.

A Low CEC B Intermediate CEC c High CEC
Sand Sandy to loam Loam to clay
L ]
O Extreme :
— restoration 3
O f[fﬁa H
wn litter effects) H  Persistent
decreasing litter quality decreasing litter quality decreasing litter quality
>
-+
= un
© L WINDOW OF OPPORTUNITY
5 =
=
. @®©
8 g No shift in soil No shift in soil
2o process domain process domain
= Closest to
(@) @) )
— pedogenic
wn 3
% threshold
(e
9 o
FIGURE 2 | Top: the response curve of soil pH to a change in litter quality (e.g., the input of acidity) differs depending on the context [here cation exchange capacity
(CEC)]. The response can be reverse-exponential (A), show threshold behavior (B) or indicate two alternative stable states (C). A distinction can be made for the
latter: soils with high CEC and high base saturation (BS) (C1) remain in the base exchange domain upon a decrease in litter quality whereas soils with high CEC and
low BS (C2) remain in the aluminum domain even with rich litter input. Note that the CEC is assumed constant over the entire profile whereas in practice variability in
CEC with depth can occur, which would lead to increased complexity. Bottom: the closer to a pedogenic threshold the higher the impact of tree species litter quality
on SOC dynamics indicating a window of opportunity where management efforts to optimize carbon sequestration are most efficient.
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A high CEC is therefore a mitigating property as long as the
exchange buffer capacity has not been exhausted, but will become
an amplifying factor once the system has tipped to the acid
domain (Verstraeten et al., 2018; Desie et al., 2019). Translated
to practice, Figure 2C illustrates that in some cases (soils with
high CEC) it is crucial to avoid a shift in soil process domain
and management efforts should focus on avoiding degradation
because once acidified the potential to affect functioning (and
carbon cycling) by litter quality alone is low. Simultaneously,
management measures that aim to restore acidified soils or
drastically alter the way carbon is processed should focus on
soils with intermediate CECs, as there the impact is largest (see
window of opportunity below).

The potential of exchange capacity to drive context-dependent
litter effects has been evidenced in previous research, often
proxied by clay context (Angst et al., 2018b) or geology (Heckman
et al., 2009). For example, Vesterdal and Raulund-Rasmussen
(1998) already suggest larger impact of tree species effects on
sandy soils, and also, van Oijen et al. (2005); Ribbons et al. (2018),
Verstraeten et al. (2018), report more pronounced tree species
effects in intermediate sites. Contrary, in sites that are extremely
poor the impact of admixing rich litter (and thus tree species
litter quality) remains limited (Desie et al., 2020c). This explains
another dimension of context-dependent litter effects: the closer
a system is to a pedogenic threshold, the more likely the shift will
occur, the greater impact external drivers will have and multiple
changes are triggered by only a small change in environmental
forcing, e.g., a change in litter quality. In intermediately buffered
soils, litter quality, hence, has most impact on the ecosystem
state, whereas in soils with high contents of free carbonates the
impact of litter quality is limited. This can also be seen in the
presence of humus forms (Andreetta et al., 2016): in extremely
poor sandy soils even under high quality litter tree species only
moder and mor humus forms are found (Gurmesa et al., 2013),
whereas on very Ca rich soils, we can even find mulls under
oak (Andreetta et al., 2011). In between, there is a zone where
tree species ultimately determine the dominant humus form,
and the full range can be found: mull, moder, mor (Desie et al,,
2020b). In these zones, the impact of litter quality on soil carbon
sequestration would also be largest. We therefore argue that there
is a window of opportunity where the impact of tree species
selection is highest: depending on the edaphic setting, a shift in
litter quality as represented by a shift in tree species can be a
useful tool for the manager to restore a certain state (Desie et al.,
2020c) but may lead to a very undesired situation if a shift to a
lower state is induced (Desie et al., 2019). This knowledge can
help harmonize management efforts and allows to develop more
efficient, context-explicit management strategies to optimize SOC
stocks and their stability.

Secondly, there are mechanisms of biological nature that can
counteract a shift in soil process domain (Ulrich, 1987; Ponge,
2013). Ponge (2013) argues that humus forms can be seen as
ecosystem strategies (e.g., mull the “dissipative pathway” versus
mor the “conservative pathway”) acting as basins of attraction
to which ecosystems evolve and where plant-soil interactions
(including the presence and functionality of the present biotic
communities) maintain and even reinforce the state. An example

of such a mechanism is the positive feedback loop between
burrowing earthworms, humus form and soil pH that maintains
the system in its present state: by promoting litter turnover
rate, thereby increasing topsoil pH and creating suitable living
conditions for themselves, burrowing earthworms promote their
own abundance and activity (Desie et al., 2020a). However,
as this feedback loop can reinforce litter effects, it can also
amplify a negative (or positive) spiral when aboveground litter
input changes and the mitigating mechanism again becomes
the amplifying mechanism. The impact of such feedbacks is
most important at intermediate pH values as this is where small
changes induced by a certain species can differentially affect
other species and trigger faster changes (Figure 2; Ehrenfeld
et al., 2005). For example, the above discussed feedback loop
is only active below a pH of 5, underpinning another driver of
context-dependent litter effects.

These complex response curves imply that a change in litter
quality may or may not have an immediate and strong effect
on soil acidity and SOC dynamics: depending on the CEC, the
remaining base saturation and the present biotic communities,
the increase in acidifying litter may take shorter or longer to push
a system over the threshold and alter the way carbon is processed.
In the case of an alternative stable states curve (high CEC with
high hysteresis, Figure 2C), legacy effects come into play: e.g.,
reducing the acid load and boosting the base cation input by
planting rich litter species will not suffice to remove the large
quantities of Al sorbed to the CEC (Desie et al., 2020c) and a shift
in belowground carbon processing is not made. Acidity response
curves may therefore be an interesting lens to build a conceptual
framework for better understanding context-dependency in litter
effects on belowground organic matter cycling in forest soils.

CONCLUSION

In this concept letter, we highlight how threshold behavior
in soil acid buffering can drive context-dependency of litter
effects on belowground ecosystem functioning to shape organic
matter dynamics. Acidity is a key driver of forest ecosystem
functioning, with clear non-linear relations between buffer
domains. A shift in soil process domain in between the
exchange and aluminum buffer domain (around a pH of
4.5), has pervasive impact on multiple compartments of
the belowground ecosystem (e.g., abiotic conditions and soil
biota communities) and will also change carbon dynamics.
Particularly the quantity of carbon stored in the litter layer,
the vertical distribution of SOC and its stability respond to
a shift in soil buffer domain. The impact on total carbon
stocks and SOC persistence will require more research. We
suggest that studies of vegetation effects on organic matter
dynamics should identify and explicitly discuss the context of
the reported effects and parameterize it, if possible, based on
key soil properties (e.g., soil texture, CEC, base saturation,
exchangeable aluminum in addition to soil pH). Moreover,
using acidity as the “lense” to study vegetation effects,
i.e,, the relative evaluation of soil process domain vs. tree
species effects, would provide much needed insight into soil
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the CEC buffer is lar carbon dynamics. Finally, as a plus, the non-
linearity associated with acidity also implies that we can target
management efforts to where they will be most effective, i.e.,
in the window of opportunity where tree species selection has
most impact on belowground functioning. This knowledge can
help harmonize management efforts to optimize SOC stocks and
their stability.
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