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Abstract

Aims The cycling of nutrients from plant litter has
key implications for the functioning of terrestrial eco-
systems by controlling nutrient availability and net
primary production. Despite extensive research on the
effects of global change on ecosystem functioning,
the direct implications of global change on stoichiom-
etry and nutrient dynamics during litter decomposi-
tion remain poorly understood. To address this gap,
we conducted a meta-analysis.

Methods We analysed 178 experiments that simu-
lated (i) warming, (ii) drought, (iii) increased water
availability, (iv) N enrichment, (v) P enrichment, and
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(vi) combined N and P (N +P) enrichment. We com-
pared earlier (approximately six months) and later
(approximately one year) stages of decomposition
and analysed the specific effects taking into account
climate and plant type.

Results The C:N and C:P ratios decreased in most
warming and nutrient enrichment scenarios, leading to
losses of litter C content, while the N:P ratio remained
more resilient and affected by water availability. Fur-
thermore, the abundance of resources (water and
N+ P) fosters the decomposition of litter. The nutrient
mobilisation increases for both P and N under non-lim-
ited nutrient enrichment and it is faster for N than for P
when water increases its availability. Nutrient enrich-
ment was relevant in later stages of decomposition.
Conclusions Our study provides insights into the
fate of litter decomposition and its stoichiometric
dynamics in response to drivers of global change.
Concerning scenarios of C release and N and P
immobilisation were identified. However, further
experimentation and analysis are necessary to con-
sider all interacting drivers.

Keywords Global change - C:N:P - Potassium -
Water availability - Fertilisation - Warming
Introduction

Nutrient stoichiometry is a crucial factor in controlling
important ecological processes, such as the growth rate
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and life strategies of organisms, as well as ecosystem
diversity, structure, and functionality (Sterner and Elser
2002; Sardans et al. 2012b; Pefiuelas et al. 2019). In par-
ticular, litter decomposition is one of the key processes
that determines ecosystem functioning (Zhang et al.
2018; Lanuza et al. 2019). Currently, the biosphere is
facing various transformations, including climate-related
changes like global warming and shifts in precipitation
patterns (IPCC 2021), as well as changes in the availa-
bility of elements such as C and N due to anthropogenic
activities (Gruber and Galloway 2008; Sundquist 1993).
However, the availability of other essential nutrients like
P and K are not increasing to the same extent (Sardans
et al. 2012a, 2021; Pefiuelas et al. 2020). These changes
in nutrient stoichiometry and imbalances are altering the
"elementome" (i.e., the elemental composition of eco-
systems) of soils (Pefiuelas et al. 2019; Fernandez-Mar-
tinez 2022; Pefuelas and Sardans 2022). Understanding
how these shifts in elementome, together with climate
change, affect nutrient cycles in plant-soil systems is
crucial for the development of global change models,
conservation strategies, and food security policies.

Litter decomposition is an important process for
understanding plant-soil nutrient cycles, as litter
serves as a crucial source of mineralizable nutrients
for microbial and plant metabolism in terrestrial eco-
systems (Silveira et al. 2011), that controls the avail-
ability of nutrients in soils, cation-exchange capac-
ity, soil pH, and the formation of humus (Berg and
McClaugherty 2008). The release of nutrients dur-
ing litter decomposition allows microbes and plants
to take them up. Litter decomposition also plays a
significant role at the biospheric level, affecting the
exchange of greenhouse gases and the carbon stocks
in soil (Walkiewicz et al. 2021), which can, in turn,
affect climate change (Parker et al. 2018). Drivers of
global change such as increasing temperatures and
precipitation can accelerate the rate of litter decom-
position (Zhang et al. 2008), while droughts can slow
it down and reduce the C content of litter (Deng et al.
2021). Additionally, nutrient enrichment can have
diverse effects on litter decomposition rates, increas-
ing them in grasslands and wetlands but decreasing
them in forests (Su et al. 2022).

Litter decomposition and nutrient mineralisation
also depends on the species that compose the vegeta-
tion cover, or the environmental factors, like climate,
that characterise the ecosystem; and will determine
the shifting of elementomes in soils. Temperature and
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precipitation can affect litter decomposition directly
by regulating the activity of decomposers, and indi-
rectly through changes in plant species composition
and abundance, as a result, in variations in litter qual-
ity and quantity (Petraglia et al. 2019). Colder and
drier climates present higher stabilisation of organic
material (Mueller et al. 2018), while warmer and wet-
ter climates are more likely to promote faster decom-
position by the soil food webs (Garcia-Palacios et al.
2013). On the other hand, litter quality is considered
a key regulator of the decomposition dynamics in
litter (Zhang et al. 2008). Decomposing plant litter
from broadleaved forest beds of grass species is less
constrained than conifer tree litter, whose lignin con-
tent and allelopathic substances are generally higher
(Rahman et al. 2013; Liu et al. 2019). The effect of
global change drivers then differ depending on the
litter quality. N additions had been reported acceler-
ating decomposition in low-lignin litters, while this
effect was inhibiting in high-ligning litters (Hob-
bie et al. 2012; Knorr et al. 2005). Another aspect to
consider is the stage of the litter decomposition, with
earlier stages characterised by the decomposition of
non-lignified cellulose and hemicellulose; and the
leaching of soluble compounds; while later stages
encompasses the degradation of the lignified tissues,
requiring a more complex metabolism (Djukic et al.
2018).

Litter decomposition has been a widely studied field,
even in relation to global change analyses (Zhang et al.
2008; Deng et al. 2021; Su et al. 2022). However, there
is still a lack of an all-encompassing understanding of
how litter stoichiometry during the decomposition pro-
cess varies in relation to climate change and nutrient
enrichment. Most review studies focus on one aspect of
litter dynamics, such as litter decomposition rate (Zhang
et al. 2008; Su et al. 2022) or the effect on a particular
elemental content (Deng et al. 2021), and others, are
barely focused on the dynamics of litter decomposition
(Sardans et al. 2012a). Our objective with this analysis
is to examine how nutrient addition and climate change,
two important indicators of global change, affect the
stoichiometry of litter decomposition, and to detect
how it differs depending on and climate and the plant
group producing the litter through a global assessment.
To achieve this goal, we gathered data from experi-
ments measuring the stoichiometric relationships of at
least two elements (C, N, P; K was also contempled)
in decomposing litter and where treatments simulated



Plant Soil

one of four drivers of global change: (i) warming, (ii)
drought, (iii) irrigation (an increase in water availabil-
ity), or (iv) N and P enrichment (separately or com-
bined). We evaluated nutrient dynamics in the earlier
(approximately six months) and later (approximately
one year) stages of decomposition and also considered
factors such as climate and plant type. By focusing only
on studies that examined the simultaneous response of
at least two elements, we reduced the number of stud-
ies available for the meta-analysis, but we were able to
investigate elemental ratios. Additionally, we examined
the effects on the decomposition rate and individual
contents of C, N, and P.

Global change affects litter decomposition dynam-
ics: an increment in the decomposition rate results in a
preferential mineralisation of C to N and P; and N to
P (Sardans et al. 2012a). When comparing experimen-
tal and control plots, we expect to find the following:
(1) Increases in temperature will reduce the C:N, C:P
and N:P ratios as decomposer activity is enhanced; (ii)
Water scarcity will elevate C:N, C:P and N:P ratios,
as decomposition is hampered, but the opposite effect
is expected if water availability increases; (iii) Nutri-
ent enrichments would also increase decomposition
activity, leading to reductions of C:N and C:P ratios.
However, the N:P ratio would differ depending on the
enrichment — increasing if the enrichment in N domi-
nates and decreasing if it is P dominated. This effect
would be expected to be (iv) greater in earlier decom-
position stages than in later, as the preferential miner-
alization of nutrients by decomposers may disappear
with time when the carbon-rich — easy-to-decompose
— litter component disappears. Additionally, we expect
to find different responses to different climates and
plant types. As an example, (v) we expect to find that
increases of temperature and changes in precipitation
are more likely to affect colder and dry climates com-
pared to warm and wetter ones; and finally. (vi) we
expect conifer, high-ligning, litter being less affected
by nutrient enrichments compared to grasses of broad-
leaved species.

Materials and methods

Data collection

To compile a dataset of the effects of global change
drivers on litter stoichiometry, we conducted a

bibliographic search on the 1st of February 2022 for
peer-reviewed papers on Scopus, Web of Science,
and Google Scholar. Three search strings were per-
formed on title, keywords, and abstract: (i) “(litter
AND decomposition) AND (warming OR (increase*
AND temperature*)) AND experiment* AND ((N:P)
OR (C:N) OR (C:P))” for global warming as an agent
of change; (ii) “(litter AND decomposition) AND
((N OR P) AND (deposit* OR fertiliz¥ OR addi-
tion)) AND experiment* AND ((N:P) OR (C:N) OR
(C:P))” for nutrient enrichment (e.g. fertilisation or
enhanced deposition) as an agent of change, and (iii)
“(litter AND decomposition) AND (precipitation OR
rainfall OR drought) AND (reduc* OR addition OR
increment* OR exclusion) AND experiment* AND
((N:P) OR (C:N) OR (C:P))” for changes in the avail-
ability of precipitation as an agent of global change.
After screening the manuscripts, we selected studies
that reported: (i) plots with experimental and con-
trol conditions, (ii) measurements of the variables
in the experimental and control plots that were con-
ducted under the same temporal and spatial scales,
and where the magnitude of the treatment and experi-
mental duration were clearly recorded and (iii) suffi-
cientdata to calculate the C:N, C:P, and/or N:P ratios
of the remaining litter. Our final database contained
43 studies (highlighted with an asterisk in the refer-
ence section; Table S1). All data for each study were
obtainedfrom the associated published data sets
provided by the author/s while extracting data from
figures was done using WebPlotDigitizer (Rohatgi
2021). We considered different experiments when (i)
the litter type differed, (ii) plots differed geographi-
cally within the same study, (iii) different treatments
were applied independently, and (iv) plots varied in
the intensity of treatment. A PRISMA formatted flow
diagram (Moher et al. 2009) is provided in the sup-
plementary material (Figure S1).

We recorded ancillary data for each study, includ-
ing information for the study site such as geographic
location of the sampling sites (latitude, longitude, and
elevation), information for the litter species sampled,
the litter sampling method (litterbag experiments
vs litter collection), the methodological approach to
measure each of the elements, and the initial litter
biomass and elemental concentrations. The experi-
mental conditions were characterised in three groups:
(i) increase in temperature, the intensity of which was
recorded in °C, (ii) enrichment of N, P, or both N and
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P, the intensity of which was recorded as g m=2 y~!,
and (iii) changes in the amount of precipitation, which
was recorded as the percent decrease or increase
in water availability relative to the control plots in a
year. While we recorded this ancillary data from the
paper, we also recorded the climate zone of the loca-
tion (polar, cold, temperate, arid, or tropical) using
the recorded longitude and latitude, and the kgc pack-
age of R (Bryant et al. 2017). If the plant type (angio-
sperm tree, gymnosperm tree, shrubs, and grasses;
all herbaceous species were considered grasses) was
not specified in the text, we filled the gaps using the
Global Biodiversity Information Facility (GBIF
2021). We ultimately analysed six data sets: i) warm-
ing treatments (47 experiments), ii) enrichment with
N only (55 experiments), iii) enrichment with P only
(13 experiments), iv) enrichment with both N and P
(38 experiments), vi) decreases in the amount of pre-
cipitation (drought treatment, 13 experiments), vii)
increases in the amount of precipitation (irrigation
treatment, 12 experiments). We rejected experiments
that entailed more than one of the selected treatments
(warming, irrigation, drought, N enrichment, P enrich-
ment, and N+ P enrichment) at the same time. After
applying these requirements our database contained
178 experiments. The starting date and associated
duration (days) for each experiment were compiled
for 123 of the experiments. We then compiled both
the percentage of remaning control and experimental
litter masses (only for the litterbag experiments), the
elemental concentrations, elemental contents (percent-
ages of the initial quantity of the element remaining
after the experiment) C, N and P; and the C:N and
C:P litter ratios. The standard deviation and number
of replicates for all these variables for both the control
and treatment plots were also recorded. If provided,
we also collected the K concentration.

Calculation of variables

Depending on the study, the elemental data were
the concentration of the element, the content that
remained relative to the initial value, and/or the
ratios of the elements. We calculated the concentra-
tions of C, N, P, and K, the contents of C, N, and P
remaining relative to the initial values, and the C:N,
C:P, and N:P ratios (on a mass basis, for the mass
remaining) for all experiments when possible. We
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initially recorded all sampling dates for each experi-
ment. First, we subsetted our database considering
sampling dates resembling experiments that last for
approximately half a year (180 d). This subset con-
tained the samples representing the "earlier" stage of
decomposition with a median of 233 +26 days (see
below). To test changes in later decomposition stages
(prediction iv), we subsetted the database filtering
sampling dates closer to three years (1080 d), but the
median resulted similar to one year: 412+32 day.
Thus, this database contained experiments where
litter was at a “later” stage of decomposition. A
detailed information about the days of experiments
foe each study can be found in Table S2. We thus
constructed a database for all experiments at an “ear-
lier” stage of decomposition, and others at a “later”
stage. Additionally, we calculated the decomposition
rate based on the classical definition (Olson 1963):

_ In(X,/X,)
B t

where k is the decomposition rate, ¢ is the duration
(in days) of the experiment, which was recorded for
every experiment, and X, and X, are the initial litter
mass and the litter mass remaining at the time of sam-
pling, respectively (in grams). We also applied this
formula to the initial and remaining litter elemental
contents (for obtaining the rates of release of the ele-
ments), and to the initial and remaining litter elemen-
tal ratios (for obtaining the rates of change of the ele-
mental ratios).

Before determining the stoichiometric effects of
global change drivers, we assessed the effects of
each treatment on the mass remaining at the end of
the experiment and the decomposition rates of the
litter biomasses. We determined the effects of the
treatments on the litter concentrations of C, N, and
P and calculated the elemental contents remaining
(% from the initial) after the experiment (when the
remaining contents were not provided). Due to the
lower number of experiments providing initial lit-
ter masses compared to those providing elemental
concentrations, the sample size used for the content
analysis was smaller than that for the concentration
analysis. Ratios were calculated as the quotient of
the elemental contents, but we used the ratios pro-
vided when these data were not available. To calcu-
late k (rate of change) associated with the shifting
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ratios, we needed the initial ratios at the start of the
decomposition experiments.

The final data set

Our final data set contained 42 sampling locations,
(the locations of the mesocosms were not consid-
ered) (Fig. 1); and data for litter from 71 species.
From the 178 experiments selected, and based on the
Koppen-Geiger classification (Beck et al. 2018), we
found that 7 of the experiments were carried out in
tropical climates, 48 in arid climates, 55 in temper-
ate climates, 33 in cold climates, and 32 in polar cli-
mates. The starting months for the litterbag experi-
ments differed across studies: 10 experiments started
from January to March, 63 from April to June, 12
from July to September, and 21 from October to
December. Plant species and climate were correlated
variables.

Statistical analysis
We used the metafor package (v2.4-0; Viechtbauer

2010) in R Studio (v4.1.2; R Core Team 2021) for
the statistical analyses. We calculated the sizes of

the effects of each treatment (warming, N enrich-
ment, P enrichment, N+ P enrichment, increase in
water availability, and decrease in water availabil-
ity) on the remaining litter biomass, the contents
of C, N, P, and K, the release rate of these con-
tents, the C:N, C:P, and N:P ratios, and the rates of
change of these ratios. To calculate the effect size of
a treatment, we calculated the standard mean differ-
ence (SMD; Hedges 1981) with the function escalc,
where the numerator of SMD was set as the value
of the variable under the treatment minus the value
of the variable under the control (retaining nega-
tive signs). Thus, a positive treatment effect (SMD)
indicates that the treatment group has, on average,
a higher value than the control group. On the other
hand, a negative treatment effect indicates that the
treatment group has a lower value compared to the
control group. We constructed meta-analytic models
as random-effect models using the Restricted Maxi-
mum Likelihood method (REML; Cook 2014) with
the rma.mv function. We rejected the meta-analytic
models when the number of experiments was lower
than 5, and those rejected models can be consulted
in Table S3We calculated the general effects of the
treatments over the experiments using the study as

Climate
Arid
Cold
Polar

Temperate

o009

Tropical

Fig. 1 Global map of the sampling locations (coloured dots) used in the meta-analysis
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the random factor to account for the possible non-
independence of experiments from the same study.
For the treatments that significantly affected the
variables, we calculated the sensitivity of the effect
size to the intensity of the treatment by including
the intensity as a moderator. We also explored the
effects of the treatments over the experiments tak-
ing into account factors such as climate (arid, cold,
temperate, polar, or tropical; according to Kdppen-
Geiger classification) and plant type (broadleaved
tree, conifer tree, grass, or shrub). We added the
factor (climate orplant type) as a moderator of the
random model, with the study as the random fac-
tor. In the case of plant type, the random factor was
plant nested within the study. For those analyses,
we only used data from the earlier decomposition
database and the effect of decomposition rate, C, N,
P, and K contents and ratios.

We also conducted a publication bias analysis
using Egger’s regression test (Egger et al 1997),
adapted to the rma.mv function. We adjusted the
metaregression models by including the stand-
ard error of the effect sizes as a moderator. If the
intercept significantly differed from zero (P<0.1,
following Egger et al. 1997), we inferred that the
relationship between precision and the size of the
studies is asymmetrical, indicating bias.

Results
General effects

We explored the general effects of the treatments over
the experiments. The detailed data of the significant
effects found in the general effect analysis are presented
in Table S4. We display the data in C, N, and P ratios
and contents in the litter remaining after decomposition.
More analysis on C, N, and P concentration are available
on Supplementary Material (Figure S2 and Table S5).

We identified publication bias in 26.1% of the
analyses, which warrants some caution on the infer-
ences presented here.’. The analysis affected by the
bias are depicted in Figs. 2, 3 and 4 (see figure cap-
tions) and in Table S4.

Litter decomposition

The amount of mass remaining was lower in N+P
enriched plots than in controls in both the earlier
(6 months) and later stages (12 months). However,
an increasing effect in litter decomposition rates was
only found for later stages, while earlier stages did
not show a significant effect. Plots under the irriga-
tion treatment presented significantly higher decom-
position rates than control plots in the later stages of

"Early" decomposition (approximately six months)

e "Later" decomposition (approximately one year)

Mass remaining

a
Warming &
N enrichment E
N + P enrichment { N J
A lrrigation B
Y| @
A Drought

10 5 0 5 10 1
Effect size (+95%Cl) .

Fig. 2 Effect sizes (£95% CI) of the treatments on the amount
of the initial litter mass remaining after approximately half a
year (earlier stage, green bars, above) or approximately a year
(later stage, pink bars, below) of decomposition (a) and the
decomposition rates (b). Coloured bars indicate significant
effect sizes. The boxes depict the number of experiments (simi-
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b Litter decomposition rate

Warming ‘4
N enrichment (J

2
N + P enrichment ‘-
2 lrrigation (—‘ ——
& Drought (9]
25 0.0 25 50

Effect size (+ 95%Cl)

lar to earlier and later stages).. Treatments are only represented
in the plots if the number of experiments is>5. Publication
bias is highlighted with warning symbols (triangle with excla-
mation mark inside) in the title of the treatment. Green warn-
ing symbols depict publication analysis for the earlier stage;
while pink warning symbols are for the later stages
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Fig. 3 Effect sizes (£95%
CI) of the treatments on

the content and k for the
contents and release rates of
C (a,b),N (c,d), and P (e, a .
f) approximately half a year Warming B
(earlier stage, green bars, !
above) or approximately a
year (later stage, pink bars,
below) of decomposition

N enrichment

C content remaining

"Early" decomposition (approximately six months)

- e '"Later" decomposition (approximately one year)

C release rate

b [

A Warming ——

N enrichment

. N + P enrichment - N + P enrichment | —
(a) and the decomposition (15] (15)
rates (b). Coloured bars 5]
indicate significant effect Drought & Drought
sizes. The boxes depict the =
number of experiments = 2 u 2 0 > 10
(similar to earlier and later c Effact size|(+95%Cl) d Effect size (= 95%Cl)
stages). Treatments are only N content remaining N release rate
represented in the plots if ) ) (29]
the number of experiments Warming ) Warming
is> 5. Publication bias is _ - _

L . . N enrichment N enrichment o—
highlighted with warning (20)
symbols .(triangle Wit}_l a N + P enrichment N + P enrichment =5
exclamation mark inside) [24]
in the title of the treatment. 4 lrrigation Irrigation =
Green warning symbols (9
depict publication analysis Drought A Drought @
for the earlier stage; while =
pink warning symbols are 2 4 6 15 -10 S 0 5
for the later stages e Effect size (=95%Cl) f Effect size (= 95%Cl)

P content remaining P release rate
Warming [2] Warming 129]
N enrichment 2 N enrichment —
(9] |57
— |(24]
N + P enrichment = aN + P enrichment
1 f] m} EJ
Irrigation Irrigation
Drought A Drought
0.0 25 50 -75 -50 -25 0 25

Effect size (= 95%Cl)

decomposition (Fig. 2). When analysing the sensitiv-
ity of the effects to the treatment intensity, we found
that in the case of N+ P enrichment experiments, the
more N is added the higher the effect, but this was
only found for later stages. Warming, drought, and N
or P enrichment (alone) did not show any effects on
litter mass decomposition.

Effects on the nutrient contents remaining
Compared to control plots, C content in litter

decreased in the warmed treatments during earlier and
later stages of decomposition. C content in litter also

Effect size (= 95%Cl)

decreased in N+ P enriched plots in the later stages
of decomposition. N content in litter was incremented
in later stages of decomposition under N+ P enrich-
ment conditions. No effect was found for N and P
remaining content or release rate (Fig. 3). There were
not enough (<5) P enrichment experiments valid for
assessing its effects on element contents remaining
since the beggining of the experiments.

Effect on the nutrient ratios

Compared to control plots, litter C:N ratios decreased
in P enriched plots in both earlier and later stages of

@ Springer
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Fig. 4 Effect sizes (£95%

"Early" decomposition (approximately six months)

CI) of the treatments on “"Later" decc ion (approximately one year)
the stoichiometric ratios
and associated change rates a C:N ratio C:N change rate
for C:N (a, b), C:P (c, d), b
and N:P (e, ) approxi- A Warming ] _ (11]
mately half a year (earlier 21 Warming
stage, green bars, above) AP enrichment TJO
or approximately a year [t (13)
(later stage, pink bars N enrichment AN enrichment ®
below) of decomposition N £ P enrich
(a) and the decomposition P snnabimeln . )
rates (b). Coloured bars &) AN +P enrichment 1 _ %
o .. Drought 5]
indicate significant effect [
sizes. The boxes depict the 10 0 10 0.0 25 50 75
number of experiments c Effect size (+95%Cl) d Effect size (= 95%Cl)
(similar to earlier and later C:P ratio C:P change rate
stages). Treatments are only )
represented in the plots if Warming 8 )
the number of experiments (11] Warming G 01.
is>5. Publication bias is P enrichment ”
highlighted with warning ) .
symbols (triangle with Sl o (4] | N enrichment @
exclamation mark inside) ) g -
. . N + P enrichment ®
in the title of the treatment. @ _
GreF:n Warn.ing. symbols . Drought &3 N + P enrichment @ -
depict publication analysis
for the earlier stage; while 100 10 20 50 25 00 25 50
pink warning symbols are e Effect size (= 95%Cl) f Effect size (= 95%Cl)
for the later stages N:Fratlo N:P change rate
Warming : i . [E
(33)| [12) Warming
P enrichment = o
19
AN enrichment | A N enrichment
E
N + P enrichment o 24]
1) [27] AN + P enrichment
Irrigation -
Drought A Irrigation
-20 -10 0 5 0 5

Effect size (+95%Cl)

decomposition, and with N enrichment in the earlier
stage of decomposition. C:N change rate increased
under N enrichment in later stages of decomposition
and under N + P enrichment in both stages of decom-
position (Fig. 5). The sensitivity analysis revealed
that the more P was accounted for in the P enrich-
ment experiments, the higher the effect is over the
C:N ratio. The same happened with N enrichment
intensity in the N enrichment experiments, the more
N was accounted for, the higher the effect was over
the C:N ratio. Litter C:P ratio decreased, compared
to control plots, under warming treatment in both

@ Springer

Effect size (= 95%Cl)

earlier and later stages of decomposition. Warming
also increased the C:N ratio change rate in earlier and
later stages. N+P enrichment treatment decreased
C:P ratios in the later stage of decomposition while
increasing C:P change rate in the later stage of
decomposition (Fig. 5). The sensitivity analysis
revealed an indirect relationship between the inten-
sity of the warming and the decreasing effect on the
C:P ratio. The litter N:P ratio decreased, compared to
control plots, with the irrigation treatment for the ear-
lier stage of decomposition, however no other effects
were found for N:P ratios of N:P change rates (Fig. 4).
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EFFECTS OF GLOBAL CHANGE DRIVERS OVER LITTER DECOMPOSITION

Warming Drought Irrigation
Decomposition rate Decomposition rate Decomposition rate
A A
Tg A A Tc
Nutrient ratios in litter Nutrient ratios in litter Nutrient ratios in litter
o, N N N
g
cP M T . C:P P
Vidd, [c
N:P - N:P V5 N:P
NP v,
Nutrient content in litter Nutrient content in litter Nutrient content in litter
cvi c c <Y
Vil v
N N N T J, N A
g
P AN L P 4 P

Fig. 5 Graphical summary of the general effects of the meta-
analysis on decomposition rate and C, N, and P contents and
their ratios. General effects, while specific effects only from
earlier stages of decomposition. Significant effects from the

Effects considering the climate of the sampling area

The warming experiments from cold climates presented
a decreasing effect on C contents. Regarding N content,
irrigation treatment had a decreasing effect on cold cli-
mates while drought had an increasing effect on arid
climate. Although general changes in P content were
not significant, different climate conditions led to sig-
nificant changes in the P content significantly changed.
In this regard, under warming experiments, we found
an increasing effect on P content in cold climates, and
decreasing in polar climates. In drought experiments,
we found an increasing effect on P content in arid cli-
mates. In irrigation experiments, we found an increas-
ing effect on P content in temperate climates. Last, in
N+P enrichment experiments, we found an increasing
effect on P content in temperate climates and a decreas-
ing effect on P content in arid climates.

C:N ratio was also affected by climate in warming
and N+ P enrichment experiments despite not having
any general significant effect. We found a decreasing
effect of warming experiments on C:N ratio in cold
climates. Also, in N+P enrichment experiments, we
found decreasing effect on C:N for polar and temper-
ate climates. In N enrichment experiments, which had
a C:N ratio general decreasing effect, Climate-related
effects were found for N enrichment experiments:C:N
ratio, which showed a general decrease effect, decrea-
sedin cold and tropical climates; C:P ratio was affected

N+P enrichment

Decomposition rate

Nutrient ratios in litter
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N enrichment P enrichment General effect

«

Decomposition rate Decomposition rate

On arid climate
Nutrient ratios in litter Nutrient ratios in litter

On cold climate

c v
[ C:P * On polar climate
N:P N:P )
) On temperate climate
Nutrient content in litter Nutrient content in litter
4’ On tropical climate
C C

On grasses

On coniferous trees

On breadleaved trees

climate and plant type-specific analysis that were only found
from one experiment are excluded from the figure and the Dis-
cussion section. Consult Table S4, Table 2, and Table 3 for p
values and number of studies for each analysis

by climate in N+P and N enrichment experiments
although no general effects were found. We found, for
N+ P enrichment experiments, a C:P ratio decreasedt
in cold and tropical climates. We also found a N
enrichment decreasing effect on C:P ratios in cold
climates. For warming experiments, which showed a
general decreasing of C:P ratios, we found that cold
climates were driving the effect. All this information
is summarised in Table 1.

Effects considering the plant type

Although there was no general significant effect on
litter decomposition rates under warming treatments,
we found a increasing effect when looking at grass
species Also, in N+ P enrichment experiments under
conifer trees, an increasing effect on decomposition
rate.

We found a general decreasing effect of C contents
in warming experiments (Table 1). Additionally, during
warming experiments under grass species, a decreas-
ing effect of the C content in the remaining litter was
found. Although there was not a general effect for C
content on drought experiments, we found a decreas-
ing effect for C content when lookint at shrub species.
Despite not finding any general effect for N content in
irrigation experiments, we found that in grass species
there is a decreasing effect on the N content. P content
did not have any general effect for N+P enrichment
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Table 1 Statistical details of the meta-analysis of the sig-
nificant effects considering the climate of the sampling area
(according to Koppen-Geiger classification; in the brackets) as
a moderator. The number of experiments under each climate is
expressed relative to the total of experiments from which the

general effect was calculated (i.e. from the nine experiments
that addressed C content in warming experiments, eight were
from cold climates). These analyses were only carried out in
the earlier stage of decomposition for litter decomposition rate;
C, N, and P contents; and C:N, C:P, and N:P ratios

SIGNIFICANT EFFECTS ACROSS CLIMATES

Treatment Variable Climate Number of experiments  Treatment effect Standard error p-value
under this climate

Warming C content Cold 8 outof 9 -1.261 0.639 0.048
P content Cold 8 out of 29 0.556 0.217 0.011

Polar 19 out of 29 -1.28 0.301 <0.001

C:P Cold 9outof 11 -1.383 0.341 <0.001

Drought N content Arid 3outof 11 2.643 1.034 0.011
P content Arid 3 out of 10 4.096 0.836 <0.001

Irrigation N content Cold 3outof9 -2.203 0.914 0.016
P content Temperate 1 outof 9 2.293 0.471 <0.001

N+ P enrichment P content Arid 15 out of 24 -0.543 0.245 0.026
Temperate 9 out of 24 0.916 0.221 <0.001

C:N Polar 5 out of 28 -0.747 0.325 0.021

Temperate 4 out of 28 -2.102 0.509 <0.001

C:P Cold 4 out of 27 -3.52 0.761 <0.001

Tropical 4 out of 27 -2.133 0.746 0.004

N enrichment C:N Cold 9 out of 37 -1.302 466 0.005
Tropical 1 out of 37 -3.688 1.243 0.003

C:P Cold 8 out of 34 -1.093 0.54 0.042

experiments, but we found an increasing effect on P
content driven by litter from broadleaved tree leaves.
C:N ratio did not show any general effect for the warm-
ing, drought, and N+P enrichment treatments. How-
ever, C:N ratios decreased in grass species on warming
experiments; in conifer species on N+P enrichment
experiments and in grass species in drought experi-
ments; while increased in shrub species in drought
experiments. For warming experiments, which showed
a general decreasing effect on C:P ratios, we found a
decreasing effect for grass species and conifer trees.
Irrigation experiments showed a decreasing effect of
N:P ratio. This effect was also found for broadleaved
trees. All this information is summarised in Table 2.

K concentration
With the recorded data of K concentration in litter
(Table S5; Figure S2). We detected a general decreas-

ing effect in K concentration for warmed plots in later
stages of decomposition (Table S5). However, while
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there is not a general effect during early stages of
decomposition, there are climate specific effects in
the early stage, increasing its concentration in cold
climates (p=0.007, from 5 of the 6 experiments
addressing K concentrations in warming experi-
ments), whereas we found an opposite effect for tem-
perate climates, where K concentrations increase
(p=0.044 from 1 of the 6 experiments addressing
K concentrations in warming experiments). We also
find K concentrations decreasing in irrigated plots
from temperate climates (p<0.001, from 1 of the 6
experiments addressing K concentrations in warming
experiments).

Summary of the general effects

To facilitate the comprehension of the results of the
meta-analysis, a summary figure was constructed
with results groups by the distinct scenarios that the
global change experiments portrayed (Fig. 5).
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Table 2 Statistical details of the meta-analysis of the signifi-
cant effects considering the plant type of the sampling area as
a moderator. The number of experiments using each plant type
is expressed relative to the total number of experiments from
which the general effect was calculated (i.e. from the 38 exper-

iments addressing decomposition rates on warming treatments,
12 were done in grass litter). These analyses were only carried
out in the earlier stage of decomposition for litter decomposi-
tion rate; C, N, and P contents; and C:N, C:P, and N:P ratios

SIGNIFICANT EFFECTS ACROSS PLANT TYPES

Treatment Variable Plant type Number of experiments Treatment effect Standard error  p-value
using this plant type

Warming Decomposition rate ~ Grass 12 out of 38 1.12 0.564 0.046
C content Grass 3 out of 9 -2.028 0.948 0.032

C:N Grass 7 out of 21 -1.863 0.909 0.041

C:P Grass 4outof 11 -2.011 0.46 <0.001

Conifer tree 3outof 11 -0.926 0.389 0.017

Drought C content Shrub 1 outof 9 -3.336 1.485 0.024
C:N Grass 1 out of 6 -10.447 1.913 <0.001

shrub 1 outof 6 16.653 4.876 <0.001

Irrigation N content Grass 2 outof9 -3.94 0.993 <0.001
N:P Broadleaved tree 8 out of 11 -14.941 6.366 0.018

N +P enrichment Decomposition rate ~ Conifer tree 3 out of 24 1.643 0.793 0.038
P content Broadleaved tree 6 out of 24 1.538 0.744 0.038

C:N Conifer tree 4 out of 28 -2.102 0.566 <0.001

Discussion

Our meta-analysis provides an overview of the
dynamics and stoichiometry of litter decomposition
under drivers of global change such as warming,
changes in water availability, and nutrient enrich-
ment and limitation. The results portray a guide of the
C:N:P stoichiometry under the fate of global change.

Effect of warming

Our initial predictions (i) posited that increases in
temperature would lead to a decrease in C:N and
C:P ratios. Examining the general effects, elevated
temperatures resulted in C release and reduced
C:P ratios, consistent with the expectations. How-
ever, in warming experiments there were no gen-
eral effects on litter decomposition rate or C:N
ratios. Water limitations may be hindering the
effect or warming on litter decomposition. Similar
results were obtained by Petraglia et al.(2019) in
a national decomposition study reflecting a broad
range of vegetation types and microclimatic condi-
tions. The effects of temperature increase on litter

decomposition were present in moist conditions.
Alternatively, they pointed to vegetation type as a
possible explanation since most of the moist soils
were classified as grasslands. We found simi-
lar results: although a general effect of warming
on decomposition rate was absent, there was an
increasing decomposition rate effect in litter from
grass species.

Litter dynamics in cold climates are likely to be
disturbed with increments in temperature and pre-
cipitation, potentially releasing the old and stabi-
lised pools of organic matter (Garcia-Palacios et al.
2013). When accounting for climate, we detected
that C release under warming treatment was notably
prominent in cold climates. The warming effect of lit-
ter decompostion in cold climates is enhanced since
decomposition in these environments is limited by low
temperatures which are raised in the warming treat-
ments. Additionally, litter decomposition is promoted
since cold climates are charecterised by precipitation
exceeding evaporation (Beck et al. 2018), being non
water-limited by definition. Consequently, our results
confirmprevious predictions (Sardans et al. 2012a)
that warming effects on C:N and C:P ratios are only

@ Springer



Plant Soil

pronounced under water-abundant scenarios. In cold
climates, P is immobilised in litter, explaining why the
warming-induced decrease was only found for C:P.

Concerning plant type, we found that warming in
grasses significantly increased decomposition rates and
reduced C contents, C:N, and C:P ratios, aligning with
previous studies (Song et al. 2014). In the experiments
with grass litter, which is generally characterised by
lower N concentration than tree litter (Yuan and Chen
2009; Vallicrosa et al. 2022), decomposition was hin-
dered. This could elucidate why warming effects on
decomposition rate and C:N were exclusive to grasses.
Warming in cold grasslands and conifer forests enhances
C release and P immobilisation in litter. Released C may
contribute to soil and atmospheric carbon, exacerbat-
ing greenhouse effects and global warming (Cornelis-
sen et al. 2007; Hobbie et al 2002). P-limitation arises
from P immobilisation in litter, rendering it unavailable
as a resource for plants. Consequently, C:N and C:P
ratios are reduced in these scenarios, potentially impact-
ing soil trophic webs. Another concern, that was nos
addressed in the meta-analysis, is the community shift
towards a more recalcitrant leaf litter, shrub dominance,
in response to increasing temperatures in cold climates
(Cornelissen et al. 2007; Jackson et al. 2002).

Lastly, K release from the litter increased during
the warming treatments. The effect was relevant in
cold climates, that is non-water limited. However,
we detected an opposite (increasing litter K concen-
tration) effect in a case in a Mediterranean shrubland
(Saura-Mas et al. 2012). Since K is an important ele-
ment for plant water use efficiency (Xu et al 2021), it
might be immobilised in litter as a result of biological
strategies to cope with water limitation.

Effect of water availability

Our predictions (ii) postulated that water scarcity
would elevate C:N and C:P ratios, hindering decom-
position, with the opposite expected under increased
water availability. C:N, C:P, and the contents of C, N,
or P did not exhibit consistent increases or decreases
in both drought and irrigation scenarios. General
effects were observed for irrigation, increasing lit-
ter decomposition rate and decreasing the N:P ratio.
Irrigation-induced reduction in the N:P ratio may be
attributed to the low solubility and limited soil mobil-
ity of P (Manzoni et al. 2010), favoured by rising soil
water content.
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We also predicted (v) that increases in temperature
and changes in precipitation will have greater effects
in cold and dry climates (cold, arid and polar) com-
pared to warm and wetter ones (temperate and tropi-
cal). In the case of warming, addressed in the section
above, we did not find a greater effect of decompo-
sition in cold climates, but we did for C release, P
immobilisation and C:P ratio decrease. While there
were no other specific effects related to climate.
Regarding changes in the precipitation patterns, we
did not find any effect regarding decomposition rates,
but N and P were immobilised during drought treat-
ment; and N released in irrigated plots from cold
climates. Temperate and tropical climates were not
affected specifically by any climate change driver.
In cold climates (non water-limited), the accelerated
N release may be caused by a facilitated hydrolysis
of litter compounds rich in C and N, such as cellu-
lose, lignin, and macroproteins. This could result in
a higher mineralization rate for C and N compared
to P. Conversely, under drought conditions in arid
climates, N and P immobilisation suggesting an
increased nutrient use efficiency under water-limiting
conditions (Sardans et al. 2012a).

Examining the specific effects of plant type, the
general decreasing effect on the N:P ratio was primar-
ily driven by experiments involving litter from broad-
leaved trees. Additionally, a significant effect on N
release was noted in grasses, potentially explained by
the lower N and higher P concentrations in the senes-
cent leaves of grasses compared to broadleaved trees
(Yuan and Chen 2009; Vallicrosa et al. 2022). Broad-
leaved tree litter, with higher N:P ratios, may be more
sensitive to changes in water availability than grass
litter..

Effect of nutrient enrichment

Our prediction (iii) suggested that nutrient enrich-
ments would increase decomposition activity,
leading to reductions in C:N and C:P ratios. How-
ever, the N:P ratio would differ depending on the
enrichment, increasing in N-enriched treatments
and decreasing in P-enriched treatments. For C:N
ratios, the prediction was confirmed, generally
decreasing under N, P, and N + P enrichment treat-
ments. Under N + P enrichment, the decomposition
rate increased, C:P ratio decreased (in contrast to
N or P enrichment scenarios), and C was released
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while N was immobilised. A meta-analysis by Fer-
reira et al. (2015) reported increased litter decom-
position only when both N and P were applied,
suggesting a co-limitation of these elements for
faster decomposition. Imbalanced nutrient enrich-
ment, favouring N over P, could lead to N-limi-
tation, explaining the lack of general effects of N
enrichment on decomposition (Colin and Waring
2017). The observed release of C and immobilisa-
tion of N in N+P enrichment scenarios suggest
a preferential metabolism of C-rich compounds
by decomposing microorganisms (Manzoni et al.
2021; Hobbie et al. 2012)).

In climate-specific analysis, cold climates exhib-
ited a prominent decrease in C:N and C:P ratios under
N enrichment and C:P decrease under N+ P enrich-
ment. The combination of nutrient enrichment and
water-abundant environments intensified the activity
of fast-decomposing communities, leading to a pref-
erential mobilisation of C. A 17 year old experiment
on N addition in cold climates (Maaroufi et al. 2017)
suggests that C mobilisation from litter in response to
N enrichment was driven by changes in soil micro-
biota. C:P ratio also prominently decreased in tropical
climates, where water is not scarce (Beck et al. 2018).
Under N+P enrichment, P immobilisation occurred
in temperate climates but was released in arid cli-
mates. Further analysis addressing the interaction of
nutrient enrichment and water availability is neces-
sary to fully understand this effect.

We predicted (vi) that conifer, high-lignin, lit-
ter would be less affected by nutrient enrichments
compared to broadleaved trees or grass litter. How-
ever, we detected the opposite: conifer tree litter had
a prominent decomposition rate increment and C:N
decrease. Broadleaved tree litter exhibited a signifi-
cant P immobilisation effect in N+ P treatment. The
differing N:P ratios in conifer and broadleaved tree
litter, with lower N:P ratios and higher lignin con-
tent in conifer leaves (higher P contents, Rahman
et al. 2013), may explain why conifer tree litter is less
P-limited, fostering higher decomposition rates. The
correlation between climate and plant type as mod-
erators could contribute to these effects, especially
in temperate climates where broadleaved tree experi-
ments predominated. Opposite effects between grass
and tree species were not found, as could be expected
by previous meta-analysis comparing the effects of N
addition in forest and grasslands (Su et al. 2022).

Earlier vs later stages

Contrary to our predictions (iv) expecting a decrease
in C:N and C:P ratios only in earlier stages of decom-
position, we did not find a consistent pattern.Instead,
distinct effects between earlier and later stages were
observed, particularly under N+P enrichment. In
cases where there was a difference between stages,
the later stage exhibited significant effects. Earlier
stages of decomposition are less specific, as they con-
sist on the mineralisation of labile C. However, later
stages of decomposition require complex metabo-
lites to degrade the recalcitrant tissues (Djukic et al.
2018). Impacts on the microbiota due to nutrient
enrichments (Maaroufi and De Long 2020) may be
more critical during a less generalistc later stage of
decompositon. Moreover, the systemic impact of
nutrient enrichment on litter decomposition stoichi-
ometry appears relevant in the long term, supporting
the notion that N+ P enrichment effects are cumula-
tive (Hanley et al. 2021; Seabloom et al. 2021). This
aligns with explanations for N immobilisation under
N+ P enrichment, where N-limitation results from a
prolonged metabolic process.

Limitations of the study

Our initial question was about how drivers of global
change interacted with the elemental stoichiometry in
leaf litter, so we only selected articles that sampled
at least two elements simultaneously in litter samples
for control and treated plots. The number of studies/
experiments to test our hypothesis was thus reduced.
We, therefore, used data from experiments of decom-
position in litterbags but also from litter sampling
without decomposition experiments, from which
we could only extract data for the differences in ele-
mental concentrations or ratios between control and
treated plots but not for the rates of mineralisation
or decomposition. Caution is needed when interpret-
ing these results, some aspects of the meta-analysis
are low in number of experiments. Regarding the
sampled sites (Fig. 1), there is a clear example of the
geographic bias, frequently found in meta-analyses,
where most of the field studies are within the latitu-
dinal ranges of China, Europe, and North America.
Also, all arid places are found in Asia. More experi-
ments in other areas are needed in order to infer more
precise global patterns.
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Another issue to consider is that the processes of
decomposition vary across ecosystems, chemical
composition of litter, and stages of decomposition.
The days of experiments were not consistent across
studies; and even if they were, the experiments from
each study began in different seasons, which made
the appropriate comparison of experiments difficult.
Thus, our results can serve as general information
for determining how nutrient dynamics may behave
under current global change and may differ across
ecosystems and decomposing time. The methods used
for analysing elemental compositions were not homo-
geneous and could introduce bias to our results. We
provide in Table S2 information about the measure-
ment methodologies applied on each study, and the
experiment days that were considered for the earlier
and later stages. For further information about spe-
cific climate and litter species, we detail the char-
acteristics of each study used in Table S1. is impor-
tant to highlight the presence of publication bias in
26.1% of the analysis. However, the models took into
account the possible non-independence of experi-
ments from the same study variability between stud-
ies. The use of plant type and climate, which are cor-
related variables, should also be carefully interpreted
for specific analysis independently, avoiding cross-
referencing. The use of the rates of elemental release
and change of elemental ratios was useful for iden-
tifying effects that were not apparent when focusing
only on the elemental contents in the litter.

Another aspect that was not contemplated in this
study is the soil biota, crucial for the litter decompo-
sition process (Njoroge et al. 2021), which is affected
by nutrient enrichment (Nessel et al 2021) and cli-
mate change (Garcia-Palacios et al. 2013; Maaroufi
and De Long 2020). Finally, we focused on experi-
ments and observations of one driving factor, but all
drivers of global change interact in nature. There-
fore, multifactorial experiments and observations are
strongly recommended.

Conclusions

Our meta-analysis explored the effects of warming,
changes in water availability, and nutrient enrich-
ment, which are known drivers of global change, on
the processes of elemental mineralisation/immobilisa-
tion and on the stoichiometric relationships during the
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decomposition of litter. The effects can vary across
scales, but they can help us determine the generalised
effects of global change on the nutrient dynamics of
terrestrial ecosystems.

As the main general effects, we found that the
abundance of resources (water and N + P) fosters the
decomposition of litter. Warming and nutrient enrich-
ment led to losses in litter C content and reduction of
the C:N and C:P ratios. C can move from the litter to
the soil but also to the atmosphere as CO,, contrib-
uting to the greenhouse effect and generating a feed-
back loop, because more warming derived from the
greenhouse effect may intensify the release of C from
litter. Subsequently, the C: N and C: P ratios were
reduced in these scenarios, with potential impacts
on the soil trophic webs. This effect is prominent in
grassland and coniferous forests in cold climates.

The N:P ratios were only affected by the increase
in the availability of water in broadleaved tree leaf lit-
ter, which may be caused by the higher solubility of
N with respect to P. This effect was only apparent at
earlier stages of decomposition. Our analysis found
that N:P ratios, in contrast with C:N and C:P ratios,
were more resilient to changes in temperature, water
scarcity, and nutrient enrichment.

We identified immobilisation of P in the litter,
which may hinder P-limitation scenarios, in warm-
ing and cold climates; arid environments experienc-
ing droughts; temperate environments with increasing
water availability; and in temperate or on broadleaved
tree leaf litters experiencing N and P enrichment. N
immobilisation was detected under the combined
enrichment of N and P at later stages of decomposi-
tion. Arid environments experiencing droughts are
subject to both N and P immobilisation. This explora-
tory analysis is useful for distinguishing between var-
ious impacts of climate change and nutrient enrich-
ment on ecosystem nutrient dynamics. We aim to
inspire new and warranted research on the unknown
mechanisms responsible for the results and interac-
tions amongst multiple drivers. Future research with
experimental designs is encouraged research to simu-
late scenarios of global change for exploring the stoi-
chiometric implications of the simulated scenarios,
with the maximum possible number of drivers inter-
acting and in different stages of decomposition.
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