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Abstract

Background: Nitrogen deposition can cause an ecosystem-level shift in available N (nitrogen)
to P (phosphorus) availability. However, most plant N nutrition is from edaphic sources rather
than deposition and in seasonally dry grassland systems, root litter is the predominant nutrient
source.

Aims: We were interested how litter turnover and altered nutrient recycling from dead biomass
can compensate for these shifts in ecosystem stoichiometry.

Methods: We studied a Mediterranean savanna amended with N or NP treatments three years
prior. We measured root and plant-available soil N:P stoichiometry in two micro-habitats: open
pasture and beneath oak canopies. '®N-labelled root litter incubated in topsoils without litterbags
was used to trace uptake of litter N by herbaceous strata roots.

Results: Since fertilization, NP added sites have become relatively P enriched, resulting in lower
N:P ratios in living roots than either when N was added alone or control sites. Total litter-derived
5N uptake by roots was proportional to root ingrowth response but higher in the NP than N treat-
ment, indicating a higher N demand when N and P were added together. We observed more 5N
uptake by plants under tree canopies, indicating a tighter nutrient recycling loop in these micro-
habitats in contrast to treatment level ‘fertility’ trends.

Conclusions: Root stoichiometry responded to manipulated soil nutrient availability and N up-
take was altered as plants attempted to compensate for nutrient availability imbalances, indicat-
ing that these ecosystem perturbations have long term effects on nutrient cycling which can
propagate to whole system function. This was also related to functional community-level adap-
tions between micro-habitats with under canopy communities more able to take advantage of the
litter nutrient source.
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1 Introduction
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The future biosphere may become more nitrogen (N) limited
due to rising CO, concentrations (Luo et al., 2004) but con-
currently, N deposition inputs are also shifting ecosystems
from N to phosphorus (P) limitation (Phoenix et al., 2003;
Penuelas et al., 2012, 2013). Additionally, even in the modern
era, most N taken up by plant roots is derived from decom-
posing plant litter rather than deposition (Schulze, 2000; Hég-
berg, 2012). Future conditions (e.g., rising CO, concentra-
tions, associated warming or changes in precipitation re-
gimes, and altered ecosystem stoichiometry) also cause bio-
logical responses such as altered root:shoot ratios, microbial
activity and plant investment into recycling of nutrients, which
can affect the fate of this N from litter (Norby and Jackson,
2000). Plant use of this N is important to quantify as com-
monly applied mineral isotope tracers may not be partitioned
between ecosystem pools in the same way as N derived from
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decomposition (Nair et al., 2017). Roots are also commonly
the main carbon (C) sink for primary production and hence
the main litter source, especially in short-stature systems in-
cluding savannas, mixed tree-grass ecosystems, and other
arid lands (Puerto, 1992; Mokany et al., 2006; Peichl et al.,
2012; Abramoff and Finzi, 2015; Nair et al., 2019). Therefore,
studying root litter decomposition and turnover in these sys-
tems is important both from the point of view of ecosystem nu-
trition as well as ecosystem C balance.

The western Mediterranean is typified by anthropic savannoid
‘ecosystem mimic’ (Joffre et al., 1999) landscapes where oak
woodlands [Quercus ilex. Ballota (Desf.) and Quercus suber
(L.)] have been historically thinned and converted into wood-
pastures with scattered (20-40% canopy cover) trees and
seasonal pasture (Moreno and Pulido, 2009). We henceforth
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refer to these ecosystems as the Spanish ‘dehesa’. Such
‘Mediterranean’ seasonally water limited systems have peri-
ods of high productivity without water limitations where either
N (Gallardo et al., 2000) or N and P together (Ries and Shu-
gart, 2008) limit plant growth in spring (Gallardo et al., 2000),
so N deposition and associated alterations in ecosystem N:P
ratio may impact ecosystem function (Giorgi and Lionello,
2008; Kovats et al., 2014; Periuelas et al., 2018). Arid and
grass-dominated ecosystems also tend to have high root:-
shoot ratios (Mokany et al., 2006) and, indeed in dehesa, an
almost complete herbaceous layer senescence in summer
and strong intra-annual species turnover (Moreno, 2008) re-
sult in large amounts of short-lived and fast decomposing fine
roots in surface soils (Casals et al., 2010). While their gene-
ses are very different, savanna- and savannoid-ecosystems
(both natural and anthropogenic) are also found worldwide
(e.g., Southeast Asia, Central America, Eastern South Ameri-
ca, central and coastal West Africa), cover between 450 mil-
lion ha (Nair, 2012) to 1 billion ha (Zomer et al., 2014) and fea-
ture similar shifts between water limited (in dry season) and
nutrient limited (in wet season) dynamics (Ludwig et al.,
2004; Moreno Marcos et al., 2007; Moreno, 2008; Pellegrini,
2016). Seasonally dry systems are highly important to the in-
tra-annual variability of the global C sink (Poulter et al., 2014)
and badly quantified in vegetation models (Beringer et al.,
2011). Process-based understanding of both plant and soil
function in these regions and how these are affected by envi-
ronmental change is essential to predict the future state of
such systems.

Several field experiments have used '°N tracers in field-ap-
plied litter to quantify plant nutrient recycling from litter turn-
over (Zeller and Colin-Belgrand, 2001; Bimdiller et al., 2013;
Guo et al., 2013; Nair et al., 2017). The resulting isotope com-
position of new roots and other components in the plant-soil
system (e.g., leaves, soil, leachate, trace gases, the litter it-
self) informs how N is partitioned from decomposition. While
such field studies have to date used leaf litter, a similar tech-
nique can be used with labelled roots, if it is possible to recov-
er and separate root litter from new root growth in situ (Bird
et al., 2008; Casals et al., 2010). This is complicated, as the
common litterbag technique artificially separates roots from
the surrounding soil and may bias results (Fahey and
Hughes, 1994). To our knowledge at the time of submission,
there have been no similar tracer studies from litterbag-free
root litter in the field, despite the relevance of root litter due to
its decomposition in situ in the soil and the molecular and iso-
topic evidence for its importance for plant nutrition (Kramer
et al., 2010; Mendez-Millan et al., 2014). We are also un-
aware of field studies using labelled root litter in combination
with experimental nutrient manipulations.

Additionally, plant communities respond to changing condi-
tions, such as ecosystem-level shifts in N and P availability
(Penuelas et al., 2013), by optimizing aspects of individual
growth and physiology (Sardans et al., 2017) or by commun-
ity-level species succession (Elser et al., 2007). This N and P
limitation is often assessed by foliar tissue stoichiometry (Os-
tertag and DiManno, 2016), but leaves are not the only plant
organs responsive to nutrient availability. Indeed, leaf signals
are a result of both resources acquired and plastic whole-
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plant nutrient budgets (Caldararu et al., 2019) which may alter
both allometry and stoichiometry both above and below-
ground. These changes can include less root biomass due to
less demand for nutrient acquisition (Wurzburger and Wright,
2015) or more due to increased productivity and continued
limitation by other soil-derived resources (Nair et al., 2019).
This latter change, observed at the dehesa site of this study
during the productive, and non-water limited spring and the
following dry-down period, calls into question if biomass
changes occur alongside changes in stoichiometry and func-
tion, which we will examine more in depth through tissue stoi-
chiometry and uptake of isotope tracers.

The objectives of this study are to examine herbaceous plant
N nutrition from 1>N-labelled root litter and root elemental con-
centrations, then interpret both of these properties as re-
sponses to N and/or P limitation under ecosystem-level nu-
trient treatments. We worked within a stoichiometric manipu-
lation experiment (N and NP addition 2-3 years prior) in a
Mediterranean tree-grass dehesa. The oaks in such a land-
scape are very slow growing, with large internal pools of C, N,
and P and relatively static stoichiometry, and are thus difficult
to study in such an experiment, so we focused on the herba-
ceous layer, the dynamics of which control most of both inter-
annual and seasonal variability (Luo et al., 2020). Prior work
from this site shows +N and +NP additions increased root bio-
mass, but root length density (RLD) and rooting depth only
increased under +NP treatments, and both effects occurred in
the main growing period in spring (Nair et al., 2019). It is un-
clear to what extent root stoichiometry reflects the overall
treatments; root tissue stoichiometry is generally less respon-
sive to fertilization than shoots (Ostertag and DiManno, 2016)
and release from nutrient limitation should increase nutrient
concentrations, but stoichiometric effects could be buffered
by concurrent species or trait changes (Meunier et al., 2017).
These overall changes in root biomass and morphology
should also result in more uptake of N to support greater bio-
mass but nutrient treatments could result in less nutrition from
litter sources (i.e., a less ‘N conservative’) system or more
nutrition from litter sources (more ‘N conservative’). Alterna-
tively, root responses could be due to other limitations, such
as water deficits going into the dry summer, which are stron-
gest in the +N treatment due to increased biomass but de-
creased water use efficiency (Luo et al., 2020).

As tree canopy cover affects soil properties in the dehesa
with more fertile micro-sites sites under tree canopies (Gallar-
do, 2003; Howlett et al., 2011; Rolo et al., 2013), we studied
distinct under-tree and open pasture micro-sites. There are
relatively more graminoids under canopies (Lopez-Carrasco
et al., 2015) than in open grasslands, although RLD is higher
in open pasture areas, and root biomass greater under trees
(Nair et al., 2019). Mineral "°N tracers suggest that habitat is
a much stronger determinant of N partitioning between soil
and plant pools than nutrient treatments (Morris et al., 2019).
Canopy microsites thus have overall higher N availability, and
may recover relatively less N from added litter in plant bio-
mass. Alternatively, as this fertility is due to larger litter inputs,
these communities could be better adapted to directly recover
resources from decomposing litter before it is leached to
deeper soil layers. We could also expect that previously
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observed greater root length (Nair et al., 2019), which can be
associated with nutrient acquisition (Hill et al., 2006) in open
pastures may lead to better uptake of N, although this could
also be for uptake of water. Finally, by sampling at two distinct
periods of the year, we also expected to see differences in
both root stoichiometry and 1SN partitioning. Root N and P
concentrations would be lower in the more productive period
(May) than the less productive period (December) and overall
tracer return should be lower due to progressive N losses, but
we were unsure if the pattern between treatments would
change between different sampling periods.

We thus aimed to answer the following questions:

(1) Are root responses to +N/+NP addition treatments re-
flected in changing root stoichiometry? Does this reflect
the ‘balanced’ N:P stoichiometry in control and +NP and
the ‘imbalanced’ N:P stoichiometry in +N?

(2) Does root "N recovery from decomposing root litters de-
crease with more relative N availability (in +N plots), indi-
cating alleviation of N limitation? Is this change compen-
sated by the addition of P (in +NP plots) as the system
returns to a more ‘balanced’ stoichiometry?

(3) Are observed effects affected by micro-habitat and
season? Can the major differences in microsite fertility ex-
plain the pattern in results?

2 Material and methods

2.1 Overview of methods

In this experiment, large multi-hectare treatments in a dehesa
ecosystem were fertilized with either no fertilizer, +N, or +NP
treatments in the growing seasons of 2015/2016. We aimed
to study the effects of altered stoichiometry, rather than in-
stantaneous fertilization effects, so ingrowth core mesocosms
containing "°N-labelled root litter were installed in December
2016. We recovered these ingrowth cores in May 2017 (at the
end of the annual growing season) and December 2017 (one
year after installation).

2.2 Study site and nutrient treatments

We worked at Majadas de Tiétar, a typical seasonally dry
tree—grass dehesa [about 20 trees ha™' of Quercus spp,
mostly Q. llex (L.) and scattered Q. suber (L)] in Extremadura,
Spain, with a highly spatially and seasonally diverse mix of
annual grasses, forbs, and legumes between and under trees
(Moreno, 2008). Most herbaceous plants at the site, including
the locations used for the sampling in this study, are annual
and senesce over summer (> 95% species according to
unpublished annual site inventories). The ecosystem is
grazed by cows during productive seasons at low density
(< 0.3cows ha™). In this study, cows were absent from June
to December 2017. Mean annual temperature is 16°C, mean
annual precipitation is ~ 650 mm, mostly between October
and April, with a Mediterranean climate of long, hot, dry
summers and mild, wet winters.

Soils at the site are Abruptic Luvisols with a sandy upper layer
(0-20 cm ~ 5% Clay, 20% silt, 75% sand) and a clay layer
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between 30 and 60 cm. Between microsites, surface soils
(0-5 cm) under canopy locations have higher C, N, and Olsen-
Extractable P contents (=~ 14 mg g', ~ 1,5 mg g~', and
5.4ug g7, respectively) than grassland locations (= 4.9 mg g™,
~0.9mgg™, and 2.3 ug g7") (Nair et al., 2019). As common in
grazed open woodlands, the soil surface is mostly free of litter,
even beneath tree canopies. At the site, a large-scale nutrient
manipulation experiment ‘MANIP’ added either no fertilizer, ad-
ditions of N (as Ca-ammonium nitrate fertilizer) or NP fertilizers
(ammonium nitrate and triple super-phosphate fertilizer) to
three 20-ha areas in the growing seasons of 2015 (100 kg N
ha™', 50 kg P ha™') and 2016 (20 kg N ha™', 10 kg P ha™") as
one application per year. Managed as a low-input extensive
livestock farm, there are no records of previous site fertilization.
The design of these applications was to alter the ‘ecosystem
stoichiometry’ but not simulate real-time N deposition. The site
(central location: 39°56'25.12"'N, 5°46'28.70"'W) is equipped
with two eddy covariance tower stations per fertilized area
(FLUXNET ID: Es-LMa, ES-LM1, ES-LM2). A large number of
other studies report aspects of the biological and biophysical
characterization and its response to nutrient treatments (E/-Ma-
dany et al., 2018; Luo et al., 2018; Migliavacca et al., 2017;
Perez-Priego et al., 2017; Morris et al., 2019; Nair et al., 2019).
In general, seasonally arid Mediterranean systems are co-lim-
ited by N and P (Ries and Shugart, 2008; Sardans and Penue-
las, 2013; Sardans et al., 2017). Our fertilization contained no
P-only treatment; in preliminary trials the addition of P alone did
not significantly impact vegetation—atmosphere C fluxes (i.e.,
GPP, NEE, ecosystem respiration), vegetation properties such
as LAl or chlorophyll content (Migliavacca et al., 2017; Perez-
Priego et al., 2017) nor stoichiometric properties beyond leaf
tissue P and P turnover rate (Perez-Priego et al., 2017; Weiner
et al., 2018). This suggested that any co-limitation followed the
‘serial’ model of responsiveness to N only, but stronger re-
sponses with both N and P added together (Harpole et al.,
2017). During the period of the experiment in this paper, both
nutrient treatments influence K,SO, extractable soil N:P stoi-
chiometry (Nair et al., 2019) as shown in Fig. 1.

2.3 Field protocol

Within each of the three distinct nutrient treatment areas
(henceforth, ‘control’: no additions, ‘+N’: nitrogen additions,
‘+NP’: nitrogen and phosphorus additions), we established
twelve micro-sites (36 micro-sites in total). Within treatment,
these were split between two habitats; open pasture without
tree cover, and pasture under tree canopies, hereafter re-
ferred to as open pasture and under canopy. Under canopy
locations were approximately halfway between the central
stem of a particular tree and the edge of its canopy, while
open pasture were always at least three times the canopy ra-
dius from any stem. Micro-sites were clustered in sets of four
(two open pasture and two under canopy) around individual
oaks (three per treatment), with at least 5 m between micro-
sites. This site is highly heterogeneous and previously no evi-
dence of spatial correlation in soil properties within clusters
has been found (Nair et al., 2019), so we treat micro-sites as
independent and representative of the larger treatment area.

At each micro-site, we established two 50 x 50 cm square
sub-locations, within 1 m of each other but clearly distinct, to
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allow separate location of '>N-labelled and unlabelled in-
growth core treatments and limit cross-contamination. These
areas were selected based on qualitative similarity of above-
ground vegetation within micro-site. We found no evidence of
cross-contamination in isotope measurements between la-
belled and unlabelled samples.

In each of these sub-locations, we installed three root meso-
cosms in mid-December 2017. Critically, we did not use the
common buried mesh bag (Silver and Miya, 2001) approach
for litter introduction, but installed labelled litter in direct con-
tact with the soil. We installed these at the soil surface, due to
the high proliferation of fine roots in the shallowest soil for
much of the year, with the exception of summer months (Nair
et al., 2019). Per mesocosm, a soil corer (4.5 cm diameter)
was used to remove a 13 cm column of soil, which was gently
homogenized, with living roots removed before pre-frag-
mented (coarsely cut with scissors) root litter was added. A
4 cm diameter, 13 cm aluminium ‘ingrowth core’ with three
large windows to allow colonization by roots from the sur-
rounding soil was placed in each hole left by the corer. The
amended soil was replaced, packing tight inside and around
the core. We either installed three natural abundance or three
5N-enriched mesocosms per sub-location (so six per micro-
site / 216 across the experiment in total), each containing
0.6 g of Anthroxanthum odoratum litter. This litter was grown
on sand in a growth chamber and was introduced to fully re-
place litter removed from the soil. ®N-labelled litter was pro-
duced with ®N-enriched ammonium nitrate fertilizer, while
natural abundance litter was produced identically except for
use of a natural abundance fertilizer. The field applications of
labelled litter had a 6'°N of 4190 + 131%, (mean * s.d.) and
average N% of 1.39 although there was some variation in lit-
ter 815N, which we took into account in our calculations. Unla-
belled litter had a natural abundance 615N signature (2.5%o)
and a N% of 1.13. This could have slightly affected N avail-
ability (root N was =~ 3% of total soil N in the mesocosms) and
hence N concentrations of new roots recovered (Fig. S1). We
pooled both labelled and natural abundance mesocosms to-
gether per micro-site for all stoichiometric analyses, so this
difference, if it exists, does not invalidate comparisons be-
tween micro-habitats, dates, or treatments. We expected to
solely sample the roots of pasture species as a combination
of slow growth rates and vertical partitioning of root activity
(Moreno et al., 2005); we found < 1% of the ingrowth cores
colonized by (visually distinct, dark) tree roots, which were
removed from the material used in the analysis .

We recovered two of each three ingrowth cores in May 2017
and the remaining core the following December (so the May
2017 represented the first main ‘growing season’ and Decem-
ber 2017 a year after installation) As expected by the seasonal
cycle, May was drier than December (average volumetric soil
moisture content at 10 cm depth in grasslands was 10% in
May 2017 and 16% in December 2017). To recover the in-
growth cores we hammered the corer down directly above the
mesocosm (often obscured by vegetation growth or slightly
buried by soil expansion) to remove the ingrowth core intact.
Most cores had herbaceous layer plants rooted within the core,
which we did not collect due to sampling bias concerns. We im-
mediately sealed each ingrowth core in a plastic bag and
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stored these at 4°C until processing. One set from May and
one set from December was used for dry soil C, N, and P
analysis. The remaining mesocosm from May was used for mi-
crobial biomass and extractable N measurements; root stoichi-
ometry and root and soil §'°N measurements were made from
all cores. Total P concentration was only measured on roots.
Alongside the root ingrowth data, 2 M KCl and 0.5 M NaHCO,
extractable soil N and P content were sampled (although at
slightly different dates May and late November 2017), for
0-5 cm soil at locations within 1m to our ingrowth cores. These
were not taken directly from the ingrowth cores due to logistical
demands across multiple experiments sharing resources and
person-hours. These data were not used for the isotope calcu-
lations and so should not bias interpretation of the N tracer.

2.4 Tissue stoichiometry and SN measurements

Samples were processed by sieving (2 mm), retrieving all root
biomass in the upper sieve. We treated material that repeat-
edly passed through the sieve as part of the ‘soil’ fraction. We
additionally filtered the root biomass for qualitative criteria in-
dicative of living roots (i.e., intactness, colour, attachment to
green biomass) and assigned all remaining material to the
soil fraction. The root fraction was washed and dried at 60°C
until weight loss ceased, then milled in a ball mill (Retsch
mm400) to a fine powder. An identical protocol without wash-
ing was followed for soil. Subsamples of the resulting pow-
ders were used in the following analyses:

For root tissue and soil total C and N, concentrations were
determined on a Vario EL Il (Elementar Analysensysteme
GmbH, Hanau, Germany). For root total tissue P, concentra-
tions were measured with an ICP OES Optima 3300 (Perkin
Elmer, MA, USA). In these measurements only, some root
samples (4% of the total) did not include enough material for
analysis, and were not measured. For '°N and total N on
both root tissue and total soil pools, samples were run on a
DeltaPlus isotope ratio mass spectrometer (Thermo Fisher,
Bremen, Germany) coupled via a ConFlowlll open-split to an
elemental analyser (Carlo Erba 1100 CE analyzer; Thermo
Fisher Scientific, Rodano, ltaly). Standard deviation of the
measured standards was 0.2%o or better.

2.5 Additional analyses

To supplement our main experiment, we also made measure-
ments of N leaching beneath and extractable K,SO,-N from
the unlabelled mesocosms in May 2017. The dry summer
and logistical limitations prevented also making these meas-
urements the following December. Unfortunately, a combina-
tion of an unexpected fast dry-down and a technical mistake
in the laboratory meant that most of these resin bags were
not suitable for analysis. We were able to measure only from
a small subset of bags (12% of the total). We therefore
present in the results section only a basic estimate of leaching
and present a full method in the supplementary material.

For measurements of soil-extractable K,SO,-N from the in-
growth cores we used two cores (one '°N-labelled and one
natural abundance) per micro-site from the May 2017 harvest.
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Twenty mg of sieved soil at field capacity was weighed into
small sample cups along with 45 mL of 0.5 M K,SO,. These
were shaken at 120 rpm for 2 h and allowed to settle before
filtering through Whatman no.1 filter paper. The filtrate was
analyzed for total N content (but not '®N content). We also
made a paired measurement of K,SO,-extractable N after
48h chloroform-fumigation. These were measured for total N
content on a TN-100 (A1 Envirotech, Diisseldorf, Germany).
This allowed a calculation of microbial biomass N (Brookes
et al., 1985). Instead of using a conversion factor K, which is
not determined for our study system, we report microbial N as
if Ky = 1. As K, is a constant, our relative microbial N masses
are comparable between treatments.

2.6 Statistics and experimental assumptions

Commonly, root litter decomposition is measured with buried
mesh bags (see studies in Silver and Miya, 2001) which intro-
duce artificial separation from the complex microbial rhizo-
sphere (Fahey and Hughes, 1994) and affect the ingrowth of
new roots. In this experiment we added root litter to the soil
without the use of litterbags, which allowed us to eliminate
these artefacts but also meant it was not possible to measure
litter turnover directly. We also used fragmented non-native lit-
ter which we assumed had decomposed sufficiently in all
treatments to not be returned in our ’root’ pool. ‘Litterbag-free
roots probably decay faster than those within this artificial sep-
aration (Dornbush et al., 2002) and litterbags at our site have
already found high decomposition rates (Casals et al., 2010).
Indeed, it was theoretically possible to visually dis-
tinguish between the introduced roots and native
root litter. Our criteria of indicators of ‘livingness’
rather than ‘deadness’ in roots aimed to bias any
errors towards misclassification of living roots as lit-
ter, rather than the inverse. We did not identify any
litter in either of the two samplings so we assumed
that initially added labelled root litter was not found
in recovery root ingrowth at either date (i.e., that
added root litter was fragmented beyond the 2 mm
size threshold of the sieve).

A)

100001
7500
5000 1

2500

Root Ingrowth (kg ha“')

We calculated recovery of the 5N isotope by cal-
culating the amount of label in (A) the initial root lit-
ter application, and the amount in (B) the final re-
coveries in May 2017 and December 2017, using

0

Dehesa nutrient stoichiometry and plant N uptake 521

(if measured in both dates) for all variables of interest using
analysis of variance (ANOVA) linear models unless otherwise
stated. Data were transformed if appropriate using log trans-
formation or selection using Tukey’s ladder of powers to maxi-
mize the Shapiro—Wilks statistic for a normal distribution of re-
siduals. We treated recovery date as an independent variable
as each core from a different spatial location in a highly hetero-
geneous system and two dates is too few to fit a time series
structure. We treated micro-sites as independent; building a
mixed effect structure using clusters as a random effect would
lead to over-fitting of the sparse point data. We have previous-
ly discussed the rationale and limitations of this point meas-
urements approach within a technically pseudoreplicated mul-
ti-hectare fertilization experiment (Nair et al., 2019). The site is
very heterogeneous, even at micro-scales: variation in root in-
growth within soil cores recovered from the same micro-site at
the same time was much larger than average differences be-
tween micro-sites (Fig. S2) so we judged this compromise ac-
ceptable. We selected the most parsimonious models using
Aikake’s Information Criterion (AIC). We performed all sta-
tistical analyses in R version 3.5.0 (R Core Team, 2018).

3 Results
For the 13 cm of topsoil sampled, root ingrowth was
7670 + 50 (S.E.) kg ha™' under canopies and

5670 + 40 kg ha™' in open pastures in May, and
2670 + 40 kg ha™! under canopies and 1670 = 30 kg ha™' in
open pastures in December (Fig. 1A, B). For the two dates in
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covered from the cores, then calculated the abso-
lute difference (A —B)/A.
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For SN recoveries, unlabelled roots were used
to provide natural abundance 6'°N, which may
change throughout the year and/or differ between
treatment areas or micro-sites. As previously men-
tioned, for elemental stoichiometry we pooled both

Soil 'available' N:P ratio
- L)% ]

o

-

Soil 'available' N:P ratio
L))

isotope treatments together. This doubled sample
sizes and improved detection of treatment effects.

For statistics presented in the results section, un-
certainties are expressed as + standard deviation
unless otherwise stated. We tested the effects of
micro-habitat x nutrient treatment x sampling date

.I *kk
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N

+NP

Treatment

Figure 1: Absolute ingrowth root production in 0—13 cm soil and extractable soil
N:P ratio in 0-5 cm soil. For soil available N:P, the 'Nov 17’ date is 2 weeks before
root sampling and the 'May 17’ date is concurrent with our sampling. Stars indi-
cate significant differences (*p < 0.05, ***p < 0.001) compared to other treatments
at the same date/habitat combination.
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this study (Fig. 1) we found: (1) more root mass in
May than December (p < 0.001), (2) more root
mass under canopies than in open pastures
(p < 0.001), and (3) both nutrient treatments in-
creased root ingrowth (+N vs. control: p < 0.05,
+NP vs. control: p < 0.01, +N vs. +NP: non-signifi-
cant). There were no significant interactions be-
tween treatment, sampling date, or micro-habitat in
terms of root mass. In soil, the plant-available N:P
ratio was strongly affected by nutrient treatment
(p < 0.001) in the most parsimonious model and
no other significant effects. This difference was
due to a low N:P in +NP in May, although high N:P
was also observed in +N in November and data
are very variable between cores (Fig. 1C, D).
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Figure 2: Root N and P stoichiometric ratio (N:P). Absolute amounts of N and P
were highly variable within treatments but affected by micro-habitat and sampling
date. N:P ratio was affected by treatment (p < 0.05), driven by the differences be-
tween the two nutrient addition treatments. Letters show Tukey HSD groupings
per sampling date. This model is examined in more detail in Tab. 1 and absolute

3.1 Root stoichiometry

N concentration of roots (Fig. S3A, B) was higher

under canopies (mean: 11.5 + 0.3 g kg™') than in

open pastures (mean: 9.12 + 0.26 g kg~', p < 0.001), and in
December (mean: 11.8 + 0.31 g kg™') than May (mean:
9.6+ 0.2 kg™, p < 0.001). Due to the strong effect of sampling
date and the high variability between micro-sites there was no
overall treatment effect, although an interaction between
treatment and sampling date remained in the most parsimoni-
ous model alongside the main effects. Root total P (Fig. S3C,
D) was also more strongly affected by habitat (o < 0.01) and
sampling date (p < 0.001) than by the nutrient treatment,
although treatment had a significant (p < 0.05) effect in the
most parsimonious model, driven by a higher P concentration
in +NP in May. Total P concentration was slightly higher in De-
cember (May mean 0.9 + 0.2 g kg~!, December mean:
1.06 £ 0.3 g kg™, p < 0.001). Similar to N, roots were more P
enriched under canopies (p < 0.01) than in open pastures
(1.02+0.0vs.0.92+0.0 gkg™).

N:P ratios of roots were more variable than either N or P con-
centrations (Fig. 2). In May, this ratio was 11:1 for under cano-
pies and 10:1 for open pastures, with minor differences be-
tween nutrient addition treatments due to a lower ratio in +NP
open pastures. In December, this ratio was higher (12:1 under
canopies, 11:1 in open pasture). A weak treatment difference
was again visible in open pastures, but due to higher ratios in
the two treated areas compared to the control. At this sam-
pling date there was also much more variation in the data
(and a smaller sample size). The most parsimonious model
explaining root N:P ratios (Tab. 1) included a significant
(p < 0.001) effect of micro-site and a significant effect of treat-
ment (p < 0.05) and sampling date (p < 0.01) as well as the
interaction between treatment and sampling date (p < 0.05);
in general, N:P was high in +N (p < 0.05), and in May, low in
+NP (p < 0.05).

3.2 5N Recovery

In both root and soil pools, recovery of the tracer was very
variable. More of the initial tracer was recovered in May in
these two pools (Fig. 3A; all treatment mean: 45.2 + 20%)
than December (Fig. 3B; 23.9 + 11%, p < 0.001) and in cano-

concentrations of N and P are shown in supplementary material S3.

Table 1: Significant terms from post-hoc analysis of the root N:P ratio
model. Meaningless interactions (without a treatment or date in com-
mon) are excluded and other two-way interactions (treatment:micro-
habitat and micro-habitat:date) removed during model selection. In
general, the direction of N and NP effects are opposite, while < and >
indicate direction of contrast.

Term Contrast p-value
treatment +N-Control n.s.
treatment +NP < +N p <0.01
treatment +NP—Control n.s.
micro-habitat open pasture < canopy p < 0.001
date May < Dec p <0.01
treatment:date Control:May—Control:Dec n.s.
treatment:date +N:May—+N:Dec n.s.
treatment:date +NP:May < +NP:Dec p <0.05

py locations (41.6 + 21%) than open pasture locations
(28.7 + 15%, p < 0.001) with no interaction terms in the most
parsimonious model. In the soil pool, mean recovery of the
5N label was quite stable (with high error), as 13.0 + 8.1% of
the label was recovered in May and 9.3 + 5.0% recovered in
December. This sampling date difference was the main driver
of differences in recovery (p < 0.01) as there was no differ-
ence between micro-habitats or treatments.

Notably, the root pool contained more of this recovered °N
than soil (Tab. 2). A three-way interaction term remained in
the initial model (p = 0.07) driven by high root recovery in +N
in open pastures in May (p < 0.02). If this three-way interac-
tion was disallowed, the model resolved to having significant
effects for treatment (p < 0.05) and habitat (p < 0.05) with the
same patterns as found in total recovery. These two factors
resulted in a model with an adj. R? of 0.44. Root ingrowth was
highly correlated (root mass: p < 0.001, adj. R? = 0.52, root N
mass: p < 0.001, adj. R? = 0.76; Fig. 4) with percentage root
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trol and the two treatments; hence the nutrient stoi-
chiometry treatments increased mass-corrected
root 15N recovery in new roots in +NP, and reduced
it in +N. Nutrient treatment and micro-habitat were
not the major drivers of this recovery; the best
model (for May only) had an adjusted R? of 0.20.
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R 3.3 Supplementary analyses
Mean N leaching below the cores (i.e., N captured
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core, this was equivalent to about 20% of the N
added in litter. K,SO,-Extractable N was around
5-10 mg g~', and differed significantly between
both treatment (p < 0.05) and micro-habitat
(p < 0.01). This was primarily driven by low extract-
able N in + N under canopies. Microbial N was
higher under canopies than in open pasture areas
(p < 0.01; Fig. 5). While treatment alone did not

NP Cl
Treatment

Ctrl

N NP Cl

Treatment

- +IN +I‘;IP

cl +N

Figure 3: Results of the >N isotope trace. Total >N recovery (in measured soil
and root pools, shown in more detail in Tab. 2) was not affected by treatment but

was by micro-habitat (p < 0.01). Root recovery is shown adjusted for
due to the relationship shown in Fig. 4. Letters for root '°N recovery

show Tukey HSD differences between treatments in the most parsimonious

+N +ﬁF

have a significant effect on the microbial N concen-
tration, the interaction between treatment and mi-
cro-habitat (p < 0.01) did, driven by differences in
+N ( p < 0.05), which had a lower average micro-

bial N than +NP treatments under canopies.
root mass

(panel C)
4 Discussion

model, which did not have an interaction with habitat. In total recovery, but not

mass-controlled recovery, there was a difference between the two sampling dates

(b < 0.001).

5N recovery. We therefore adjusted the '°N recovery found
in roots by dividing the recovery per root ingrowth (Fig. 3C,
D). This relative '®N recovery in roots differed between treat-
ments (overall p < 0.05) and micro-habitat (o < 0.01) but not
between dates (Fig. 3C, D). The December sampling was
much more variable than May, and when we split these data
between dates, the significant effects of both treatment and
micro-habitat were confined to May. At this time, proportional-
ly, more of the labelled N was retained in the new root pool
under canopies compared to open pasture areas (p < 0.01).
More of the mass-corrected SN was recovered in +NP roots
(p < 0.05) than the other treatments. Tukey HSD post-hoc

Our research questions concerned (1) root stoichi-
ometry, (2) root uptake of the '®N tracer, and (3)
how responses to this were mediated by micro-
habitat and the highly seasonal dehesa environ-
ment. In general, the stoichiometric ratios of both roots
(Fig. 2) and leaves (Fig. S7) at our site are in the range of N
or P co-limitation in dry grasslands (Gusewell, 2004). Hence,
coupled with nutrient limitation at the site (see methods sec-
tion), we expected "N recovery to be mainly driven by an ex-
cess of N in in the +N treatment and an associated stoichio-
metric imbalance not found in +NP which would reduce N re-
quirements from litter recycling. However, when corrected for
biomass differences, we found an increased recovery of '°N
in roots in the +NP treatment, as well as a higher recovery
under canopies and an interaction with the two seasonal sam-
pling dates. We can relate these observations to differential

Table 2: Summary of the isotope tracer recovery in the three treatments. All values are percentage recovery + standard error. Root ingrowth is

very variable (Fig. 1), which contributes to this high standard error.

Control +N +NP

Root Soil Total Root Soil Total Root Soil Total
Open Pasture: May 2017 19+£6 134 32+7 24+7 14+4 37+8 26+7 1214 39+8
Open Pasture: December 2017 9+4 9+4 18+5 14+ 6 5+2 19+6 14+6 11+£5 25+7
Under Canopy: May 2017 33+10 16%5 49+ 11 40+ 11 10£3 50+12 3711 13+4 51+ 11
Under Canopy: December 2017 26+ 11 6+2 32+ 11 12+5 115 23+7 16+6 13£5 29+8
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Furthermore, the highest soil extractable N:P ratios
were measured in the +N treatment in November,
in agreement with the potentially slightly increased
root N:P at that treatment (Fig. 1; not statistically
significant due to high variability). Soil extractable
. N:P ratios were, however, probably due to the turn-
over of N from biomass pools (with dissimilar N:P
ratios between treatments) in a flush of microbial
activity after the moisture-limited summer rather
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than a year-round higher N-availability (Morris
et al., 2019). Hence, we can explain the root stoi-
chiometric response with the available soil N:P ra-
tios, which indicated that +N was slightly P defi-
cient, and +NP was P enriched, compared to the

is recovered per root mass (p < 0.005, adj. R? = 0.52)]. control treatment.

A) Extractable N B) Microbial N 4.2 Root '*N Uptake
canopy | |_open pasture | canopy | |_openpasture | We used a novel method of 15N tracer delivery, in-
307 R A R R 307 h b b 4 troducing our label as litter inserted in situ without
< Mo litterbags. Litterbags provide a physical (but per-
2 504 2 »{gs meable) barrier between introduced litter and soil
= = and so may introduce artefacts to decomposition
< T == rate and accessibility by plants and mycorrhizal
i - £ fungi. However, this methodology relied on our
5 ii Iii S ability to distinguish between the added litter and
O —— 01 new roots. At our site we expected turnover to be
Ctl +N +NP  Ctrl +N +NP ctr Cl +N NP fast (Casals et al., 2010), in contrast to expecta-
Treatment Treatment tions from litterbag-calibrated fine root decomposi-

Figure 5: 0.5 M K,SO, Extractable and Microbial N from ingrowth core soil in May
2017. +NP has a higher N availability under canopies and lower in open pasture,
which is reflected in N concentration. Letters show Tukey HSD groupings.

losses in N and P over time following the 2015/2016 ferti-
lization, resulting in a different stoichiometric response to ferti-
lizer additions.

4.1 Root and soil stoichiometric response to
fertilizer addition

We expected to see that root N:P ratios increase in +N (N:P
imbalanced) and remain similar in +NP (N:P balanced). In-
stead, the root N:P ratio relative to the control was slightly
increased in +N but decreased in +NP (Tab. 1, Fig. 2). The
main explanation for this difference was the observed soil N:P
ratios (Fig. 1) and the differential loss of N and P from soils.
As surface soil N contents (Fig. S4) were relatively similar be-
tween treatments, N additions did not have an effect on avail-
able N by the time of this study (2-3 years after fertilization).
In contrast the +NP treatment still had a strong effect on soil
N:P ratio (Fig. 1C), which was reflected in roots (Fig. 2A).
While P is commonly understood to be readily immobilized in
non-bioavailable forms (Harrison, 1987), N leaching is also
very common in Mediterranean ecosystems during winter,
when low vegetation activity coincides with high concentra-
tions of water soluble nitrate ions and wet or saturated soil
conditions (Bernal et al., 2005). Indeed, the stoichiometric ra-
tios of the initial fertilizations applied over a year prior was
most likely offset by N losses over time (Nair et al., 2019).

tion in other ecosystems (e.g., Li et al., 2015). We
combined this expectation with criteria for positive
indication of vitality in material we classed as roots
and so did not expect to miss-classify ‘initiation’
material as ‘living roots’, rather than the inverse. In
fact, we did not identify root matter originating from our addi-
tions in the cores in May at all, and could account for ~ 50%
of the N added in the two pools measured (notably excluding
above-ground biomass and leaching), so assumed decompo-
sition had been rapid before the first sampling, and that our
5N recovery in newly grown roots was not contaminated by
remaining labelled material identified as roots. If we misclassi-
fied substantial amounts of this litter as new roots (a classifi-
cation direction error we tried to minimise as previously men-
tioned), we may have biased recovery, for this to affect treat-
ment differences a systematic difference in total losses from
these pool (rather than rates) would need to have occurred,
which we consider unlikely due to the aforementioned typi-
cally high decomposition rates.

As total "N recovery in roots was driven by root ingrowth at
the level of individual cores, this recovery was hence influ-
enced by absolute productivity. Nonetheless, when we con-
trolled for biomass, we still found differences between treat-
ments in May. At this time, roots had obtained less N from the
litter in +N, and more in +NP (Fig. 3C), indicating +NP had led
to a more ‘N conservative’ system better adapted to recover-
ing N from litter decomposition. +N had the inverse effect,
reducing recovery (although only in the pasture micro-sites).
This was probably due to the previously discussed P surplus
relative to N in the +NP treatment (but not the control treat-
ment), and increases in both above and below-ground bio-
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mass (Nair et al., 2019) requiring more N uptake from the de-
composing litter. However, the dissimilar N:P ratios of the
+NP treatment found in soil extracts (Fig. 1), grassland roots
in May (Fig. 2) and leaf tissue in May 2016 and 2017 (Fig. S7)
suggest that this extra N uptake does not fully satisfy N de-
mand. This tightly coupled co-limitation has been found in P
limited systems, including N saturated Mediterranean forests,
as P additions may directly increase N uptake (Blanes et al.,
2012; Mori et al., 2014) , and here we can demonstrate that in
our study system this includes additional utilization of N di-
rectly from recent biomass turnover.

4.3 Temporal effects on results

We did not find a similar effect in December, when total be-
low-ground recoveries were lower (around 25% of added °N,
compared to 30-55%; Fig. 1) and no treatment difference in
relative '°N recovery was found. This was probably because
of a longer time since application, which contained both the
spring growing season, summer drought, and wet autumn
growing season. Due to the incorporation into biomass in
May and implicit high turnover, most of the >N found in bio-
mass in December had probably passed through this 2017
season litter, resulting in a progressive dilution of the isotope
signal. Indeed, the biomass decrease between May and De-
cember implied a large turnover of roots between these dates
(consequently becoming part of the soil pool). Time since ini-
tiation would not have had the same effect on root stoichiom-
etry, but we did expect this to change between sampling
dates. Plant N and P concentrations tend to decrease in peri-
ods of drought stress as nutrient uptake is hampered more
than C assimilation (He and Dijkstra, 2014) and indeed we
observed a slightly lower average N and P content in our
roots in May than December.

Mediterranean vegetative N:P ratio decreases throughout the
spring as resources are gradually shifted towards reproduc-
tion (Corona et al., 1998) and we found a higher root N:P ratio
in December than May in +N and +NP (but not Control;
Tab. 1). This is because of demand for above-ground repro-
ductive tissues in May, and relatively high P concentration of
seeds compared to vegetative tissues (Gisewell, 2004),
meaning that more nutrients likely were in vegetative organs
such as roots in December (Figueroa and Davy, 1991; Peco
et al., 2005). In seasonal systems, resource limitations shift
throughout the year, and plants can adapt to accommodate
these by altering biomass ratios and allometry (Poorter and
Nagel, 2000) such as the changes in root:shoot ratio and root
length density (RLD) differences at the site (Nair et al., 2019).
This previous study showed a higher RLD throughout spring-
time which could contribute to lower root N:P. Root length is
both adaptive for nutrient (Bardgett et al., 2014) and water ac-
quisition (Comas et al., 2013) as more root length means
both greater volume and depth of soil can be accessed, which
is particularly relevant in infrequent spring re-wetting events
(Mikha et al., 2005). Other site-level conclusions suggest the
+N treatment was increasingly water stressed (Luo et al.,
2020) to the extent of accelerating dry-down. This water
stress may induce root adaptions for water harvesting rather
than nutrient uptake. As the main difference in per biomass
organic-source '®N recovery was in +NP in May (Fig. 3) corre-
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sponding high RLD within this treatment (Nair et al., 2019),
this RLD may have been related to N demand. However,
higher resolution sampling and/or usage of stable isotopes of
oxygen in water would be necessary to tease apart the func-
tional effects of changes in belowground plant biomass.

4.4 Habitat effects on results

We expected habitat effects due to differing fertility between
microsites. From tissue stoichiometry, we only found differen-
ces in N:P of roots between nutrient treatments in open pas-
ture microsites (Fig. 2) despite differences in extractable N:P
(Fig. 1) at both locations in May and high N at some +N micro-
sites in December. This may relate to higher total nutrient
availability (Fig. S4), microbial biomass and extractable N
(Fig. 5); under canopy locations in dehesa have higher overall
nutrient availabilities and more organic matter than pasture
micro-sites (Gallardo, 2003; Howlett et al., 2011; Rolo et al.,
2013). We expected root recovery of 15N added in litter to di-
lute against this background of higher N abundance, but in-
stead, higher nutrient availability under canopies was accom-
panied by more litter N uptake by roots per biomass (Fig. 3).
This is contrary to ecosystem gradient studies (e.g., Averill
and Finzi, 2011), which tend to find organic N uptake is more
important under N-limiting conditions. The observed higher
recovery may be explained by differences in the biological
community between microsites. Indeed, our most parsimoni-
ous model (using nutrient treatment and micro-habitat as pre-
dictors) only had a R? of 0.2, suggesting that there were other
factors within-treatment x habitat combination driving this re-
covery, such as plant and microbial communities, or organic
matter content. As well as higher microbial biomass, (which
may include mycorrhizal fungi facilitating plant N uptake),
there tend to be more grasses and less legumes in the more
fertile locations under trees (Lépez-Carrasco et al., 2015), at
our site, increasing N ‘fertility’ with +N had completely sup-
pressed legumes in these locations in spring (Fig. S7). While
speculation at the level of individual species traits is beyond
the scope of this study, this difference potentially occurs be-
cause the community in under canopy micro-sites are more
adapted to directly compete for litter N in a much more litter
rich environment. This could include either direct organic up-
take or increased mycorrhizal symbiotic associations (Weigelt
et al,, 2003; Zeller and Colin-Belgrand, 2001; Fay et al.,
2015; Vadeboncoeur et al., 2015; Nair et al., 2019), although
further work is necessary to discern the precise mechanism.

Additionally it was within open pasture areas where the larg-
est RLD differences were previously found (Nair et al., 2019)
but this for the habitat comparison (unlike the treatment com-
parison), this did not appear to result in more successful per
biomass N uptake from litter sources (Fig. 3). In this savan-
noid system, these open pasture micro-sites experience more
runoff and drainage but also higher temperatures in spring
(Joffre and Rambal, 1993). Thus, the uppermost layer of un-
canopied soils dries quicker than canopied soil, while the op-
posite occurs in deeper layers (Moreno, 2008; Moreno and
Cubera, 2008) because of the distinct rooting profiles in the
two micro-habitats (Moreno et al., 2005). This may result in
overall deeper herbaceous root development in open pasture
areas, to access water. Hence, while in terms of the treatment
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difference, RLD increases may correlate with uptake of litter
N, this explanation does not hold across the habitat compari-
son as these habitat effects confound the nutrient response.
The site has relatively low tree cover (and hence, proportion-
ately less ‘under canopy’ soil) compared to most dehesas
(Moreno and Pulido, 2009) and scaling any response must
take such factors into account in these heterogeneous sys-
tems.

4.5 Comparison with mineral tracers and wider
implications

Turnover of dead biomass is the major source of both N and
P in unfertilized ecosystems, and usually a far larger N source
than either deposition or biological N fixation. Litter as a N
source is very different to typical experimental fertilizations as
N release is chronic and usually biologically mediated, and
by-products persist in soils in a variety of intermediate organic
polymer forms (Schulten and Schnitzer, 1997). Here, we
showed that N:P imbalances (applied initially as mineral ferti-
lizer, but persisting in both biomass pools and soil available
N:P ratios) altered the acquisition of this litter-derived N.

In total, as we only measured recovery in root and soil, we
can account for around 25% of added '°N after one year and
cannot perform a full mass balance due to the lack of meas-
urements in other major pools. However, this recovery is nota-
bly very different than a similar study within the same system
using 15N labelled mineral fertilizer (Morris et al., 2019). This
mineral >N amendment found an even ratio of recovery of
5N between above- and below ground plant components on
comparable time scales. If our organic tracer was partitioned
similarly within plants, the mineral tracer had a much lower to-
tal 15N recovery within the herbaceous layer. Additionally, the
mineral tracer had higher recovery in pasture than under can-
opy micro-sites and a much higher total recovery in soil
compared to plant biomass. Microbial and mineral sinks usu-
ally dominate mineral N competition at the expense of plants
(Templer et al., 2012), and such mineral traces may not be
representative of ‘internal’ N recycling when directly compar-
ed (Nair et al., 2017). In general, knowledge gained from min-
eral tracer partitioning, as commonly informs N cycling pro-
cesses, should be applied cautiously if used to also predict
plant N nutrition derived from turnover of dead biomass.

While we did not measure litter turnover directly, nor C fluxes,
the nutrient treatments altered the per-biomass incorporation
of litter turnover '°N in the P-enriched +NP treatment and
may have altered both these fluxes through direct below-
ground C partitioning. In a multi-resource limited system such
as our study site, belowground responses to the nutrient treat-
ment are highly complex and likely related to plant assign-
ment to fulfil a time-variable demand for N and P or other nu-
trients, as well as water. In the absence of a stable isotope for
P, understanding P foraging responses is much more difficult.
It is not clear how well linked N and P release from decom-
posing litter are, how this relates to plant demand for these
nutrients, and how this could be altered by plant demand in
future, N-saturated conditions. In more arid grassland sys-
tems, N deposition drives additional P absorption by plants
(Long et al., 2016). However as such knowledge is gained
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from fertilization experiments, future work should focus on
validating that such conclusions also apply to litter turnover
products as well as fertilizer additions.

5 Conclusions

In this study, we demonstrate that altered ecosystem stoichi-
ometry affected both root tissue stoichiometry and root nu-
trient foraging at our dehesa site. Plants compensated for rel-
ative P or N enrichment by acquiring more root litter derived N
in the P enriched +NP treatment, and less in the relatively N-
rich +N treatment. As such systems become more N enriched
due to N deposition, the litter loop may loosen, potentially
slowing rates of mineralization as well as increasing leaching
losses. However, this also depends on how plants forage for
other resources. In our seasonally arid ecosystem, root N:P
stoichiometry and uptake of litter-derived '°N is responsive to
manipulated ecosystem-level nutrient stoichiometry, suggest-
ing that these nutrient imbalances are fundamentally altering
the plant-soil feedbacks of such systems in addition to any
productivity changes.
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