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Abstract

Human activities have greatly increased the availability of biologically active forms of
nutrients (e.g. nitrogen (N), phosphorous (P), potassium (K), magnesium (Mg)) in many
soil ecosystems worldwide. Multi-nutrient fertilization strongly increases plant
productivity but may also alter the storage of carbon (C) in soil, which represents the
largest terrestrial pool of organic C. Despite this issue is important from a global change
perspective, key questions remain on how the single addition of N or the combination of
N with other nutrients might affect C sequestration in human-managed soils. Here, we
use a 19-year old nutrient addition experiment on a permanent grassland to test for
nutrient-induced effects on soil C sequestration. We show that combined NPKMg
additions to permanent grassland have ‘constrained’ soil C sequestration to levels similar
to unfertilized plots whereas the single addition of N significantly enhanced soil C stocks
(N-only fertilized soils store, on average, 11 t C ha™* more than unfertilized soils). These
results were consistent across grazing and liming treatments suggesting that whilst multi-
nutrient additions increase plant productivity, soil C sequestration is increased by N-only
additions. The positive N-only effect on soil C content was not related to changes in plant
species diversity or to the functional composition of the plant community. N-only
fertilized grasslands show, however, increases in total root mass and the accumulation of
organic matter detritus in top-soils. Finally, soils receiving any N addition (N-only or N
in combination with other nutrients) were associated with high N losses. Overall, our
results demonstrate that nutrient fertilization remains an important global change driver
of ecosystem functioning, which can strongly affect the long-term sustainability of

grassland soil ecosystems (e.g. soils ability to deliver multiple ecosystem services).



Introduction
Since the formulation and dissemination of the "Law of the Minimum" in agricultural
chemistry (Sprengel, 1828; Liebig, 1840) several studies over the last two centuries have
acknowledged the importance of synergistic interactions between multiple nutrients for
increasing plant yields across a broad range of human-managed ecosystems (Viets, 1977,
Berck & Helfand, 1990; Elser et al., 2007; Harpole et al., 2011). The addition of multi-
nutrients to soils is a very common practice worldwide mainly because chemical
fertilization greatly increases plant productivity, which is an important ecosystem service
to human societies (MA, 2005). However, adding biologically available forms of
nutrients to soils may lead to perturbations in the cycle and storage of C in belowground
compartments. Soils form the largest active terrestrial pool of organic C and changes in
their ability to act as terrestrial C sinks may have global change implications (Post et al.,
1982; Smith et al. 1997).

Previous studies have focused on the potential role of one nutrient, N, in affecting
soil C cycling and storage across very different ecosystems (de Vries et al., 2006;
Pregitzer et al., 2008; Janssens et al., 2010; Liu & Greaver, 2010; Lu et al., 2011;
Fornara & Tilman, 2012). These studies have yielded mixed results and show that N
additions may have either positive, negative or no effect on total soil C pools. Such
variable responses could have multiple environmental causes but could also suggest that
net N effects on soil C cycling and storage might depend on the addition or on the
presence/absence of other nutrients in soils (Townsend et al., 2011). For example the
addition of P and K to soils can differently affect rates of plant litter decomposition

(Kaspari et al., 2008) thus potentially influencing soil C accumulation. Key questions



remain about which nutrients other than N or what combinations of nutrients (e.g.
potential synergistic nutrient effects) might ultimately affect soil C sequestration.
Answering these questions is crucial if we want to make more accurate predictions on
long-term multi-nutrient effects on soil C sequestration.

Potential long-term nutrient effects (other than N) on soil C sequestration have
rarely been addressed. Mack et al. (2004) show that NP fertilization contributed to
decreases in soil organic C pools in tundra ecosystems. The evidence from two
experiments on tropical forest soils suggests that P additions were responsible for
increases in soil CO; respiration thus causing soil C losses (Cleveland & Townsend,
2006; Cleveland et al., 2006). In contrast with these findings there is also evidence that P-
only additions could lead to greater C sequestration in soils (Bradford et al., 2008). Not
surprisingly, most of the information on multi-nutrient effects on soil C sequestration
result from agricultural studies in intensively managed cropping systems. These studies
show for example that soil C sequestration under NPK applications is significantly lower
than C sequestration under organic manure/compost applications (B6hme et al., 2005;
Markgraf et al., 2012; Moharana et al., 2012; Yu et al., 2012).

Poor mechanistic understanding of single (e.g. P, K) or multi-nutrient (e.g. NPK)
effects on soil C sequestration also hampers our ability to make predictions on the long-
term sustainability of soil ecosystems (e.g. their ability to deliver multiple ecosystem
services). Among human-dominated ecosystems, grasslands in agricultural use retain
high economic value and cover a significant proportion of landmass across central and
Western Europe (Eurostat, 2011). For example, in the UK alone there are 5.1 million

hectares of improved grasslands (Carey et al., 2008), many of which have historically



received multi-nutrient additions. Soil organic matter formation in these grasslands is
regulated by the availability of multiple nutrients, of which positive synergistic effects on
above-ground grass yields are well known, but whether and how these effects might also
alter soil C cycling is highly uncertain.

Here we specifically ask how the long-term addition (i.e. 19 years) of different
nutrient treatments (i.e. N, P, K in isolation and NP, PK and NPKMg in combination) has
affected soil C sequestration in a mesotrophic permanent grassland in Berkshire, UK.
Previous studies in this grassland experiment have addressed potential herbivore-nutrient
interactions on plant community structure, composition and plant aboveground
productivity (Edwards et al., 2000; del-Val & Crawley, 2005; Allan & Crawley, 2011). In
this study we primarily ask whether and how different chronic fertilization treatments
have influenced soil C sequestration when compared to unfertilized grasslands. Because
chronic N fertilization may reduce organic matter decomposition in top-soils (Pregitzer et
al., 2008; Janssens et al., 2010) whereas long-term NP fertilization may decrease soil
organic C pools (Mack et al., 2004), our hypothesis, is that long-term additions of non-N
nutrients (e.g. P or K) to soils in combination with N will determine lower soil C
sequestration when compared to N-only additions. We also consider changes to above
and belowground plant biomass, plant species diversity and plant functional group
composition, in association with nutrient additions, to develop a better mechanistic

understanding of any observed changes to soil C stocks.

Methods

Study site



We conducted our study in Nash’s Field, a mesotrophic grassland (MG5, Lolio-
Cynosuretum cristati grassland, Anthoxanthum odoratum sub-community; Rodwell,
1992) lying on acid, sandy soils of the Bagshot series in Silwood Park, Berkshire.
Historically, Nash’s Field was managed as a hay meadow from 1947 to 1990, with a
single mid-summer cut in most years, and a second, autumn cut, taken in years of
unusually high grass production (Crawley, 1990). The soils of Nash’s Field are
characterised by low P status, for example measurements made in 1991 indicated that P
values were very low (5.6+0.47 mg kg™ NaHCO3 soluble P). Levels of exchangeable K
were relatively high (88.4+7 mg kg™) as were levels of Mg (37.5+21 mg kg™) thus
unlikely to be limiting to grass growth. Modelled total atmospheric N deposition in this
area of the UK (Harpenden, Hertfordshire) has been estimated as be ~22 kg N ha™ y™*

(http://www.apis.ac.uk), which we assumed to be even across our Nash’s Field

experiment. To prevent invasion by woody plants, the fenced plots were managed as a
hay meadow, with a single hay cut in early August each year, using a sickle bar mower.
The experiment was established in the summer of 1991 and was designed to test
hypotheses about the interaction of herbivory and nutrient additions in determining plant
community structure. In this paper we concentrate on the effects of nutrients addition,
lime addition, and herbivore exclusion on soil C sequestration. The experiment is a 4-
factor factorial, laid out in a split-plot design (see Supplementary Fig. 1). The four largest
plots are used for invertebrate herbivore exclusion (e.g. plus and minus insects), then
each of these plots is split in half for the exclusion of larger vertebrate herbivores (plus
and minus rabbit fences), and each of these, in turn, is split into two soil pH treatments

(limed and unlimed). Lime was applied each January at a rate of 5 tonnes of CaCOs ha™.


http://www.apis.ac.uk/

Within the liming treatments 7 plots (2mx2m) were laid out for the application of various
combinations of mineral nutrients (N, P, K and Mg). Specifically, four fertiliser nutrients
(N as ammonium nitrate, K as muriate of potash, P as triple superphosphate, and Mg as
Epsom salts) have been applied at the following rates: N at 100 kg ha™, P at 35 kg ha™, K
at 225 kg ha™ and Mg at 11 kg ha™ during the first week in April, each year from 1992 to
2011. We sampled experimental plots that received the following fertiliser treatments: (1)
N-only, (2) P-only, (3) K-only, (4) N and P together, (5) P and K together, (6)
simultaneous addition of all nutrients (N, P, K and Mg), and (7) no addition (control
treatment). Thus 4 large plots x 2 grazing treatments (+ rabbit herbivory) x 2 liming

applications (£ lime) x 7 nutrient treatments = 112 plots (each 2x2 m).

Soil sampling and analyses

Soil samples for the analysis of C, N and P, were collected in July 2011 to a soil depth of
20 cm (using a 3 cm diameter soil corer) at four locations within each of the 112
experimental plots. Before collecting the soil, plant litter, if present, was removed. Soils
were then sieved to 2 mm to remove roots, dried at 40 °C for 5 days, ground and analysed
for total C and N by combustion and gas chromatography (COSTECH Analytical ECS
4010 instrument). Ash samples analysed after furnace burning (16 hours at 550 °C)
revealed negligible inorganic C. Soil sub-samples collected in each plot were air-dried
and ball milled to pass a 150 um sieve and then processed for the determination of total
soil P by sodium hydroxide fusion (Smith & Bain, 1982). Two extra soil samples per plot
were collected to 20 cm soil depth using a PVC corer 8 cm in diameter to measure soil

bulk density (i.e. mass of dried soil divided by soil volume).



Potential net soil N mineralization rates

We performed laboratory incubations of soils collected from each of the 112 plots in May
2011 to assess net N mineralization rates. Soil samples were collected to 20 cm soil depth
from three sites within each plot, extracted with 1M KCI, shaken for 0.5 h, settled
overnight at 4° C and analyzed for NH," -N and NOj; -N with a Bran-Luebbe AA3 auto
analyzer. An additional 25-g subsample from each plot was incubated for 30 days in a
dark room at 22° C after roots were sieved out (see Fornara & Tilman, 2008). Sufficient
water was added to each sample to keep moisture constant. After 30 days soil samples
were extracted and analysed for NH,"-N and NOs -N as above. To determine net N
mineralization, final extractable concentrations of NH,"and NO5 per gram of soil were

subtracted from initial extractable concentrations per gram of soil.

Plant belowground sampling and analyses

In May 2011 the 112 plots were sampled for plant belowground mass by collecting four
evenly spaced soil cores in each plot (each core was 5 cm in diameter and collected to 20
cm depth). Samples were washed gently with water over a fine mesh screen until roots
were free of soil. Roots were then dried; any soil residual was removed and roots were
then weighed. Belowground biomass was dried at 65°C to constant mass and then ground
and analysed for total C and N following standard methods on a 1500 NA Carlo-Erba
element analyzer (Elan Tech., NJ). Total P in root material was analysed following a two-
step protocol. First, organic phosphorus and polyphosphates were converted to ortho-
phosphate and secondly, ortho-phosphate was determined based on a colorimetric method

(see also Murphy & Riley, 1962).



Plant aboveground biomass and plant percent cover

To address potential changes in both plant aboveground biomass and plant community
composition across experimental treatments, which may help explain changes in soil C,
we analyzed two sub-sets of available data from this long-term experiment. First, plant
aboveground biomass was measured in 1997 in each of our 112 experimental plots. In
August 1997 a single sampling quadrat measuring 50cm x 25cm (selected at random
from the central 1m x 1m section of each 2m x 2m plot to avoid edge effects) was cut to
ground level using scissors. Fresh samples were returned to the laboratory separated at
the plant-species level, dried at 80 °C for 24 hours and weighed. Second, in June 2012 the
number of plant species as well as the percentage cover of each plant species in each
experimental plot was estimated (percentage cover was agreed by two investigators for
each species, plus any bare ground). Plants were grouped into three functional types: C3-

grasses, legumes and forbs (see Fornara & Tilman, 2008).

Data analysis

We used a mixed effects ANOVA in which the four large plots (block) in the split-plot
design were treated as random effects and the other treatment factors (insects, rabbit
grazing, liming and nutrient addition treatments) were all fixed effects. We tested these
treatments effects on different ecosystem response variables (i.e. soil C, soil N, root mass,
root stoichiometry, plant species richness, plant aboveground biomass, plant cover).
Since the insects, grazing and liming treatments did not account significantly for
variation in the response variables, simpler models were produced which included only

‘nutrients’ as fixed effects (see example output in Supplementary Table 1). Final models



were produced using restricted maximum likelihood (REML) method. We checked that
final models conformed to modeling assumptions. Significant differences between factor
levels (i.e. the seven nutrient treatments) were tested using post-hoc Tukey test in the
package multcomp. All analyses were conducted using the Ime4 package in R version
2.10.1 (R Development Core Team 2008).

Linear regression analyses were used to explore potential covariation between soil
C content and other belowground variables. We also calculated the difference in total soil
C (and N) pools between each nutrient-fertilized plot and the average of the controls, and
then divided this value by the cumulative amount of N added to that plot over 19 years.
Thus we estimated the units of soil C gained per units of N added (i.e. “C gain
efficiency” expressed as: g C/g N added) and the units of soil N retained per units of N
added (i.e. “N retention efficiency” expressed as: g N/g N added). We explicitly refer to
‘N retention’ and ‘C gain’ because our grasslands did receive experimental N inputs but

not C inputs.

Results

N-only addition and soil C pools

We found that total soil C pools were significantly affected by nutrient additions but not
by other experimental treatments such as the presence of insects, rabbit grazing or liming.
In particular, total soil C pool was higher under the N-only fertilization treatment (Fig 1;
Supplementary Table 1) and significantly higher for the N-only treatment than all other
treatments except PK (P < 0.05, Tukey post-hoc test). Net soil C change between the N-

only treatment and the control was 3 times greater than the net soil C change between any
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of the other fertilization treatments and the control. Similarly total soil N pools and net
soil N changes were both significantly higher under the N-only fertilization treatment
(Supplementary Fig. 2). The positive N-only effect on total soil C pools occurred
regardless of the application of lime (Fig. 2a). There is, however, increased C accrual in
limed soils under the P-only and PK nutrient treatment (Fig. 2a). Positive N-only effects
on total soil C pools also occurred regardless the presence/absence of rabbit grazing (Fig.
2b), although there were increases in soil C in grazed plots receiving no nutrients

(control) and K-only and PK nutrient additions.

N-induced effects on soil C pool ‘constrained’ by multiple nutrient additions

We found a significant interaction between N and P (P = 0.01) on soil C stocks (i.e. soil
C was significantly lower when NP where added together than when N was added alone).
Further analyses also show that the simultaneous addition of key nutrients, such as P and
K together with N, contributed to reduce soil ‘C gain efficiency’ (Fig. 3a, b) and soil ‘N
retention efficiency’ (Fig. 3¢, d) per unit of N added when compared to N-only addition.
This means that N-only fertilized soils gained more C (and retained more N) per unit of N
added when compared to soils that received N in combination with P or K. The positive
effect of N-only fertilization on soil ‘C gain efficiency’ occurred across a wide range of
soil pH varying from pH<5 to pH>7 (Supplementary Fig. 3a). Thus, when N, P, K (and
Mg) are simultaneously added to soils, the ability of these soils to store ‘extra’ C per unit
of N added tended to decrease regardless of changes in soil pH. Soil pH was strongly

affected by liming but not by grazing (Supplementary Fig. 3b, c).
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Nutrient effects on plant aboveground biomass and functional group composition

Plant aboveground biomass, as measured in 1997 in the same experimental plots and six
years after the start of the experiment, was strongly increased by the addition of multiple
nutrients simultaneously (Fig. 4a). We did not find any significant effect of nutrient
treatments on the aboveground biomass (as measured in 1997) of different plant
functional groups. Regardless of nutrient fertilization treatment C3 grasses represented at
least 73% of the total aboveground biomass in these experimental plots (Fig. 4b).
Biomass of non-leguminous forbs varied between 10% and 16% whereas legumes
represented <0.1% of plant community biomass. However, in 2012 we found that the
three nutrient treatments including N (i.e. N-only, NP and NPKMg) were associated with
the lowest number of plant species (Fig. 5a) and the highest proportion cover of C3
grasses (C3 grasses cover ~70% of plot area) when compared to control, K-only, or PK

nutrient additions (Fig. 5b).

Nutrient effects on plant belowground compartments and soil & root stoichiometry
There was no significant difference in total root mass across the nutrient treatments
although the addition of multiple nutrients tended to decrease root mass whereas N-only
additions increased root mass: the addition of N alone yielded mean root mass 25.8%
higher than the control, 34.5% greater than P-only and 44.4% greater than plots with all
nutrients added (Fig. 6). Similarly, we did not find any significant nutrient effect on total
root C and N pools (Supplementary Fig. 4).

Grassland soils receiving N additions have retained very little of this N input by

2011 (Fig. 7a). In particular NPKMg-treated soils have lost 98% of the total N added
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over 19 years (1.86 t N ha™ loss vs. 1.9 t N ha™* added). The same NPKMg-treated soils
have lost 29% of total P added over 19 years (0.2 t P ha™ loss vs. 0.665 t P ha™* added;
Fig. 7b). NP-treated soils lost 85% of N added and 16% of P added over 19 years, thus in
the long-term altering soil NP stoichiometry (Supplementary Fig. 5). Finally, N-only
treated soils lost 64% of N added during the same period of time (Fig 7a). The
availability of key nutrients in soils such as P and N was strongly influenced by nutrient
treatment. For example, Olsen-P varied between 102 and 113 (mg P/l soil) in soils where
P was added (All, P, NP treatments) but was < 4 (mg P/l soil) in control plots and N-only
fertilized soils. Net soil N mineralization was highest in NP-fertilized plots (~ 18 g N/kg
soil) and lowest in P-only fertilized plots (~ 9 g N/kg soil). We found that nutrient
treatments have significantly affected soil C:N ratios; for example, soil C:N was
significantly lower in N-only treated soils than those treated with P, K or PK (Tukey
post-hoc test, p < 0.05; Supplementary Fig. 5a), soil C:P ratios (Supplementary Fig. 5a)
and soil N:P ratios (Supplementary Fig. 5a). Similarly, we found that nutrient treatments
had significant effects on root C:N ratios; root C:N was significantly lower in samples
receiving N, NP and NPKMyg than the treatments excluding N (control, K, P and PK)
(Supplementary Fig. 5b). Root C:P ratios were significantly lower in all treatments
including the application of P (Supplementary Fig. 5b) and root N:P ratios also varied
significantly across treatments (Supplementary Fig. 5b). The only significant relationship
between any root stoichiometry ratio and total soil C pools was a negative correlation

between root C:N and soil C pool (F1110=14.9, P = 0.0002; Supplementary Fig. 6).

Discussion
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The ‘N-only’ effect on soil C sequestration

Our study shows that 19 years of N-only additions (in the form of ammonium nitrate)
strongly increased soil C storage in these mesotrophic grasslands. A potential mechanism
underlying this C accrual could be the long-term accumulation of partially undecomposed
plant-derived detritus that we often observed in topsoil layers of the N-only fertilized
plots. This observation is supported by previous findings, which show that chronic N
additions can greatly reduce microbial mineralization of soil organic pools, effectively
slowing down decomposition (Janssens et al., 2010; Liu & Greaver, 2010), and thus
promoting organic C accumulation in these soils. Similar findings (Ramirez et al., 2012)
show that, across very different terrestrial ecosystems, reduced decomposition was
associated with negative N-induced effects on the activity of different soil extra-cellular
enzymes including those responsible for cellulose breakdown. Our results clearly show
that both soil ‘C gain efficiency’ and soil ‘N retention efficiency’ (Fig. 3) were
significantly greater in N-only fertilized plots and did not change across a broad range of
soil pH values (Supplementary Fig. 3a). This suggests a higher rate of soil C and N
accumulation in these plots that could be partially explained by reduced decomposition of

soil organic pools.

Lack of a multi-nutrient effect on soil C sequestration

The addition of P and K either in isolation or in combination with N (i.e. NP and
NPKMg) and without N (i.e. PK) was associated with low soil C sequestration (Fig. 1).
The lack of a multi-nutrient effect on soil C content agrees with previous findings, which

show that NPK additions can ‘constrain’ soil C sequestration in intensive croplands
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(Tong et al., 2009; Yu et al., 2012). Here we show that multi-nutrient additions may also
reduce soil C sequestration in permanent grasslands. This finding, if proved general,
could have far reaching implications for the ability of these grasslands (1) to act as soil C
sinks under current global change, and (2) to deliver multiple ecosystem services to
human society. In the UK there are 5.1 million hectares of improved grasslands (Carey et
al., 2008) and although NPK fertilization rates (and organic manure applications) may
greatly vary depending on grassland management (Defra, 2010), the question remains
whether agriculturally improved grasslands may function as active soil C sinks or not.
Previous studies show that soil C stocks of many grasslands across England and Wales
may not change (or their soil C stocks may even decrease) over decades (Bellamy et al.,
2005; Smith et al., 2007). Also, a recent study using soil data spanning 129 years of the
Park Grass Experiment at Rothamsted, UK, shows that the organic C content of fertilized
(and unlimed) soils did not change significantly between 1876 and 2005 (Fornara et al.,
2011). Finally, in our study we found that the lack of positive multi-nutrient (NPKMg)
effects on soil C pools was consistent (Fig. 2a, b) across liming and grazing treatments,
two very common agricultural practices. Liming and grazing treatments, however, tended
to have positive effects on soil C sequestration under specific nutrient treatments. For
example, liming increased soil C content under the PK treatment (Fig. 2a) and this was
possibly due to positive liming- and PK-induced effects on the abundance of N-fixing
legume species (unpublished data) which are known to have positive effects on soil C
accumulation (Fornara & Tilman, 2008). Grazing contributed to enhance soil C content

of control plots (and K-only treated plots) and this was possibly due to grazing-induced

15



increases in soil N availability as we found greater soil N mineralization in grazed plots

(Supplementary Fig. 7).

Nutrient additions and changes in above- and belowground plant mass

In our mesotrophic grassland, multi-nutrient additions had strong positive effects on plant
aboveground biomass production (Fig. 4a). Our evidence is that by 2012 the chronic
addition of N to soils either alone or in combination with other nutrients (i.e. N-only, NP
and NPKMg) was responsible for (a) a strong decrease in plant species diversity and (b)
an increase in C3-grass cover in our experimental plots (Fig. 5a, b). However, neither
decreases in plant species diversity nor increases in C3 grass cover were significantly
related to changes in soil C stocks across our experimental plots.

On the other hand we found that total root mass was greatest under the N-only
treatment and lowest under the addition of all nutrients: these differences were not
significant, owing to the high variability among plots under the same treatment (Fig. 6).
However, because roots substantially contribute to total soil C inputs (Trumbore &
Gaudinski 2003; Farrar et al., 2003), these differences in total root mass between N-only
fertilized plots and all other experimental plots might partly explain changes in the C
sequestration ability of these soils. A recent review, which included 257 published
studies, shows that N-induced changes in soil C storage can be positively related to
changes in root biomass (Lu et al., 2010). Similar findings from a long-term grassland
experiment in North America show that N-induced increases in root mass were associated
with greater soil C sequestration (Fornara & Tilman, 2012).

Effects of nutrient treatments on plant aboveground mass were distinct from their

16



effects on plant belowground mass (see Figs 4a and 6) and to a degree, were opposite.
This may indicate differences in biomass allocation dependent on nutrient availability.
We suggest that nutrient-induced effects on both root mass accumulation and root
decomposition may partly explain changes in soil C sequestration. Further studies could
address, for example, whether N-induced increases in root mass are due to increases in
root productivity or to the accumulation of un-decomposed root material across years. On
the other side reduced root mass in NPKMg-fertilized plots may reflect preferential
allocation of plants to aboveground biomass when all nutrients are available and it
provides little competitive advantage to produce comparatively larger root systems.
Finally, it might be that NPKMg additions to agricultural grassland soils do not
influence C sequestration because most of plant aboveground biomass is removed for
forage production thus reducing any positive NPKMg effect on C inputs to soil from
plant aboveground compartments. Plant biomass removal and also potential N losses (via
leaching and gaseous emissions) from NPKMg-fertilized soils may also explain why only

2% of the total N added over 19 years actually remained in these soils by 2011 (Fig. 7a).

Lack of multi-nutrient effects on soil C sequestration

Multiple studies from both cropland and grassland systems show that long-term NPK
fertilization determines a loss of soil structure (Ciarkowska, 2010; Herencia et al., 2011,
Markgraf et al., 2012). In particular the proportion of water stable soil macro-aggregates
(e.g. > 250 um) tends to decrease (or not significantly change) under NPK additions
when compared to organic manure applications (Aoyama et al., 1999; Bandyopadhyay et

al., 2010). The loss of stable soil macro-aggregates can negatively affect soil C

17



sequestration because macro-aggregates represent a large proportion of total soil mass
(Six et al., 2000). Macro-aggregates structure includes various binding agents such as
microbial- and plant-derived polysaccharides, which are all C-rich materials (Tisdall &
Oades, 1982). Thus reduced soil structure under chronic NPK fertilization would mean a
decrease of C-rich macro-aggregates and thus a loss of soil organic matter.

Previous studies across very different grassland systems also show (1) a decrease
in microbial C biomass (Marschner et al., 2003; Moharana et al., 2012), (2) a decrease in
microbial functional diversity (Islam et al., 2011), and (3) an increase in bacterial-
dominated (versus fungal-dominated) microbial communities under multi-nutrient
inorganic fertilization (Smith et al., 2008; de Vries & Bardgett 2012). However,
identifying causal relationships between changes in microbial community functions and
changes in soil organic C sequestration remains difficult, partly because soil microbial
activities may vary even within similar multi-nutrient additions (Béhme et al., 2005), and
partly because of the difficulty in linking microbial processes to long-term changes in soil
C stocks.

Overall our study shows that N-only additions to permanent grassland are
responsible for significant increases in soil C sequestration whereas multi-nutrient
fertilization is associated with unenhanced soil C sequestration. Thus the positive multi-
nutrient effect on plant productivity may not apply to soil C sequestration raising
guestions about the ability of these grasslands to deliver multiple ecosystem services (i.e.
high plant yields alongside high soil C sequestration and low N and P leaching). Nutrient
addition to soils remains an important global change driver of ecosystem structure and

functioning and its potential effects on the cycle and storage of C in soils need to be

18



further addressed by interdisciplinary research. Further studies could address how
varying organic and inorganic nutrient additions to soils might affect (1) C and N
sequestration, (2) plant above- and below-ground mass allocation, (3) microbial activities
related to the storage and cycling of different nutrients, and (4) critical soil physical
properties in order to improve the delivery of multiple ecosystem services by human-

managed grasslands.
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Fig. 1. Dependence of total soil C pools (0-20 cm depth) on different nutrient fertilization
treatments. Legend: All = all nutrients applied (N, P, K, Mg); Control = no nutrients; N =
only N; P = only P; NP = NP together; K = only K; PK = PK together. Error bars show
+SE and represent variation among plots receiving the same nutrient addition treatment.
Fig. 2. Dependence of total soil C pools (0-20 cm depth) on different nutrient additions in
the presence/absence of lime applications (a), and rabbit grazing (b). Error bars show
+SE and represent variation among plots receiving the same nutrient addition treatment.
Fig. 3. Dependence of soil “C gain efficiency” (i.e. units of soil C gained per units of N
added; a, b) and “N retention efficiency” (i.e. units of soil N retained per units of N
added; c, d) on the addition of P or K nutrients. On x-axes, “N = No” are plots receiving
N-only, and “Y = Yes’ plots receiving either P or K in combination with N.

Fig. 4. Dependence of total plant aboveground biomass (a), and of proportion of biomass
of different plant functional groups (b) on different nutrient fertilization treatments. Plant
aboveground biomass was measured in 1997.

Fig. 5. Effects of different nutrient fertilization treatments on plant species diversity (a),
and on relative plant aboveground cover (i.e. proportion cover) of different functional
groups (b). Proportion cover and number of plant species were estimated in 2012.

Fig. 6. Dependence of total root mass on different nutrient fertilization treatments. Total
root mass was measured in 2011.

Fig. 7. Effects of nutrient treatments on soil N losses (a), and soil P losses (b). To
estimate soil N and P losses we first calculated the difference in total soil N (and P) pools
between each nutrient-fertilized plot and the average of the controls in 2011 and then

subtracted this value from the total amount of N or P added over 19 years.
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Supplementary material
Fig. 1. Experimental design of Nash's Field. We used four large 45m x 20m plots, two of
them randomly selected receiving insecticide (—insects) and two plots with no insecticide
application (+insects). Within each of these large plots the split plot design is shown as
an example. The position of grazing, liming and nutrient treatments was randomized
within each set of sub-plots. Four mineral nutrients were applied to the 2mx2m plots as
following: nitrogen (N) (as ammonium nitrate) at 100 kg N ha™*, phosphorus (P) (as triple
super-phosphate) at 35kg P ha™, potassium (K) (as muriate of potash) at 225 kg K ha™
and magnesium (Mg) (as magnesium sulphate) at 11 kg Mg ha™. Legend: All = all
nutrients applied (N, P, K, Mg); Control = no nutrients; N = N only applied; P = only P;

NP = NP together; K = only K applied; PK = PK together.
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Fig. 2. Dependence of total soil N pool on different nutrient addition treatments. Error

bars show +SE and represent variation among plots receiving the same nutrient addition

treatment.
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Fig. 3. Dependence of soil “C gain efficiency” on different N-additions (All = all
nutrients added, N = N only, NP = NP together) across a broad range of soil pH values:
“5” = pH<S; “6” = 6<pH<7; “7” = pH>7 (a). Also variation in soil pH under liming (b)

and grazing treatments (c) across different nutrient additions.
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Fig. 4. Dependence of total root C and N pools on different nutrient treatments.
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Fig. 6. Significant relationship between root C:N ratios and soil C pools (F1110=14.9, P

=0.0002). The gray band around the regression line represents 95% confidence intervals.
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presence/absence of grazing disturbance (a), and liming applications (b). Error bars show

+SE and represent variation among plots receiving the same nutrient addition treatment.
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Table 1. An example output of our mixed effects ANOVA models. Parameter estimates
for final model for the response variable total soil C pool (t C ha™), where ‘nutrient
treatment’ is a fixed factor effect and ‘block’ is a random effect, using the syntax y ~
Nutrients + (1|Block). Between-factor level differences were subsequently examined

using Tukey post-hoc tests.

Fixed effects

Nutrient treatment Estimate SE t-value

All 34.80 2.87 12.11
Control 33.31 2.78 -0.54
K 35.57 2.78 0.27
N 44.79 2.78 3.59
NP 35.35 2.78 0.20
P 35.21 2.78 0.15
PK 37.37 2.78 0.92

Random effects standard deviation: 4.19
Residual standard deviation: 7.88
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