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Abstract

Stoichiometric approaches have been applied to ratade the relationship between soil
organic matter dynamics and biological nutrienhgfarmations. However, very few studies
explicitly considered the effects of agriculturabmagement practices on soil C:N:P ratio.
The aim of this study was to assess how differeptt types and rates would affect the
C:N:P molar ratios of bulk soil, organic matter anitrobial biomass in cropped soils in the
long-term. Thus, we analysed the C, N and P inpatsbudgets as well as soil properties in
three long-term experiments established on diffesail types: the Saria soil fertility trial
(Burkina Faso), the Wagga Wagga rotation/stubblenagament/soil preparation trial
(Australia), and the DOK bio-Dynamic, bio-Organkonventionell cropping system trial
(Switzerland). In each of these trials, there wéarge range of C, N and P inputs which had
a strong impact on element concentrations in sbitsvever, although C:N:P ratios of the
inputs were highly variable, they had only weakeef§ on soil C:N:P ratios. At Saria, a
positive correlation was found between the N:Porafiinputs and microbial biomass, while
no relation was observed between the nutrient gatfoinputs and soil organic matter. At
Wagga Wagga, the C:P ratio of inputs was signitigacorrelated to total soil C:P, N:P and
C:N ratios, but had no impact on the elemental amitipn of microbial biomass. In the
DOK trial, a positive correlation was found betwdka C budget and the C to organic P ratio
in soils, while the nutrient ratios of inputs weret related to those in the microbial biomass.
We argue that these responses are due to differéme®il properties among sites. At Saria,
the soil is dominated by quartz and some kaolirites a coarse texture, a fragile structure
and a low nutrient content. Thus, microorganisneslfen inputs (plant residues, manure). In
contrast, the soil at Wagga Wagga contains iliiteé Baematite, is richer in clay and nutrients
and has a stable structure. Thus, organic matteratected from mineralization and can
therefore accumulate, allowing microorganisms tedfen soil nutrients and to keep a
constant C:N:P ratio. The DOK soil represents darmediate situation, with high nutrient
concentrations, but a rather fragile soil strugtuwkere organic matter does not accumulate.
We conclude that the study of C, N, and P ratiosortant to understand the functioning of
cropped soils in the long-term, but that it mustdoeipled with a precise assessment of
element inputs and budgets in the system and a godeérstanding of the ability of soils to

stabilize C, N and P compounds.
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1. Introduction

Ecological stoichiometry has been defined by Steema Elser (2002) as “the balance of
multiple chemical substances in ecological inteoast and processes, or the study of this
balance”. The elements most often considered ihogmal stoichiometry are carbon (C),

nitrogen (N) and phosphorus (P). Ecological st@iotetry has delivered very interesting

insights into growth and trophic relations in adgualystems (algae, plankton) as well as in
terrestrial systems (plants, animals) (SternerElsdr, 2002; Elser et al., 2010; Agren, 2008;
Hessen et al., 2013; Gusewell, 2004).

The principles of ecological stoichiometry have baesed in soil science to understand
organic matter stabilization and mineralizati@yg( McGill and Cole, 1981; Stewart and
Tiessen, 1987; Parton et al., 1988; Gressel et18B6). Cleveland and Liptzin (2007)
reported an average C:N:P molar ratio of 186:18rlbfilk soils (Table 1), which was close
to the Redfield ratio (160:16:1) found for planktionmarine environments (Redfield, 1958),
and an average C:N:P molar ratio of 60:7:1 in sodrobial biomass (Table 1). In a global
analysis of soil microbial C, N and P, Xu et al013) reported an average microbial C:N:P
molar ratio of 46:6:1, which was close to the rgtiovided by Cleveland and Liptzin (2007),
but also described large variations in microbialNCand P concentrations and molar ratios
between biomes. Whereas Xu et al. (2013) were #blealculate global stocks of soil
microbial C and N, this was not possible for micab® due to the lack of data and the use of
different methods. Hartman and Richardson (2013hpared soil microbial C, N and P
concentrations and the C:N:P ratios of soil micabliiiomass from a wide range of soil
samples to the metabolic quotieng, respiration per unit microbial biomass. These astho
reported an average C:N:P molar ratio of 402:2arbtilk soils and an average C:N:P molar
ratio of 96:9:1 for the soil microbial pool. Hartmand Richardson (2013) did not observe
any relation between nutrient ratios of the micablbiomass and the soil. Furthermore, they
could show that N availability constrained micrdbgrowth, whereas P availability
constrained microbial activity (Hartman and Riclsang, 2013).

The differences in C:N:P ratios between pools dndiss, as summarized in Table 1, call for
some remarks. Firstly, the soil C:N:P ratio repobrby Kirkby et al. (2011) for Australian
soils is higher in C and N than in other studidsisTs explained by the fact that Kirkby et al.
3
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(2011) considered exclusively organic B)(Rvhich makes up between 29 and 65% of total P
in soil (Harrison, 1987), whereas other studiesorga total P. Secondly, the bulk soils in
Table 1 have very high C:P and high N:P ratios caneg to those in microbial biomass,
suggesting that microbial biomass is richer in B Erthan total soil organic matter. This was
reported by Stewart and Tiessen (1987) and canxplaieed by the need for P in ribosomes
and for N in proteins (Sterner and Elser, 2002adak and Elser, 2011).

The ratios of C, N and P in soil microbial biomaas provide information about the ability
of microorganisms to adapt to available resourEasif et al., 2013), to immobilize nutrients
in organic forms and to release nutrients througfaimc matter mineralization (He et al.,
1997; Heuck et al., 2015). Mooshammer et al. (2GLdymarized the processes controlling
the C:N:P ratio of soil microorganisms feeding difiedent substrates. These processes are i)
adaptation of the elemental composition of the ob@l biomass to the substrate in a non-
homeostatic behavioueg. by changing the microbial community structure (Maket al.,
2003), ii) uptake of nutrients released by exo-emzy (Kertesz and Frossard, 2015), iii) a
change in microbial nutrient use efficieney. with sulpholipids replacing phospholipids in
microbial membranes under P limiting conditions fVilooy et al., 2006), and iv) the
additional supply of nutrientsg. related to the dissolution of mineral phases Ipysteaophic
fungi and to N fixing bacteria (Kertesz and Frossard, 2015). fratial. (2013) showed that
the C:N:P ratios of soil microorganisms resembleat bf the water soluble fraction of the
litter they were provided with and not that of thalk litter, showing the importance of the
available fraction in determining nutrient uptakedanolar ratios in microorganisms. Heuck
et al. (2015) compared the effect of C, N and Rtexid to samples of two forest soils and
showed that the C:N:P ratio of microorganisms wiéected in the nutrient poor but not in
the nutrient rich soil. In the studies by Faninaktand Heuck et al., changes in microbial
C:N:P ratios were partly accompanied by changesianobial community structure. Griffiths
et al. (2012) and Chen et al. (2014) showed thi¢rdnt P fertilization regimes did not
modify the C:N:P ratio of soil microorganisms ore tlong-term on a grazed pasture, while
they strongly modified the microbial P and C corcasions and the soil microbial
community composition. Finally, Mouginot et al. (20) showed that the N:P ratios of fungi
and bacteria isolated from grassland leaf litteren@milar, whereas the C:N and C:P ratios
were higher in fungi than in bacteria which is inel with observations of higher P

concentrations in bacteria than in fungi made bgddiann et al. (2008a and 2011).
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The C:N:P ratio in soil organic matter can providievant information about the impact of
nutrient limitations on C sequestration in soil aadout the role of microorganisms in
determining soil organic matter composition. Var@&rigen et al. (2006) provided empirical
evidence that increased C sequestration in soilsddvonly occur if N would be added at
much higher levels than typically deposited witegpitation. More recently, Kirkby et al.
(2011) analysed the C, N and &oncentrations of the stable organic matter intéalian
soils, defined as the organic matter remainingoihafter removal of all plant residues. They
observed strong linear positive correlations betw€eand N as well as C and i these
soils. This allowed them to calculate an averagéam@:N:R, ratio of stable soil organic
matter of 483:35:1 (Table 1). Then, Kirkby et @01{1) compared the results obtained from
their Australian soils to those of soils publishiedother studies (in their data set called
“international soils”). This comparison confirmdaetC:N ratio of about 14 observed in the
Australian soils, but showed a large range of,Cafos in the “international soils” (between
41 and 454). This variation was explained by dé#fermethods used to assess soil organic P
in the other studies (Kirkby et al., 2011), but hiigalso have resulted from the greater
diversity of environmental and management condstionthe “international soils”. Finally,
Kirkby et al. (2013 and 2014) showed that more G wansferred from straw to stable soill
organic matter when soils were incubated in thegmee of N and P added in water soluble
forms, and that this greater C transfer rate wasorapanied by greater microbial C
concentration. This last point is in agreement Wiitdings suggesting that a large fraction of
soil organic matter is of microbial origin (Sixat, 2006; Schmidt et al., 2011; Miltner et al.,
2012; Cotrufo et al., 2013; Trivedi et al., 2013).

This introduction shows that there is already aificant body of information on the C, N, P
relationships in soils, and it illustrates how tkimwledge is used. However, as pointed out
by Mulder et al. (2013), we lack information on &huse i) of an overall lack of data on P,
and ii) because of the different methods used tasom® microbial and organic P.
Furthermore, although published papers considds f@m agricultural systems (Kirkby et
al., 2011; Hartman and Richardson, 2013; Xu et 2013), the impacts of agricultural
practices are very rarely studied (Mulder et ab12 Griffiths et al., 2012). These should
however be considered as agricultural systems eaeive large amounts of C, N and P
through net photosynthesis, symbiotig fikation, organic and mineral fertilizer additions

but also with seeds and wet and dry atmospheriogiépn. At the same time, they export
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large amounts of elements not only through croglypets but also due to element losses to
the atmosphere, groundwater, surface water and si@éorizons. The sum of all inputs
minus the sum of all outputs reported for a giveriaxe has been defined as the soil system
budget for a given nutrient (Oenema et al., 20R3)ch inputs and soil surface nutrient
budgets must be important when studying the eccédgitoichiometry of a cropped soil, as

they reflect the substrate the soil biota will fexd

Here, we asked whether C, N and P inputs into @dpgoils affect the C, N and P
concentrations and the molar C:N:P ratio of theklsdlil (total C: total N: total P ratio), soll
organic matter (total C: total NyRatio) and soil microbial biomass (microbial C: noicial

N: microbial P ratio, abbreviated Cmic:Nmic:Pmin)the long-term. We hypothesised that
the C:N:P ratios of soil pools (total, organic amecrobial) will be affected more by soil
properties (such as texture and mineralogy) thanelgynent inputs, whereas element
concentrations of soil pools will be strongly atet by element inputs and soil system
budgets. We focussed on three long-term experimstidying the impact of various
agricultural practices on crop yield and soil fégti the Saria field experiment in Burkina
Faso (Pieri, 1989), the Wagga Wagga trial in Alistrddeenan et al., 1994), and the DOK
field trial in Switzerland (Mader et al., 2002).rFeach trial, we estimated the yearly C, N and
P inputs to the soil as well as the C, N and Pss@tem budgets and compared them to the C,
N, P contents and molar ratios in the bulk soilprganic matter and in microbial biomass
measured in the upper soil horizon. As we are dgaliith three very different field trials, we
present the respective descriptions, results ascusgsions successively, first for the Saria
trial, then for the Wagga Wagga trial, and thentfa DOK trial. After these trial-specific

assessments, we compare and discuss results a@isss

2. The Saria field experiment
2.1. Description of the Saria field experiment

This long-term field experiment was establishe®&aria, Burkina Faso, in 1960 and is still
running. The trial has been described by a numbeuthors (Pieri, 1989; Sedogo, 1993;
Bonzi, 2002; Hien, 2004; Lompo, 2009; Zida et aD11; Kiba, 2012). It was established
with the aim of evaluating the effect of differdettilization regimes, stubble management



171 and crop rotation on soil fertility. Saria (altitd300 m.a.s.l., 12°16" N, 2°9' W) is located in
172  the central plateau of Burkina Faso, 82 km soutst wethe capital city Ouagadougou and 23
173 km north of Koudougou. The climate is characteribgca dry season from October to May
174 and a single rainy season from June to Septembdee. Harmattan wind blowing in
175 November and December brings dust from the Salma&atia (Lesschen et al., 2007). The
176  annual average rainfall is 800 mm, but highly valeaboth in quantity and distribution, the
177  annual potential evaporation is 2000 mm, and therage annual temperature is close to
178  30°C (Zougmoré et al., 2004). The field trial has established on a gentle slope on a soil
179  developed on granitic parent material from the &mdarian. The soil of the site has been
180 classified as a ferric Acrisol (FAO et al., 199§)ien (2004). The first 10 cm of the profile
181  contain 11.7% clay, 25.7% silt and 62.6% sand. dlag fraction is dominated by kaolinite,
182  while the mineralogy of the total soil is dominatedquartz (Hien, 2004).

183  The field trial has a split-plot design with sipheates with different fertilization regimes as
184  main treatments and different crop rotations asrsg&ry treatments. The plots of the rotation
185 treatments are 10 m long and 8.4 m wide. The ieatibn treatments considered in the
186  present study are: CON (control, no nutrient inpiate 1960), MIN1 (low nutrient input in
187  the form of mineral fertilizer: 37 kg N Hayear", 10 kg P ha yea', 11.6 kg K hd yea),
188  MINFYM1 (same low mineral fertilizer input as in ML plus 5 t fresh weight manure ha
189  every second year), MIN2 (high mineral fertilizepiit: 60 kg N hd yeaf', 10 kg P ha
190 yeaf, 36.5 kg K hd year') and MINFYM2 (same high mineral fertilizer inpus @ MIN2
191  plus 40 t fresh weight manure havery second year). Note that the actual manyretsn
192 have been kept constant since 1976, but variedrdodfoom 1960 to 1976, the treatment
193 MINFYM1 was receiving 5 t manure Hayear; the treatment MINFYM2 received 5 t
194 manure h3 year' from 1960 to 1963 and then 40 t manuré ear from 1963 to 1976).
195 Manure is incorporated just before sowing sorgh@onghum bicolor). Manure is produced
196 as a mix of cow excreta (faeces and urine) andvsstared outside in a pile during six
197  months before being brought to the field. The Nerahfertilizer is urea, with one half added
198 at sowing and the other half at stem elongatiowkiong. P and K mineral fertilizers are
199 added in water soluble forms. This paper focuseshenrotation sorghum cowpe#igna
200 unguiculata), which has been established in 1975, followingpeghum groundnutAfachis
201  hypogea) rotation. During the last few years before présere cultivars were Sariasso 14 for

202 sorghum and KVX-396-4-5-2D for cowpea. The entiial treceived 1.5 t haof lime in
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1978 and again in 1988 to limit acidification. Nmé was added since 1988. Plant residues
(straw) were systematically exported from the fidhl this study, we considered only the
replicates 1, 2, 3, and 4. Replicates 5 and 6 weteconsidered because of their strongly
degraded soil structure and regular water logging.

Element inputs (C, N and P) in the soil/plant systeere estimated in kg Haeaf* for the
period 1975-2010 as the sum of elements added byphwosynthesis (C), symbioticaN
fixation (N), seeds (C, N, P), organic and mindeatilizers (C, N, P), and dust and rainfall
(N and P). The outputs of N and P from the soitipystem in kg Hayeai* were estimated
as the sum of elements removed from the plot asréegb plant products (grain and straw)
and lost to water, atmosphere and deep soil haizéds C losses.g. through soil respiration
could not be quantified, C outputs were not assestbe difference between inputs and
outputs provided an estimate of the soil systengbuéor N and P (Oenema et al., 2003).
Details about these calculations as well as on awd plant analyses are presented in the
supplementary material. The detailed inputs outpuéspresented in Table S3 for the Saria

field experiment.
2.2. Results and Discussion
2.2.1. Elements inputs and budgets in Saria

Annual C inputs varied from less than 1 t'hear' to almost 9 t h year' (Table 2). They
were low in the CON, MIN1 and MIN2 treatments anghlest in the MINFYM2 treatment.
Roots were the main C input, except in MINFYM2, whéarmyard manure provided most
of the C input (Table S3). Annual N inputs varigdebfactor of 38, from about 10 kg N ha

in CON to 388 kg N hain MINFYM2. Finally, annual P inputs varied by acfor of almost
90; from 0.8 kg P h&in CON to 70 kg P hhin MINFYM2. Both N and P inputs were
dominated by manure and fertilizers applicationab{@ S3). As a consequence of these
widely varying inputs, the average C:N:P molaraatf inputs varied from 3280:33:1 in the
CON treatment to 330:12:1 in the MINFYM2 treatment.

The N budget was negative in all treatments, exaeg¥INFYM2. This was due to the
limited amount of N fixed from the atmosphere byvpea and to the high gaseous N losses
in the treatments receiving mineral fertilizers.eTlimited amount of N fixed by cowpea

observed in our study is in agreement with Bon20@) who reported that the proportion of
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N in the cowpea derived from the atmosphere (Ndfafa$ about 40% in the CON and
MIN1 treatments, yielding a total amount of N fixedrying from 17 to 60 kg N Hayeaf".

A negative P budget was observed in CON, whiletteximum budget was observed in
MINFYM2. However, the N and P budgets took onlyoirdccount limited N losses by
leaching and no P losses to water, whereas thesedamight have been significant in the
MINFYM2 treatment. The C, N and P inputs were digantly correlated with each other, C
inputs were correlated to the N and P budgetsNaadd P budgets were correlated with each
other (Table S4).

2.2.2. Relations between C, N and P inputs, N and P budgets and soill

properties in Saria

The treatments had significant effects on mosthef $tudied soil properties (Table 3).
Usually, MINFYM2 vyielded the highest values and CQihe lowest. Most of the soil

variables (except pH and microbial C) were lineagitively related to the C inputs (at least
p<0.05 for all regressions, Table S4). The samesoperties were related to the logarithm
of the N budgets and linearly related to the P ltsidat leasp<0.05 for all correlations).

The treatments also affected soil pH, with the lswealues observed in the treatments
receiving only mineral fertilizers and the higheast the treatments receiving manure.
Although the design of the trial does not allowfeliéntiating between the effects of P
addition and manure input, our results suggest tt@atcombined addition of manure and
mineral fertilizers is a driver for increased bi@agroduction and nutrient availability as
well as for buffering against acidification. Thassults strongly support the integrated soll

fertility management for tropical soils proposedanlauwe et al. (2010).

2.2.3. Relations between C, N and P inputs, N and P budgets and soil nutrient

ratios in Saria

The soil C:N ratio varied between 9.6 and 10.8 (@&). Similarly, the soil C:P ratio ranged
between 39.5 and 58.6, and the N:P ratio betwe@radd 5.6. The Cfratio was higher,
because of the low,Rconcentration, and varied between 181 and 396. biitle soil and
organic nutrient ratios were not related to theiant ratios of the inputs and they were not
related to the N and P budgets. The fact that tiNeFCratios of the bulk soil or the organic
soil pools were not related to the C:N:P ratiostloé inputs suggests that the interplay
between microbial degradation and element stakibzain the soil organic and mineral

9



264
265
266
267
268
269
270
271

272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

290

291

292

phases drives the C:N:P ratio of soil pools. Howege/en the limited ability of this soil to
store organic matter, linked to its mineralogy deatéd by quartz and kaolinite, its very low
aggregate stability in water (Dutartre et al., 19@8d the high air and thus soil temperatures
favouring high mineralization rates in the rainasen (Parton et al., 2015), organic matter
stabilization is probably minimal in this soil. Theéore the microbial processes control the
element ratios of the soil pools. The soil C:P &8 molar ratios of all treatments were
lower than the average values reported in Tabldithwcan also be explained by the limited

ability of this soil to retain C and N.

The Cmic:Nmic ratio was highly significantly affect by the treatment$<0.01), whereas
the treatment effects on the Cmic:Pmic and NmicdPatiios were almost significari<0.05
andp<0.06) (Table 3). This suggests that microorganibat a non-homeostatic behaviour
and that their nutrition was affected by the treatta. The microbial N:P ratios were lower
than the N:P ratios of inputs, but these two vaeshvere positively correlated which each
other <0.01; note that this relationship was still vadip<0.1 when the data point for CON
was removed) (Figure 1). Furthermore, the N:P satib soil microorganisms were almost
identical to those observed in the bulk soil in akatments except CON where the
Nmic:Pmic ratio was higher than the soil N:P rafi@able 3). This suggests that in the
absence of fresh residues, as was the case isttidy, microorganisms feed on substrate
with a N:P ratio that is ultimately controlled blyet inputs. The fact that the N:P ratio of
microorganisms is lower than that of the organiolpdN:R) suggests that microorganisms
are accessing both mineral and organic P poolsallFinthe high microbial N:P value
observed in the CON treatment compared to the datavn in Table 1 suggests that
microorganisms were P limited in this treatmentisThupports the hypothesis of a P
limitation of microorganisms in this treatment pospd by Traoré et al. (2015) based on
changes in microbial respiration and biomass prioludollowing C, N and P additions to

this soil in a short term incubation experiment.

3. The Wagga Wagga field experiment

3.1. Description of the Wagga Wagga field experimen t

10
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The long-term field experiment on crop rotatiortspble and tillage management in Wagga
Wagga, NSW, Australia (35° 7' S, 147° 21’ E), waarted in 1979 on a chromic Luvisol
(FAO et al., 1998) and terminated in 2005. The sleVeloped on a carbonated aeolian
material from the last ice age. The trial was s@daat an altitude of 220 m.a.s.l. and
experienced a climate with hot dry summers and watders. Mean annual rainfall was 570
mm, and mean annual temperature 15.9 °C. At thanbieg of the trial, the soil pH in 40

of the top 5 cm soil was 5.5 (Bunemann et al., B)0&nd the soil contained 29% clay, 15%
silt and 56% sand in the top 10 cm (Heenan and CI89®). Soil mineralogy was dominated
by quartz, kaolinite, illite and iron oxides (mgsthaematite) (Mark Conyers, personal
information). The experiment had a randomized blagsign with six blocks and 16
treatments, and a plot size of 4.3 m by 50 m (CGlrathHeenan, 1993). Three crop rotations
(wheat-wheat Triticum aestivum), wheat-lupin Kupinus angustifolius) and wheat-
subterranean cloverT(ifolium subterraneum)) were included in the original design, in
combination with different stubble and tillage mgement treatments. Each rotation phase
was present each year, with blocks 1, 3, and 5 seimwheat in 1979 and blocks 2, 4, and
6 in 1980. In treatments with stubble retentionpbte was slashed in summee,, between
late December and early March, while stubble buyynias done in April. Cultivations in
autumn were done either with offset disc harrows0tb0 m (mulched treatments) or a
scarifier to 0.10 m (treatments with cultivatiomhe only mineral fertilizer input was in form
of superphosphate (20 kg P hgear'), added yearly with the seeds at sowing to each cr
(including subterranean clover). The subterranelmvec was mown once or twice in
spring/early summer and left on the plots as mulébre details on the experimental design
can be found in publications from the trial addiegs.g. yields (Heenan et al., 1994;
Heenan et al., 2000), soil organic matter (Chaal.etLl992; Heenan et al., 1995; Heenan et
al., 2004) and soil pH changes (Heenan and Tay@95). For this study, the following
treatments were selected to cover the entire rafgmil organic C levels (Heenan et al.,
2004): wheat/lupin with mulch and cultivation (WL-8I), wheat/lupin with burning and
cultivation (WL-B-C), continuous wheat with burningnd cultivation (WW-B-C),
wheat/subterranean clover with mulching and diregdtiling (WS-M-D), and

wheat/subterranean clover with mulching and culiibra(WS-M-C).

The C, N and P inputs and N and P budgets werellasdc as described for the Saria field

experiment (see above), but also taking into acctrgrelated losses. The details of these
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calculations as well as of the soil analyses aesgnted in the supplementary material. As in
the Saria trial, it was difficult to estimate C ¢$@s during residue decomposition and due to
soil respiration. However, as changes in soil C ldntbncentrations had been measured and
modelled in the 0-10 cm between 1979 and 2000 (&leen al., 2004), we used the slope of
the linear changes of C and N stocks with timeH&g yeaf) in the different treatments as
proxies for the annual soil system budgets for @ Ah The detailed inputs outputs are

presented in Table S5 for the Wagga Wagga fieleenpent.
3.2. Results and Discussion
3.2.1. C, N, P inputs and budgets in the Wagga Wagg a trial

The estimated C inputs ranged between 5.4 andh@i yeaf*, with a maximum observed in
the WS-M-D treatment and a minimum in the WW-B-€atment (Table 4). The estimated N
inputs varied by a factor of almost 18, rangingasesmn about 7 kg N Hayear" in the WW-
B-C treatment and 129 kg N haear’ in the WS-M-D treatment. Most of these N inputs
came from symbiotic fixation. The estimated P iispwere identical in all treatments (20.6
kg P ha year'). As a consequence, the average C:N:P molar odtiaputs varied from
892:13.8:1 in the WS-M-D treatment to 673:0.73:the WW-B-C treatment.

The C budget derived from the data presented by&teet al. (2004) showed the strongest C
depletion in the WW-B-C treatment (-0.39 t C*hgear'), and the strongest C increase in the
WS-M-D treatment (almost 0.18 t C hgear') (Table 4). The N budgets of the different
treatments calculated in the present study foret&e soil profile were higher than those
derived from Heenan et al. (2004), except for thattment WW-B-C for which the N budget
estimated in this study was lower. Except for tieatment WW-B-C, the difference between
the two N budgets can be explained by the factiteginan et al (2004) considered only 0-10
cm whereas the budget in this study considerecemitiee soil profile and therefore included
N stored deeper than 10 cmg, in the form of roots). The higher C and N budgatshe
treatment WS-M-D were due topNixation, mulch retention and direct drilling, vidithe
lowest budget reported for WW-B-C was due to regaldtivation, absence of significant N
fixation and mulch burning. The P budgets were tpasias reported by Binemann et al.
(2006). The C and N budgets derived from Heenah. ¢2004) were significantly correlated
with each otherfg<0.05; Table S6) and both budgets were signifigacakrelated with the P
budget calculated in this study<0.05; Table S6).

12



356
357

358
359
360
361
362
363
364
365

366
367

368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385

3.2.2. Relations between C, N, P inputs and budgets  and soil properties in
Wagga Wagga

For most soil variables, highest values were oleskm the treatment WS-M-D, followed by
WS-M-C and then the other treatments (Table 5).t\dbshe soil variables, except total P,
resin P and microbial P, were related to the C nbludgets derived from Heenan et al.
(2004). The positive linear relationships obsenedween total C, total N, organic P,
dissolved N, microbial C, microbial N and the C batd{<0.05 in each case, Table S6) are
linked to the accumulation of organic matter (Buaemet al., 2008b). The increased total C,
total N, and organic P concentrations in WS-M-D prebably related to the improved

aggregate stability, porosity and infiltration ratampared to WW-B-C (Zhang et al., 2007).

3.2.3. Relations between C, N, P inputs and budgets  and soil nutrient ratios in

Wagga Wagga

The soil C:N ratio varied between 13.7 and 19.2,GhP ratio between 62 and 137, and the
N:P ratio between 3.2 and 10.0 (Table 5). The Gd#l ratios were lower than the C:P ratios
of the inputs in all treatments. Similarly, thel9¢iP ratios were lower than the N:P ratios in
inputs in all treatments except in the WW-B-C tneant where soil N:P was higher. This
means that the interplay between degradation admiligation drives the soil C:N:P ratios in
Wagga Wagga, similar to Saria. The C:P ratio ofitipaits was positively correlated to the C
budget derived from Heenan et al. (2004) while @hE ratio of the inputs was negatively
correlated to soil C:N and positively to soil Cdhd N:P ratiosg<0.05 in each case, Table
S6) (Figure 2). These variations reflect the faatmumulation of C compared to P, and the
importance of symbiotic Nfixation, leading to faster N accumulation complate C. The
soil C:P and N:P molar ratios of all treatmentshat Wagga Wagga site were lower than the
average values reported in Table 1, while the, @il N:B ratios were only slightly lower
than values reported by Kirkby et al. (2011) forsk&alian soils. The lower C:P and N:P
ratios might be explained by a relative accumutatid P in inorganic forms due to fertilizer
inputs and the presence of iron oxides, such am#iite, known to have a high sorption
capacity for phosphate (Wang et al., 2013). The @thd was also relatively high, especially
in the cropping systems in which mulch was burrtisTresult supports the suggestion by

Heenan et al. (2004) that burning results in higlénan C losses.
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The microbial ratios were not affected by the d#éfé treatments (Table 5). Furthermore, no
relationships were observed between the C:N, CdPNaR ratios of inputs and those of soll
microorganisms. This suggests that the microorgasig this soil have a homeostatic
behaviour. The microbial C:P and N:P ratios foundhe Wagga Wagga soils were higher
than the average values reported in Table 1. Giverhigh concentration in available P, we
assume that there was no P limitation for microi@wth in this soil. The fungi/bacteria

ratio of 0.09-0.14 in this soil (Bunemann et al080) suggests a high proportion of fungi
relative to its organic matter concentration (Fegatrd and Baath, 1996). Given the typically
high C:P ratios of fungi (Table 1), this might exipl the wide microbial C:P ratios in the

Wagga Wagga soils.

4. The DOK field experiment
4.1. Description of the field experiment

The DOK (bio-Dynamic, bio-Organic, Konventionelpnig-term field experiment on the
comparison of organic and conventional croppingesys was started in Therwil near Basel,
Switzerland (7° 33' E, 47° 30" N, 300 m.a.s.l.)1@78 and is still running (Mader et al.,
2006). The mean annual temperature of the site7i¥C9and the mean annual precipitation
791 mm (period 1864—-2007) (Leifeld et al., 200MeTBoil is a haplic Luvisol (FAO et al.,
1998), developed on an alluvial loess deposifiss 30 cm horizon has 15% sand, 70% silt,
and 15% clay. The clay fraction is dominated by cites illite and mica (Daniel Tessier,
personal communication). The experimental desigrthef DOK experiment, including a
detailed description of the management practicas,bdeen presented by Mader et al. (2002;
2006). In brief, the field experiment includes quom systems which differ mainly in
fertilization and plant protection strategies. Wadested the following treatments as they
cover the entire range of inputs: the non-fertdioentrol (NON) which received no fertilizer
input since 1978; the conventional control (MIN)thvexclusively mineral fertilizers since
1984 (from 1978 to 1984, this treatment did noenee any fertilizer); the bio-organic (ORG)
system receiving slightly aerobically rotted farmd/ananure and slurry; and the conventional
system (MINORG) with stacked farmyard manure andrglas well as mineral fertilizers as
supplement. The fertilized treatments MIN, ORG MIBIORG received nutrient forms and
amounts that are typical for the respective cropgiystem (Table S5). For ORG, the amount
14
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is defined since 1992 by the manure production.éflitestock units (LU), while it was 1.2
LU from 1978 till 1991. Nutrient amounts of the #entional treatments MIN and MINORG
are defined by the Swiss fertilization guidelinédigch et al., 2009 and earlier versions
thereof). In MINORG, the manure produced by 1.4 (12 LU from 1978 till 1991) is
supplemented with mineral fertilizers up to thealoscommended by the Swiss fertilization
guidelines. The slurries and farmyard manures maigi from farms that are managed

according to the respective production system @oganic and conventional).

The DOK experiment has a split-split-plot desigraihatin square with four replicates and a
plot size of 5 m x 20 m. The seven-year crop rotats the same for all cropping systems and
the same crop rotation is put in place on threatimt units (rotation units a, b and c) but
with a time shift, so that three of the seven craps present each year in each cropping
system. Since 1999, the crop rotation includegsilaaize Zea mays L.), winter wheat |
(Triticum aestivum L.), soybean Glycine max (L.) Merr.), potato $olanum tuberosum L.),
winter wheat I, and two years of grass-clover I[Byom 1992 to 1998, the rotation was
similar, but instead of a grain legume it includbcee years of grass-clover ley. During the
first two crop rotation periods, the DOK containddee years of cereals, one year of
potatoes, one year of vegetable crop, and two yadagesass-clover ley. Soil tillage is similar
in all treatments, with regular ploughing to a dept 18 to 20 cm before planting of crops.
Likewise, the same plant varieties are sown in migand conventional systems. In NON,
plant protection is according to the means allowebio-dynamic farming (bio-control, plant
extracts), while MIN and MINORG have an integrafgant protection including pesticides,
applied when infestation thresholds indicate a néedORG, plant protection is with the

means allowed in bio-organic farming.

The N and P inputs, outputs and budgets from thigplemt systems were assessed as
described in the other two field experiments. Th&ails of these calculations as well as of
the soil and plant analyses are presented in thplamentary material. The annual C inputs
were taken from Leifeld et al. (2009). As a prory the soil system C budgets, we used the
annual changes in C stocks in the 0-20 cm of tiledstermined for the different treatments

by Leifeld et al. (2009). The detailed inputs ouspare presented in Table S7 for the DOK

field experiment.
4.2. Results and Discussion
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4.2.1. C, N, P inputs and budgets in the DOK trial

The estimated C, N and P inputs were lowest for N&d highest for MINORG, with
MINORG receiving three times greater C and N inpagl more than 50 times greater P
inputs than NON (Table 6). This was due to minégillizer and/or manure P inputs in MIN,
ORG and MINORG, while symbiotic Nixation and N deposition made significant inptds

all treatments including NON (Table S7). Estimaterage annual inputs by symbiotig N
fixation ranged between 47 and 80 kg Ntlyaar and underlined the contribution of the two
to three years of legumes in a seven years laspiiagion. As a consequence of these inputs,
the average C:N:P molar ratio of inputs varied fr362:231:1 in NON to 118:13.3:1 in
MIN.

The changes in C stocks in the 0-20 cm horizonespbetween -0.42 and -0.18 t C'haar'

in the different treatments (Table 6; Leifeld et @009), but were not statistically different
from each other. The estimated N budgets were aésggative. The total N losses were
dominated by N export by crops. Assuming an antass of N from the NON treatment of
10 kg N h&d yeaf* to the atmosphere, water bodies and deep so#dnsiwe obtained total

N losses to the environment in the different treatta of the same order of magnitude than
found in previous Swiss studies (Spiess et al.120Qur estimates of the annual N budgets
were however more negative than those calculated Bosshard (2007) based on measured
changes in soil N stocks for the treatments MIN @RIG. This might be because some N
leached to deeper layers might have been takery gpops and thus been transferred back to
the topsoil. The P budgets were more differentiateth the only positive budget observed in
MINORG and the most negative in NON. The P budgetse similar to those shown by
Oehl et al. (2002) for the period 1978 - 1998 apdbller et al. (2012) for the period 1978 -
2007. Based on these P budgets, Oehl et al. (2@pa)ted P transfers between horizons but
no significant losses from the profile beyond 50aepth.

4.2.2. Relation between C, N, P inputs and budgets  and soil properties in the
DOK

The treatments significantly affected the totalNCand P concentrations, available P and
microbial P in the soil (Table 7). When statistichffferences could be observed between
treatments, the lowest values were always foundthm treatment NON, while little
differences occurred among the fertilized treatmefiotal soil C, total soil N and soil
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organic P were related to the C budget derived ftaifield et al. (2009)[@<0.05 in each
case, Table S8). The P budget calculated in thidysivas significantly related to soil total P
as well as total inorganic B<0.05 in each case, Table S8). These results uneete
importance of the C budget for the storage of argantrients and the importance of the P
budget for P storage in inorganic forms. The deswda soil organic matter concentration
over time reported by Leifeld et al. (2009) is mbly related to the low aggregate stability of
this soil, limiting the ability of the soil to phigslly protect organic matter, coupled with
frequent soil preparation operatiomsy. for weed control (Siegrist et al., 1998; Bosshetrd
al., 2008).

4.2.3. Relations between C, N, P inputs and budgets  and soil nutrient ratios in
the DOK

Total and organic soil nutrient ratios did not istatally differ between treatments. The bulk
soil nutrient ratios (C:P, N:P) were lower than tngrient ratios observed in the inputs.
Furthermore the total and organic nutrients ratiosoil were not related to the nutrient ratios
in inputs. The only significant regression was obseé between the C budget and the soill
C:P, ratio (Figure 3) [(<0.05). Altogether this shows again that the irrpbetween
degradation and stabilization controls the chargfesutrient ratios from the inputs to the
soil. The soil C:P, N:P, CiRand N:RB molar ratios of all treatments of the DOK trial ree
much lower than the average values reported ineTablThis can be explained by a relative
accumulation of P and depletion of C and N frors #oil, which is related to the fact that the
soil has been fertilized regularly with P and titais not able to physically protect soil

organic matter due to its high silt proportion andhe regular soil preparation operations.

The microbial C:N ratio was not affected by theatneents, whereas the microbial C:P and
N:P ratios were higher in NON and similar in alhet treatments. The microbial C:P and N:P
ratios found in the DOK trial were lower than theeeage ratios shown in Table 1. These low
values can be explained by the abundance of alaiRn the fertilized treatments and/or by
C and/or N limitations, as this soil is dominatgddacteria (Esperschiitz et al., 2007) and C
and N limited bacteria have low element ratios (éret al., 2002).

17



508
509

510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529

530
531
532
533
534
535
536
537
538
539

5. Importance of inputs versus soil properties in d etermining soil C:N:P

ratios

The analysis of the three field experiments shothed very contrasting inputs over decades
had limited impacts on bulk soil, organic and mimab C:N:P ratios, whereas these inputs
strongly modified the C, N and P concentrationsait pools. Therefore, the question arises
what controls the C:N:P ratios in these soils? &ibhnd N concentrations were highly
correlated with each other (Figure 4a), but eadhsbowed a specific relationship. Although
the slopes of these regressions were similar,rttezdepts were different. The relationships
between N and falso showed soil-specific trajectories (Figure, 4jt both the slopes and
the intercepts of the equations differed amongs&iimilar observations can be made for the
relationships total C vs,ATables S4, S6 and S8) and Nmic vs Pmic (FigureThgse
specific trajectories suggest that soil propertiage a determining influence on soil organic
and microbial nutrient ratios. Indeed these ressittsw that a change in management will
lead to changes in organic and microbial C, N, Bndoncentrations along the regression
models determined for each soil. It is interestmgpote that in Figure 5, the treatment NON
from the DOK trial is located close to the treatm®&iNFYM2 of the Saria trial. This
suggests that only extreme treatments (no fertiinasince 30 years in the DOK or massive
fertilizer inputs in Saria) can significantly aftemicrobial nutrient ratios. The number of
soils studied here is too limited for a full stitial assessment, but the soil properties that
seem to control organic matter and P accumulatiertygpe and content of clay minerals and
oxides, soil structural stability (Frossard et &000; Six et al., 2006) as well as the soil

microbial community (Mouginot et al., 2014).

Can the changes in soil nutrient ratios as affettgdnanagement seen in this paper be
explained by the use of different methods for smilyses? While the same methods were
used to measure total C and N, microbial C andeNinrP, microbial P in each trial, solil
organic P was measured after an extraction withiHN&DTA (Bowman and Moir, 1993) in
the Saria samples while using the Saunders andawig! method in the Wagga Wagga and
the DOK samples (Saunders and Williams, 1955) (eupgntary material). This choice was
due to the fact that the Saunders and Williams’hoetgave extremely low values in the
Saria samples (supplementary material). In thessmilthe two other trials, the opposite
results were obtained, as the Saunders and Williaraghod provided larger estimates of soil
organic P than the NaOH-EDTA (BUnemann et al., 26@8ler et al., 2012). For this work,
18
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we chose to present the respective largest essnmditeoil organic P. Although the use of
NaOH-EDTA extractable Po instead of the Saundeds\&iiliams estimate of Po changed
the C:Po and N:Po ratios in the Wagga Wagga and®K trials, these changes did not
change any of the conclusions presented in thisrpap

6. Applicability of ecological stoichiometry to cro pped soils

Can ecological stoichiometry help to better underdtthe functioning of cropped soils? Our
analysis showed that the study of the C:N:P rgtrewide information on how inputs affect
soil organic matter and microbial biomass compositand how soil type and clay
mineralogy affect the stabilization of organic meattand phosphate. Nevertheless, the
applicability of ecological stoichiometry to crogpsoils remains limited by the difficulty of
precisely assessing C, N and P inputs and budgg&dalevel in the long-term.

Metabolites resulting from the degradation of addeghnic fertilizers and plant residues can
be sorbed onto mineral surfaces and/or can beddapgthin aggregates of different sizes
(Six et al., 2004; von Lutzow et al., 2006; Nespeal., 2015). Similarly, a variable fraction
of mineral P added to soil can be sorbed on swsfacé&rapped within aggregates (Sinaj et al.,
1997). This stabilization can be long lasting orsbirt duration, depending on the soil
environment and management (Schmidt et al., 2@t this stabilization can concern single
elements (such as P in phosphate ions, or C im@gamolecules containing 2 elements (C
and N as in proteins or C and P asnmo-inositol hexakisphosphate) or compounds
containing all three elements (as in microbial tanp products) (Ognalaga et al., 1994;
Schmidt et al., 2011). In the absence of freshdtess, the ability of a soil to stabilize C, N
and P compounds controls also the availabilityheke elements to microorganisms (Cotrufo
et al., 2013) and finally microbial C:N:P ratio. i$twas well illustrated in the soils of the
field trials considered in the present study. la #oil with the lowest clay content (Saria),
which had a low sorption capacity since it was dwted by quartz and kaolinite, a weak
structural stability and very low nutrients congatibns, it was possible to see an effect of
the N:P ratio of inputs on the N:P ratios of thecrmorganisms and of the bulk soil. In
contrast, in the soil with the highest clay cont@Magga Wagga), which had illite and iron
oxides as sorbing surfaces, a good structurallgyaénd higher nutrients concentrations, no
relation could be seen between the stoichiomewimposition of the inputs and the soil
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571  pools. In this system, soil microorganisms werersity homeostatic and their wide C:P ratio
572 was attributed to a large fungal biomass. It isrdfee essential to consider element

573  stabilization in soil when applying ecological staometry principles to soil systems.

574  Ecological stoichiometry requires also proper infation on element inputs and budgets in
575 the ecosystem. In cropping systems, however atasallenge to obtain this information with
576  sufficient precision. In particular calculating @uts in cropped soils is a challenge not only
577 because there is little information on root systeing also because organic fertilizers and
578 yields can be very variable (seg. Table S1 showing the variability of manure composi

579 and Figure S1 showing yield variability for Sari@edto variable climatic conditions).
580 Calculating budgets to assess what is left inisalven more challenging, especially because
581 of the difficulty to assess C losses from residaed native organic mattee,g. through
582  respiration or through dissolved organic carborchésy (Hanson et al., 2000; Kalbitz et al.,
583  2000). Quantifying P and N budgets in agroecosyste&malso bound to a high level of
584  uncertainty (Keller and Schulin, 2003; Oenema gt24l03). Future studies on the ecological
585  stoichiometry of cropped soils should include veslsessed C, N and P inputs and budgets at
586 field level.

587
588 7. Conclusions

589  This is the first paper reporting the effect ofdeterm inputs on the C:N:P ratios of bulk saill,
590 and soil organic and microbial pools in croppedss@ur results confirm that the C:N:P ratio
591  of agricultural inputs and the C, N and P budgetgehimited impacts on the C:N:P ratio of
592  soil pools, while element inputs and budgets styaffect the concentrations of individual
593 elements. Depending on soil properties such asirexmineralogy, structural stability and
594  nutrient status, the N:P ratios of inputs and eftibtal soil pools can be mirrored in the N:P
595 ratio of the soil microbial biomass (low sorbingjtment poor soil) or not (high sorbing,
596  nutrient rich soil). We conclude that the studyGpfN and P ratios is important to understand
597 the functioning of cropped soils in the long-tefooy that it must be coupled with a precise
598 assessment of element inputs and budgets in thensyend a good understanding of the

599  ability of soils to stabilize C, N and P compounds.
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Our study can be seen as a first step towards amoagh integrating C, N and P cycling in
agroecosystems, since to our knowledge, no othely dtas analysed the effects of all C, N
and P inputs and budgets on total, organic andaiak C:N:P ratios in cropped soils. This
type of approach might gain momentum in the fuaset becomes evident that C, N and P
inputs and outputs from agricultural systems mestdnsidered jointly i) to provide tools to
increase - currently low - N and P use efficienggousek et al., 2009), ii) to understand
the effect of element losses on the pollution ofavdodies (Woodward et al., 2012), and iii)
to improve C sequestration (Fernandez-Martinezl.et2814; Richardson et al., 2014).
Ultimately, stoichiometric approaches should ala&et into account other elements, in
particular those having a strong impact on C, N Brngcling such as Mo, Fe and V which

are important co-factors for,Nixation in free-living bacteria (Bellenger et,&011).
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Table 1. Average C:N:P molar ratios in bulk saitél C, total N and total P, except

otherwise mentioned) and in soil microbial biomagsorted in selected studies.

Reference Number of Bulk soil Microbial
soils biomass
Cleveland and Liptzin (2007) 186 186:13:1 60:7:1
Xu et al. (2013) 3422 287:1741 46:6:1°
Hartman and Richardson (2013) 355 402:21:1 96:9:1
Griffiths et al. (2012) 36 219:18:1 36:5'1
Kirkby et al. (2011) 59 C:N:P, : 488:35:1° nd®
Kirkby et al. (2011) 527 C:N:P, ranged from nd

39:3:1 to 452:34:%
Mouginot et al. (2014) 45 (fund) 106:13:1

Mouginot et al. (2014) 42 (bacterfa) 72:16:1

! Cleveland and Liptzin (2007), Hartman and Richand§013) and Griffiths et al. (2012)
explicitly included conversion factors (0.45 foramubial C and microbial N and 0.40 for
microbial P) in their calculations for microbial ®,and P?Xu et al. (2013) considered soil
organic carbon and not total €.Xu et al. (2013) did not explicitly mention theeusf
conversion factors for the calculation of soil rotsial C, N and P concentratiofkirkby et
al.’s collection of Australian soilS.Kirkby et al. considered soil organic P and noaltdt.°
not determined’ Kirkby et al.’s collection of “international” soil§ Data were obtained on 45
strains of fungi and 42 strains of bacteria isaldtem grassland leaf litter and grown in the
laboratory on artificial media.
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Table 2. Average C, N and P in inputs and C:N:Pamitios in inputs, N and P outputs and soil systedgets (in kg hayeaf*) for soil/plant
systems subjected to different treatments in thld #xperiment at Saria, Burkina Faso, for thequeti975-2010.

Treatments CON' MINFYM1 MIN1 MINFYM 2 MIN2

Total inputs C 987 3607 1939 8914 2342
N 11.5 90.9 554 388 77.0
P 0.8 17.6 10.8 69.9 10.8
C:N:P molar ratio 3280:33:1 522:11:1  465:11:1 32t 561:16:1

Total outputs N 42.1 109 82.9 199 107
P 2.9 11.9 7.0 204 8.4

Soil system budget N -31 -18 -27 189 -30
P 2.1 5.7 3.8 49.4 24

1CON: no mineral or organic fertilizer input, MINFYM low application rates of mineral fertilizer acattle manure (37 kg N Hayear*, 10 kg

P ha' year, 11.6 kg K hd year' as mineral fertilizer plus 5 t manure hevery second year); MIN1 low application rate ohemal fertilizer

(37 kg N h& year', 10 kg P ha year, 11.6 kg K h& year'); MINFYM2: high application rates of mineral fdizier and cattle manure 60 kg N
ha' year', 10 kg P ha year', 36.5 kg K h# year' as mineral fertilizer plus 40 t manure‘hevery second year)); MIN2 high application rate of
mineral fertilizer (60 kg N Hayeaf*, 10 kg P ha year', 36.5 kg K h# year?).
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Table 3. Effects of different treatments on sel@&eail properties for the 0-10 cm horizon and oh@Gd\:P molar ratios at Saria, Burkina Faso.
Soil pH, total C and total N were reported in K{2812) for soils sampled in 2009, the other anaysere done on soils sampled in 2013.
Treatments CON  MINFYM1 MIN1 MINFYM2  MIN2 Statistics
SEM Treatment Effect

pH water 5.88 5.77 5.36 6.57 5.49 0.09 Pk
Total C C g kg 1.61 2.74 1.91 4.65 2.21 0.21 ok
Total N N mg kg 196 305 225 505 244 18.7 ok
Total P P mg kd 77.7 130 125 205 120 10.7 ok
Organic P Po mg kb 13.0 17.9 27.3 51.4 17.1 1.94 ok
Inorganic P Pi mg K 64.7 112 97.4 154 103 10.6 *
Dissolved N N mg kg 8.21 13.6 16.3 35.9 18.4 1.54 ok
Resin P P mg kY 2.03 13.8 10.6 29.3 7.74 1.38 R
Microbial C Cmic mg kg nd' 65.7 26.7 121 26.2 4.21 b
Microbial N Nmic mg kg 5.52 7.82 7.47 27.68 8.03 157 ok
Microbial P Pmic mg kg 0.91 3.78 4.50 14.4 3.06 1.27 ok

C:N 9.59 10.50 9.89 10.75 10.56 0.27 *
Molar ratio of total elements CP 53.7 54.7 39.5 58.6 47.4 4.00 *

N:P 5.60 5.21 4.00 5.45 4.48 0.33 *
Molar ratio of organic elements GP 320 396 181 234 333 21.9 *kk

N:P, 334 37.7 18.3 21.7 315 1.84 ok

Cmic:Nmic nd 9.81 4.17 5.10 3.81 0.90 **
Molar ratio of microbial CmicP:mic nd 44.9 153 217 222 888 ns (0.05)
elements

Nmic:Pmic 13.4 4.58 3.68 4.25 5.82  1.58 ns (0.06)

'nd: not determined: ns: not significantg>0.05), *p<0.05, ** p<0.01, *** p<0.001
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Table 4. Average C, N and P in inputs and C:N:Pamitios in inputs, N and P outputs and C, N asdiPsystem budgets for soil/plant
systems subjected to different treatments in tld xperiment at Wagga Wagga, Australia, for tega 1979-2000.

Treatments WL-M-C' WL-B-C WW-B-C WS-M-D WSM-C
Total inputs C t hayear’ 6.10 5.70 5.38 7.11 7.10
N kg ha'year 85.5 85.5 6.8 129 129
P kg h&d year 20.6 20.6 20.6 20.6 20.6
C:N:P molar ratio 764:9:1 713:9:1 673:0.7:1 89211 891:14:1
Total outputs N kg hayear" 91.1 114 90.1 54.8 53.3
P kg ha year* 8.2 10.0 9.3 6.0 5.8
Soil system budgets C kg ha' year" -199 -284 -389 185 9
N? kg ha'year* -29.0 -42.0 -51.0 9.0 -6.0
N kg ha'year* -5.56 -28.3 -83.3 74.0 75.5
P kg h&d year 12.4 10.6 11.3 14.6 14.8

1 WL-M-C: wheat/lupin rotation, mulch and cultivatipW/L-B-C: wheat/lupin rotation, burning and culition; WW-B-C: continuous wheat,
burning and cultivation; WS-M-Dwheat/subterranean clover rotation, mulch, direfircy; WS-M-C: wheat/subterranean clover rotation

mulch, cultivation?data derived from Heenan et al. (2004) for the @rhGsoil layer.
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Table 5: Effects of different treatments on selédeil properties for the 0-5cm horizon and on ®@.Niolar ratios in soil sampled in 2005 at

Wagga Wagga, Australia (all data are from Bunemnetrai., 2008b).

Treatments WL-M-C WL-B-C WW-B-C WSM-D WSM-C Statistics
SEM Treatment Effect
pH water 5.25 5.35 5.61 5.09 5.17 0.05 ik
Total C C g kg 13.9 12.1 115 28.9 17.0 1.07 ok
Total N N g kg* 0.97 0.77 0.70 2.47 1.37 0.12 ik
Total P P mg kg 435 427 477 546 447 12.8 ok
Organic P 5 mg kg* 134 118 126 191 150 5.51 rkk
Inorganic P P mg kg* 301 308 352 355 296 9.57 *
Dissolved N N mg kg 31.7 23.5 17.4 45.1 33.2 2.94 ik
Resin P P mg kY 35.7 42.3 43.4 38.9 35.7 2.64 ns
Microbial C Cmic mg kg 317 280 3001 508 404 29.8 **
Microbial N Nmic mg kg 27.4 24.4 28.9 51.8 40.7 4.37 **
Microbial P Pmic mg kg 4.00 5.08 6.75 10.92 7.58 1.42 *
Molar ratio of total elements C:N 16.8 185 19.2 3.7 145 0.69 ok
C.P 82.7 73.5 62.1 136.9 98.3 4.06 ok
N:P 492 3.98 3.24 10.00 6.78 0.44 ok
Molar ratio of organic elements GP 269 265 235 391 292 10.4 *kk
N:P, 16.0 14.3 12.3 28.6 20.1 1.11 ok
Molar ratio of microbial elements  Cmic:Nmic 13.5 134 12.1 114 11.6 0.68 ns
Cmic:Pmic 205 1427 115 120 137 29.9 ns
Nmic:Pmic 15.2 10.6 9.5 10.5 11.9 2.69 ns
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Table 6 Average C, N and P in inputs and C:N:P molar ratidaputs, N and P outputs and C, N and P sotkesydudgets for soil/plant

systems subjected to different treatments in th&Ei€ld experiment, Switzerland, for the period 892006.

Treatments NON* MIN ORG  MINORG
Total inputs c2 t ha—lyearl 0.96 1.41 2.40 2.81
N kg hatyear* 81.7 184 219 250
p kg ha year 0.78 30.8 27.8 41.8
C'N'P molar ratio 3162:231:1 118:13:1 223:17:1 174:13:1
Total outputs N kg ha' year! 154 266 269 323
p kg halyeafl 19.8 33.8 32.8 38.8
Soil system budgets c3 kg hatyear* -0.42 -0.31 -0.18 -0.19
N? kg halyear* nd® -29 -18 nd
N kg hatyear* -72.3 -81.6 -49.5 -72.5
p kg ha year -19.0 -3.02 -5.02 2.98

1 NON: no organic or mineral fertilizers applicatjdVIN only mineral fertilizer applications, ORG lgrorganic fertilizer applications,
MINORG application of both organic and mineral iezers; ? data from Leifeld et al. (2009)derived from data in Leifeld et al. (2009) for the
0-20 cm;* estimations based on data from Bosshard (260%); not determined.
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929  Table 7 Effects of treatments on selected soil @rigs of the 0-20 cm horizon and on C:N:P ratiothe 4" crop rotation in the DOK field
930 experiment, Switzerland. The soil pH, total C an@itN are from Oberson et al. (2013), the othéa dae unpublished.

Treatments NON MIN ORG MINORG Statistics
SEM Treatment Effect
pH water 5.79 6.61 6.43 6.30 0.08 ok
Total organic C C g kg 9.88 11.3 12.6 12.2 0.5 *
Total N N g kg* 1.37 1.44 1.64 1.56 0.09 *
Total P P mg kg 573 700 699 750 33 *
Organic P B mg kg* 351 383 419 403 19 ns
Inorganic P P mg kg* 222 317 279 346 20 **
Mineral N N mg kg 5.96 5.92 5.74 5.62 0.9 ns
Resin P P mg Ky 1.7 114 5.3 7.9 1.4 i
Microbial C Cmic mg kg 176 208 259 211 21 ns
Microbial N Nmic mg k&' 33.0 37.4 55.3 37.8 6.4 ns
Microbial P Pmic mg kg 18.8 31.7 36.5 33.3 2.7 *x
Molar ratio of total elements C:N 8.39 9.17 9.00 .1 0.17 ns
C:P 44.5 41.7 46.7 42.0 3.0 ns
N:P 5.3 4.5 5.2 4.6 0.5 ns
Molar ratio of organic elements GP 72.7 76.2 77.8 78.1 4.3 ns
N:P, 8.67 8.31 8.65 8.55 0.7 ns
Molar ratio of microbial elements Cmic:Nmic 6.20 6.48 5.46 6.52 0.6 ns
Cmic:Pmic 24.3 17.2 18.5 16.8 1.7 *
Nmic:Pmic 3.90 2.62 3.36 2.55 0.3 *
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932  Figure 1. Relationship between the molar N:P ratidbe inputs and the molar N:P ratios in the sodrobial biomass in the Saria field

933  experiment.
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936 Figure 2. Relationships 2a) between the C:P maléw m inputs and the soil C:N molar ratio and Bb)ween the C:P molar ratio in inputs and

937 the soil C:P molar ratio in the Wagga Wagga fetgeriment.
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941  Figure 3. Relation between the C budget and tHeCsorganic P molar ratio in the DOK field experime
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944  Figure 4. Relationships between soil C and soibNcentrations (4a) and between soil N and soilroog@ concentrations (4b) in the three field
945  experiment. Points in blue represent DOK, pointethrepresent Wagga Wagga, and points in greeasept Saria. All relations are

946  statistically significant ap <0.05.

947
948 da 4b
3.5 700
949 ® DOK y=0.10x+0.41 r2=092 @ DOK y=236.75x+33.29 r2=0096
3.0 B Wagga Wagga y=0.10x-043 r2=0.99 600 B Wagga Wagga y=3924x+9472 r2=098
950 | + Saria y=0.10x+0.03 r2=099 ) + Saria y=113.68x-7.84 r2=0.80
, '
2.5 .’ 500 4
7 _F‘”
o s 7 'E':
= . .
S 2.0 // £ 400
o
pa e ”
t_ﬂ Vi —
5 154 7 S 300 -
= [} E)
rd 7 o
1.0 4 /.’ 200 - JﬂH,fI”'
. r oy =
0.5 - 100 4 -
t"* g +
0.0 - T T T T T T 0 'J T T T T T
0 5 10 15 20 25 30 35 0.0 0.5 1.0 1.5 2.0 25 3.0
total C g/kg total N g/kg

42



951  Figure 5. Relationship between soil microbial N amdrobial P concentrations in the three field ekpents. Points in blue represent DOK,
952  points in red represent Wagga Wagga, and poirgsgen represent Saria. The relationships in SadaMagga Wagga are statistically
953  significant atp <0.05.
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