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Abstract

Cycling of nutrients, including nitrogen and phosphorus, is one of the ecosystem services we expect

agricultural soils to deliver. Nutrient cycling incorporates the reuse of agricultural, industrial and

municipal organic residues that, misleadingly, are often referred to as ‘wastes’. The present review

disentangles the processes underlying the cycling of nutrients to better understand which soil

properties determine the performance of that function. Four processes are identified (i) the capacity to

receive nutrients, (ii) the capacity to make and keep nutrients available to crops, (iii) the capacity to

support the uptake of nutrients by crops and (iv) the capacity to support their successful removal in

harvested crop. Soil properties matter but it is imperative that, as constituents of ‘soil quality’, they

should be evaluated in the context of management options and climate and not as ends in their own

right. The effect of a soil property may vary depending on the prevailing climatic and hydrologic

conditions and on other soil properties. We recognize that individual soil properties may be enhancing

one of the processes underlying the cycling of nutrients but simultaneously weakening others.

Competing demands on soil properties are even more obvious when considering other soil functions

such as primary production, purification and flow regulation of water, climate modification and

habitat provision, as shown by examples. Consequently, evaluations of soil properties and

management actions need to be site-specific, taking account of local aspects of their suitability and

potential challenges.
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Introduction

Human existence relies on diverse soil resources, and those

affecting nutrient cycles are particularly relevant (Amundson

et al., 2015). Limited natural availability of nitrogen (N) and

phosphorus (P) in agroecosystems has been tackled by

manufactured fertiliser inputs that are greatly dependent on

energy (N) or mining (P) (Bouwman et al., 2013; Bodirsky

et al., 2014). Anthropogenic activities dominate the global

cycle of N and P (Delgado & Scalenghe, 2008; Bouwman

et al., 2013). Losses of N and P from the systems, in which

we produce, process and consume crops, have a negative

effect on human health and the quality of ecosystems. In

addition, these systems contribute to a continuous depletion

of finite resources (Correll, 1998; Cordell et al., 2009;

Erisman et al., 2011; Withers et al., 2015).

In this study, we use the word ‘cycling’ to refer to the

circular movement of plant nutrients, particularly N and P,

from field soils to consumers and back again including.

Adoption of this concept of a circular economy can reduce

losses, rates of depletion (European Union, 2015) and

reliance on scarce resources (European Union, 2014).

Cycling includes the recovery and reuse of nutrients in

organic residues. However in Europe, large quantities of the

nutrients in livestock manures, sewage sludge and food chain

waste are not recovered for agricultural use, representing

over 40% of the amounts of N and P currently used in the

form of mineral fertilizers (Buckwell & Nadeu, 2016).

Despite the considerable scope for better utilization, losses of

nutrients are to some extent inevitable, in particular those

for reactive N (Bodirsky et al., 2014). The sustainability of

agricultural production therefore depends on regular use of
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supplements. This supplementation not only relates to inputs

of N via either biological fixation or mineral fertilizer

(Schr€oder, 2014) but also, where needed, to the application

of amendments, such as lime. Supplements can also be

instrumental in the optimal utilization of nutrients in

residues. For example, use of fertilizer N can reduce the soil

P surplus associated with the use of organic residues, when

supplementary N helps to meet crop requirements and

prevents nutrient deficiency, thereby leading to better growth

and resource use (Spiegel et al., 2010). Conversely, the

nutrients in organic residues themselves, including

micronutrients, can improve the utilization of mineral

fertilizer N (Graham, 2008; Schr€oder & S€orensen, 2011).

Cycling of nutrients relies on the quality of agricultural

soils, either directly through their capacity to receive

nutrients and to convert them into or keep them in forms

that are available to crops, or indirectly by governing the

productivity and harvestability of crops and thereby the

effective capture of nutrients from soils (Giller et al., 1997;

Karlen et al., 2001; Brussaard et al., 2007; Harris et al.,

2011; Keesstra et al., 2016). The National Resource

Conservation Service (NRCS) of the USA and the Soil

Science Society of America (SSSA) defined soil quality as

‘the capacity of a specific kind of soil to function within

natural or managed ecosystem boundaries, to sustain plant

and animal productivity, maintain or enhance water and air

quality, and support human health and habitation’

(Mausbach & Tugel, 1995; Karlen et al., 1997). The concept

of soil quality is regularly criticized for several reasons: (i) it

can be biased towards crop production, neglecting other soil

functions, (ii) it may be biased towards organic agriculture,

ignoring trade-offs in extensive forms of agriculture, (iii) the

comprehensive and compounded ratings (‘indices’) are not

always informative about required management actions, (iv)

‘more’ (i.e. a higher soil quality rating) is not always ‘better’,

(v) the interpretation of proposed indicators or their values

for function performance are not always clear and (vi) it

insufficiently acknowledges that ratings lose justification if

the appreciation of soil properties (‘S’) becomes too detached

from the environmental aspects (‘E’, i.e. climate, weather,

slope) and management options (‘M’), whereas it is the

S 9 E 9 M interaction that is critical for the eventual

function performance (Letey et al., 2003; Loveland & Webb,

2003; Sojka et al., 2003). In the context of sustainable food

production, Schulte et al. (2014) defined soil quality as the

capacity to sustain primary production, to purify and

regulate water, to reduce and regulate the emission of

greenhouse gases, to sustain biodiversity by providing

habitat and to support the cycling of nutrients. Their

concept has been further elaborated by Coyle et al. (2016)

and in the European Horizon 2020 project LANDMARK

(Schulte et al., 2015). Each of the five main soil functions,

defined by Schulte et al. (2014) and identified as ‘ecosystem

services’ (cf. CICES, 2013) interacts with the other four.

Listing and assessing separate functions acknowledges that

soils are multifunctional and helps to identify the underlying

determinants of each function and reveals trade-offs and

synergies, as opposed to a single endpoint, such as soil

quality, soil health or soil fertility. Schulte et al. (2015)

argued that in addition to other criticisms the NRCS/SSSA

definition also lacks the recognition that soil quality

requirements should not be seen outside the context of

societal demands for each soil function, demands which are

not fixed in time and space. These criticisms indicate the

need for a better practical application of the soil quality

concept that starts with an in-depth understanding of the

relationship between soil properties and each function. This

study takes nutrient cycling in agriculture as the point of

departure, disentangles the processes underlying effective

nutrient cycling, and attempts to identify how soil quality

and nutrient cycling are related and affect other functions.

Origin and fate of available nutrients

Figure 1 shows the generic response of a given crop in terms

of the assimilation of nutrients after their application to soil.

It can be helpful for understanding which soil properties

determine the recovery of nutrients from soils and the

complementary losses. Three features of this figure demand

attention: (i) the inability of a crop to recover nutrients

without at least some loss, (ii) the diminishing efficiency in

the use of nutrients at increased application rates and (iii)

the left-hand side of the figure. The latter refers to a part of

the response that remains hidden in field experiments; that

nutrients are harvested even from unfertilized control plots.

The intercept on the X-axis reflects the amount of nutrients

potentially taken up from, seemingly, free resources. These

resources can be deemed truly free if they originate from

natural processes such as weathering of soil particles, free-

living N fixing micro-organisms or N-compounds formed by

lightning. However, one cannot consider these nutrients free

and durable if they are provided by reserves that have been

built up, deliberately or not, through agricultural

management, or derived from crop residues, organic

manures or fertilizers applied in previous years (Schr€oder

et al., 2007). Nor are they free, if they are fixed from the air

by symbiotic N fixers (e.g. Rhizobium associated with

clovers) in return for photosynthesized carbohydrates, or if

they are simply available due to an excessive use of nutrients

outside the study area. Examples of the latter are ammonia-

N deposited in regions with a large livestock density (e.g.

Lekkerkerk, 1998) or the use of irrigation water containing

large concentrations of leached N (e.g. Shapiro, 1999). As

such, the value of the intercept is not informative about the

intrinsic ‘soil quality’ per se, as it may simply reflect the

amount of nutrients that have been applied outside the

spatial or temporal system boundaries.
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For a given crop type, the slope of the nutrient uptake

curve for the whole crop in Figure 1 is affected by the

fertilizer value (FV) of each separate nutrient input source,

by the crop recovery value (RV) of each nutrient input

source once it has become plant available and by the

harvest index (HI), which is the extent to which nutrients

that have been recovered by the crop and are eventually

allocated to harvested parts instead of crop residues. The

total amount of nutrients taken up by a crop (NU, kg/ha/

yr) then equals the sum–product of the nutrient input rates

(NI, kg/ha/yr), their input type-specific FV (kg/kg) and the

crop type-specific RV (kg/kg). The total amount of a

nutrients harvested (NH, kg/ha/yr) equals NU 9 the crop

type-specific HI (kg/kg). The total amount of nutrients that

is lost and/or invested in soil fertility (Nloss, kg/ha/yr)

equals NI – NH.

Note that FVs, RVs and HIs for a given crop may differ

across nutrient sources, due to their chemistry and their

sensitivities to E, M and, indeed, to S. Nutrient use

efficiency (NUE) is generally defined as the ratio of the

amount of recovered nutrients (Y-axis of Figure 1 minus

the intercept, i.e. those additionally recovered) to the

amount of applied nutrients (right-hand side of X-axis of

Figure 1, so excluding the intrinsically supplied nutrients).

Note that NUE decreases when increasing the nutrient

application rate, regardless of the soil type. The eventual

position and shape of the curve is, however, very much

climate-dependent and soil-specific. Without a thorough

analysis, it is therefore difficult to conclude whether an

observed difference in NUE between systems (e.g.

conventional versus organic) is merely the result of a

difference in the nature of nutrient sources or the

application rate and nutrient supplies built-up in the past

(i.e. M-related), weather-related (i.e. E-related) or the result

of truly soil-related differences in FV, RV and HI.

Before addressing the properties determining FV, RV and

HI, it must be emphasized that the capacity of a soil to cycle

nutrients must above all be judged on the basis of its

capacity to recycle the nutrients from organic residues, often

misleadingly referred to as ‘wastes’. These ‘wastes’ are an

inevitable by-product of the production, processing and

consumption of crops (Schr€oder, 2014). They can serve as a

resource for further agricultural production and include crop

residues, livestock manures, digestates, biosolids, slaughter

house wastes, and composts. In this case, the role of soil

quality needs to be evaluated from the perspective of

capability to recycle such residues.

Steps involved in nutrient cycling

The capacity of soil to cycle nutrients is a series of

consecutive steps. These steps are (i) the capacity of a soil to

receive and retain nutrients, the ‘accommodation value’

(AV), (ii) the capacity of a soil to make and to keep

nutrients available for crop uptake, that is to ascertain the

FV of the applied residue, (iii) the capacity of a soil to

facilitate the recovery of plant-available nutrients, the RV

and, finally, (iv) the capacity of a soil to support the

successful collection and export of produce containing a

portion, defined by the HI, of the nutrients acquired by the

crop to a subsequent processor or consumer. Obviously,

each step is not only affected by soil properties but also by

climatic conditions and management options, which

determine the impact of soil properties. In turn, soil
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Figure 1 The nutrient uptake response of a

crop (consult text for details).
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properties affect the impact of weather and may influence

the availability of management options.

Accommodation value

Residues rarely contain N and P, or any other nutrient, in

ratios that crops need to cover their nutrient demand. Many

residues have very low N-to-P ratios relative to crop

requirements, indicating that P will accumulate in the soil and

may eventually be lost to the environment, in situations where

N requirements are provided by residues alone (Schr€oder &

S€orensen, 2011). In general, nutrient cycling cannot be

considered sustainable if more nutrients are applied than the

amounts that crops can use according to their yield potential

in the particular environment. This also illustrates that

function performance is not merely determined by soil

properties. Several studies have indicated that yield potential

is dominated by climate conditions, regardless of soil

properties (Boogaard et al., 2013; T�oth et al., 2013; Zavattaro

et al., 2015). Obviously, climate impacts the nutrient cycling

potential in terms of the AV. Soil properties, such as organic

matter, texture and rooting depth, have a modifying effect on

the impact of climate. The use of organic residues may not

only be restricted by potential yields but also by the

concentration of contaminants in them, such as arsenic, heavy

metals, pharmaceutical residues, organic pollutants,

pathogenic microorganisms and phytotoxic compounds

(McGrath et al., 1994; Erhardt & Pruess, 2001; Motoyama

et al., 2011; Peyton et al., 2016). Soils differ in their capacity

to cope with these types of constraints, and therefore, soil

quality also affects this aspect of the AV. Consequently,

differences between soils in terms of this aspect of the AV are

reflected in regulations (Spinosa, 2001). Many organic residues

are relatively bulky and heavy due to their high water content.

In these cases, their application can be difficult if the

accessibility of a field is restricted by a lack of machinery

bearing capacity (Schulte et al., 2012). The AV of poorly

drained soils with shallow water tables may be reduced due to

their relatively low nutrient attenuation capacity in the surface

horizons. Soils may also have a relatively low AV where the

composition of the organic residue requires incorporation into

the soil to reduce the volatilization of ammonia-N, but where

soil properties, climate or management make this impractical.

This situation can exist where fields are stony, too steep, or

where they lack workability due to seasonal droughts. The

presence of soilborne organisms can have a positive effect on

AV of soils via improved drainage or decontamination.

Figure 2 gives an overview of attributes underlying the AV.

Fertilizer value

Nutrients in organic residues are generally partly present in

an organic form and therefore need to undergo

mineralization before plant roots can take up the nutrients.

However, the mineralization dynamics do not always match

crop demand, and this may contribute to losses. The

inherent composition of residues can also stimulate loss

processes such as the denitrification of nitrate-N and the

volatilization of ammonia-N. Denitrification is stimulated in

the presence of reactive carbon, including carbon in the

residues themselves, and a small oxygen concentration in the

soil (Heinen, 2006). Ammonia losses are most likely where

alkaline residues are applied, such as digestates or human

and livestock urine (e.g. Huijsmans et al., 2016). The

capacity of soils to retain nutrients is also a crucial factor

affecting the FV of residues and fertilizers. This retention is

related to Fe, Al and Ca compounds in the case of organic

and inorganic P and to the cation exchange capacity in the

case of ammonium or potassium (K). Retention involves

reduced losses to water and air but may on the other hand

diminish the availability to crops.

As a consequence of the above processes, the FV of

organic residues is, at least initially, smaller and more

variable than that of industrially manufactured mineral

fertilizers. The eventual FV depends on the ratio and nature

of mineral and organic constituents (Schr€oder, 2005; Bhogal

et al., 2015), on the method used for residue application

(affecting the risks of ammonium and nitrate losses (e.g.

Huijsmans et al., 2016)), on the climate-dependent length of

the growing season (determining the extent to which

mineralization patterns lag behind the crop uptake patterns),

on weather conditions and on the application history

(Schr€oder et al., 2007). That history determines to which

extent farmers should account for the accumulated residual

effects of applications in preceding years. Soil properties play

an important role in many of the above processes. Texture,

organic matter content and other factors determining the

hydrology of the field and affect mineralization via the

effects of soil moisture and temperature on microbial activity

(Yue Li et al., 2014). In addition, clay content and pore size

distribution play a role in the protection of organic matter

against microbial degradation (Hassink et al., 1993; Lehtinen

et al., 2014; McDonald et al., 2014).

Extreme pH values, related to acidity or sodicity, and

shallow water tables (limiting oxygen transport) can hamper

the decomposition of organic material by soil organisms,

which leads to increased nutrient storage in organic matter,

wet peat soils being a typical example. It is obvious that the

presence of soil organisms interferes with nutrient cycling and

can help crops to better recover nutrients. Conversely, it has

also been shown that there can be competition for nutrients

between soil organisms and crops (Kuzyakoc & Xu, 2013) and

that the recovery of nutrients from organic residues can be

increased by suppressing rather than by stimulating specific

groups of soil organisms, such as urea hydrolysers or

ammonium nitrifiers (Edmeades, 2004; Ruser & Schulz, 2015).

Stimulating soil biota may carry a price. First of all, soil

organisms need to be fed if they are to be sustained,
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Soil Texture
Infiltration capacity
Air filled porosity
Continuity of pores
Soil organic matter
Cation Exchange Capacity
Soil depth
Rooting depth
Ground water depth
pH
Carbon to N ratio of native soil organic matter
Biological activity
Rhizospheric biota, including mycorrhiza
Share of easily degradable carbon compounds in native soil organic matter
Bulk density
Presence of Fe/Al/Ca
Salinity
Sodicity

Environment Precipitation
Temperature
Solar radiation
Frost free days
Wind speed

Management Artificial drainage
Availability of low-wheel pressure equipment
crop type-specific carrying capacity
Irrigation
Mulching
crop type-specific nutrient concentration
N to P ratio of residue
Contaminant concentration of residue
Application rate of residue
Tillage intensity
Ammonium share of residue
Acidification of residue
Appropriate supplementation with limiting nutrients (e.g. N, micro-nutrients)
Liming
crop type-specific extent to which soil surface is covered by canopy or mulch
Carbon to N ratio of residue
Anaerobic digestion of residue
Use of nitrification inhibitor
Share of grassland in total land use
Water content of residue
Availability of equipment to incorporate residue
Exent to which crop allows incorporation of residue
Manuring history
Timing and positioning of residue
Crop (geno)type
Plant distribution (row width)
Share of cereals in total land use
Share of row crops in total land use
Pest control
Share of residues that is left in the field
Extent to which grassland is grazed instead of cut

Figure 2 Attributes underlying the soil capacity to receive nutrients in the form of residues (AV), their fertilizer value (FV), the recovery of the

plant-available nutrients by crops (RV) and the harvest index of nutrients recovered by crops (HI.)
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implying that a part of the crop or growing season, which

could have been dedicated to outputs for human use, needs

to be sacrificed. Moreover, if soil biota has to be protected

at any price, practices with a proven contribution to the FV

of residues, such as the injection of livestock slurries, would

have to be reconsidered (Huijsmans et al., 2016). In

conclusion, successful nutrient cycling has no simple

proportional positive relationship with the presence of soil

biota or mineralization. We will elaborate on this below.

Figure 2 gives an overview of attributes underlying FV.

Recovery value

Reports on nutrient recoveries often refer to the fraction of

applied nutrients that is harvested in addition to the amount

harvested in a crop that has not received fertilizer (e.g.

Schr€oder, 2005). This definition of recovery equates to the

product of FV, RV and HI. Rather than how we defined it

previously, in this approach RV simply pertains to the

capacity of a crop to recover the nutrients that have become

available as a consequence of the FV of the residue. From

our concept, RV is a function of crop properties (root length

density distributions and mobilization mechanisms of roots

in time and space), the vertical and horizontal positioning of

nutrients in the soil (De Willigen & Van Noordwijk, 1987;

Lynch, 2007; Schr€oder et al., 2015) and soil-related factors

affecting the RV. These soil-related factors are basically the

same as those governing the accessibility and workability of

a field (see section on Accommodation Value) as they may

determine the time lag between suitable spreading windows

(e.g. on stubbles of preceding crops in late summer) and the

establishment of a vigorously growing crop with large

nutrient requirements (e.g. in the subsequent spring), and the

accessibility of the pedon by plant roots, with or without

cooperation with rhizosphere microorganisms. Implications

of the accessibility of a pedon were demonstrated by

Johnston & Dawson (2010), who showed that the soil

structure mediated by organic matter rather than the

material itself that improves the availability of P to crops

and reduces the need for fertilizer P. Douglas & Crawford

(1998) demonstrated how soil compaction of grassland

negatively affects the recovery of intrinsically available and

applied N. Likewise, change of soil pH also affects the RV

together with other soil properties (B�akonyi et al., 2010).

Figure 2 gives an overview of attributes underlying RVs.

Harvest index

Nutrient cycling is not assured only by the effective AV and

the uptake of nutrients in crops (FV and RV); it also

requires effective harvesting and export of crops and their

nutrient content for subsequent use by processors or

consumers within and beyond a farm. A proportion of the

nutrients ends up in non-harvested plant residues, whereas

the amount of nutrients recovered in harvested products is a

function of the HI. The major soil-related factor is the

accessibility of a field around the time that the crop is ready

for harvest. This is mainly determined by drainage and

water-holding characteristics in interaction with climate and

weather conditions (Schulte et al., 2012). Note that the

harvest index can be zero or small despite excellent

accessibility to fields if a fraction of the crop is not removed

owing to poor pest management or a deliberate decision to

leave the whole production or residues unharvested.

Relevant attributes are listed in Figure 2.

Biological N fixation and weathering

The demand for nutrients from finite resources is not merely

determined by minimization of losses through efficient

cycling of nutrients, as addressed in the preceding sections,

but also by benefitting as much as possible from the intrinsic

capability of the soil to make nutrients available to plants,

that is nutrients derived from biological N fixation and

weathering. Soil-related aspects affect, inter alia, the eventual

availability of nutrients. Biological N fixation mainly occurs

via the symbiosis of Rhizobium and leguminous crops. The

presence of sufficient micronutrients is important for the

efficacy of that symbiosis (Weisany et al., 2013) as does the

presence of crop-specific Rhizobium strains (e.g. Keyser &

Li, 1992; Ledgard & Steele, 1992). Under N-fixing

conditions, N remains available for non-N-fixing plants,

either slowly by decomposition of senescing leguminous

crops, by decomposition after their mechanical destruction

(‘green manuring’), or after ingestion and subsequent

digestion and excretion by livestock. The eventual transfer of

that N into harvestable material (RV 9 HI) is influenced by

the same factors as those governing the transfer of N from

residues. The availability of nutrients from weathering is, as

far as the soil-related properties are concerned, primarily

determined by (i) the weathering process as related to parent

material and pH, water regime and biological activity, (ii)

the ability of the soil to store these released nutrients and

(iii) crop rooting depth (Figure 2).

Synergies and trade-offs between soil functions

Soil properties or management decisions with a positive

effect on a specific function may enhance other functions

(‘synergies’) or reduce them (‘trade-offs’) (Power, 2010). One

of the most obvious examples of a conflict between soil

functions is the demand for the production of fresh water

with a low concentration of nutrients, which is probably best

served by set-aside land, and the demand for nutrient cycling

through fertilized and transpiring crops which have received

fertilizer applications. Figure 3a and b give more examples

of synergies and trade-offs between nutrient cycling and
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other soil functions. As far as management decisions are

concerned, not removing cereal straw, for instance, provides

a substrate for soil organisms (Fraser & Piercy, 1998),

contributes to short-term sequestration of carbon, increases

the water retention capacity of soils (Hudson, 1994) and may

support primary production by soil organic matter (SOM)-

induced disease suppression (Stone et al., 2004). At the same

time, however, it slightly reduces the total amount of

nutrients harvested and, hence, their potential for nutrient

cycling according to the present definition. Tillage often

increases yield and thus the amount of nutrients harvested

(Palma et al., 1997; Rasmussen, 1999; Alvarez & Steinbach,

2009; Giller et al., 2009). The positive effects of reduced or

no-till on biological and physical soil properties, including

the retention of plant-available water (e.g. Spiegel et al.,

2007; Hobbs et al., 2008; Lehtinen et al., 2014), is apparently

not always reflected in increased yields and shows that what

is beneficial for one soil function is not necessarily beneficial

for all functions. As far as soil properties are concerned,

well-drained light textured soils have a high potential for

nutrient cycling in Atlantic climatic conditions. They allow

field traffic all year round, allow incorporation of residues,

are conducive to rapid mineralization and have relatively

small denitrification losses. They also facilitate deep rooting

and thus avoid nutrients moving beyond reach, provided

that suitable crops are grown. In addition, their infiltration

capacity can contribute to the recharge of groundwater and

its purification via increased residence times compared to soil

types that are conducive to surface run-off (Rivett et al.,

2008). However, the same kind of soils may have a smaller

carbon sequestration potential due to ample aeration and

limited protection of SOM, are less able to buffer nutrients

and water, less able to decrease the bioavailability of

contaminants and less productive under dry conditions due

to their smaller water retention capacity (Coyle et al., 2016).

As for biodiversity, there are as many dilemmas. Soil

quality, soil health and soil life are often presented as a

trinity (e.g. Doran & Zeiss, 2000; Brussaard et al., 2007;

Kibblewhite et al., 2008), and, indeed, the presence of soil

biota is instrumental in nutrient cycling (e.g. Caldwell, 2005;

Coleman, 2008). Mineralization of organically bound

nutrients would be limited without the support of soil biota;

that is, FV of residues would be greatly reduced. Moreover,

rhizospheric microorganisms can have a demonstrable effect

on the size and effectiveness of roots and thus increase the

RV of plant-available nutrients (Lynch, 2007). Due to their

effects on soil structure and the consequential drainage

capacity (Bronick & Lal, 2005; Blouin et al., 2013), soil biota

may also affect the suitability of fields to accommodate the

reception of residues (AV). Laboratory experiments have

PRIMARY
PRODUCTION

PRIMARY
PRODUCTION

– –

––

CLIMATE REGULATION &
CARBON SEQUESTRATION

CLIMATE REGULATION &
CARBON SEQUESTRATION

WATER REGULATION &
PURIFICATION

WATER REGULATION &
PURIFICATION

+ +

++

-More primary production
due to inputs of nutrients

-More resilience by input of SOM

-Less run-off of nutrients once
fields are drained for the benefit of
nutrient cycling

-Less denitrification once fields
are drained for the benefit of
nutrient cycling

-Use of nutrients as such!

-Less habitat provision when crop
residues are removed for
the benefit of the harvest index, or
soils are tilled for the benefit of
the fertilizer value

-More soil biota due to the
input of organic matter

HABITAT PROVISION

HABITAT PROVISION

NUTRIENT CYCLING & PROVISION

NUTRIENT CYCLING & PROVISION

-More crop residues and hence
SOM due to nutrient application

-Reduced N
2
O emission once fields

are drained for the benefit of
nutrient cycling

-Reduced primary production
when application rates aim at
high recoveries

-Increased SOM turnover
due to N, incorporation, liming

-Crop residue removal for
the benefit of the harvest index

(a)

(b)

Figure 3 (a) Examples of situations where

conditions or measures with a positive effect

on nutrient cycling are supportive of the

other four major soil functions. (b)

Examples of situations where conditions or

measures with a positive effect on nutrient

cycling have a trade-off in terms of the other

four major soil functions.

© 2016 The Authors. Soil Use and Management published by John Wiley & Sons Ltd on behalf of British Society of Soil Science.,

Soil Use and Management

Role of soil quality in nutrient cycling 7



further shown reduced mineralization rates when specific

groups of soil biota were deliberately removed (Griffiths

et al., 2000; Wagg et al., 2014). Field experiments have

demonstrated an intricate interaction between specific types

of residues and the kind of soil biota required for their

decomposition (Rashid et al., 2013) or yield depressions in

leguminous crops if the appropriate Rhizobium strain is

lacking (Keyser & Li, 1992).

Giller et al. (1997) posed the question of which and how

much soil biota is truly needed for nutrient cycling. This

question is legitimate as the actions required to maintain soil

biota in terms of diversity and abundance, carry a price,

either because of the cost of the actions themselves or

because of yield penalties. Tillage operations can have a

negative effect on earthworm populations but, depending on

the environment, crop yields can benefit from the positive

effect of tillage on the accessibility of a soil to roots, on weed

control and on the conservation of ammonium-N in

manures. Likewise, refraining from pesticide use will

undoubtedly have a positive effect on the on-farm

biodiversity including soil organisms, but there is convincing

evidence that it carries a price in terms of nutrient use

efficiency, productivity and thus land consumption and off-

farm biodiversity (De Ponti et al., 2012; Grau et al., 2013). It

is evident that the use of pesticides can undermine the

inherent capacity of soils to suppress pests and diseases.

However, in general, there are no indications that the

collateral damage to soil biota hampers the decomposition of

organic residues in a significant way. Although some species

have a key role in determining soil processes, soil organisms

generally show strong functional redundancy (Set€al€a et al.,

2005). Giller et al. (1997) acknowledge that these

‘unemployed’ organisms probably play a role in the resilience

of production systems to perturbations. However, without

more evidence of a broad applicability of this utility across

many environments, there is as yet no reason to refrain from

every activity that may potentially be harmful to soil biota.

The generally observed positive relationships between the

abundance of soil biota, N mineralization and crop yield are

sometimes interpreted as an indication for a causal positive

relationship between soil biota and yield, implying that soil

organisms need to be cherished for the sake of yield

formation. The enhanced mineralization is not necessarily the

result of promoting soil biota, however. Instead, both

mineralization and abundance of soil biota may simply be the

consequence of improved conditions for microbial activity

such as rewetting a soil after droughts (L�opez-Bellido &

L�opez-Bellido, 2001) or resulting from greater inputs of

organic matter, that is a substrate for soil biota. In line with

this, a long-term experiment comparing conventional and

organic cropping systems, differing in terms of soil organic

matter inputs, has indicated that the recovery of both organic

N and mineral N by crops is not significantly affected by the

abundance of soil biota (Langmeier et al., 2002; Bosshard

et al., 2009). Differences in mineralization rate are hence not

per se indicative of the capacity of soils to sustain the FV or

RV, let alone ‘the soil quality’, if differences between systems

in terms of weather or of earlier organic material inputs

cannot be excluded. Attribution of ecosystem service credits

to systems with greater mineralization (e.g. Sandhu et al.,

2015) becomes questionable.

Concluding remarks

Soil quality has no constant and ubiquitously applicable

value for the function of nutrient cycling and even less so in

view of other soil functions. This results, first of all, from the

trade-offs between the ecosystem services that soils are

expected to deliver and from interactions of soil properties

with climatological conditions and management options. The

same soil property can simultaneously strengthen and weaken

the performance of one or more functions. Consequently,

assessments of soil properties and recommended management

actions will likely need to be site-specific, bearing in mind

that the plasticity of the supply of functions and the demand

for them, differ from one place to another.

Acknowledgements

This study was conducted as part of the LANDMARK

(LAND Management: Assessment, Research, Knowledge

Base) project. LANDMARK has received funding from the

European Union’s Horizon 2020 research and innovation

programme under grant agreement No 635201.

References

Alvarez, R. & Steinbach, H.S. 2009. A review of the effects of tillage

systems on the physical properties, water content, nitrate

availability and crop yield in the Argentine pampas. Soil and

Tillage Research, 104, 1–15.

Amundson, R., Asefaw Berhe, A., Hopmans, J.W., Olson, C.,

Sztein, A.E. & Sparks, D.L. 2015. Soil and human security in the

21st century. Science, 348, 1261071.

B�akonyi, N., Gajdos, E., T�oth, B., Marozs�an, M., Sz, K., Sz, V. &

L�evai, L. 2010. The role of pH in the evolution of latent nutrient

deficiency in maize and cucumber seedlings. Crop Production

(Novenytermeles), 59, 5–23.

Bhogal, A., Williams, J., Nicholson, F., Chadwick, D., Chambers,

K. & Chambers, B.J. 2015. Mineralisation of organic nitrogen

from farm manure applications. Soil Use Manage, 32 (Suppl 1),

32–43.

Blouin, M., Hodson, M.E., Delgado, A., Baker, G., Brussaard, L.,

Butt, K.R., Dai, J., Dendooven, L., Peres, G., Tondoh, J.E.,

Cluzeau, D. & Brun, J.J. 2013. A review of earthworm impact on

soil function and ecosystem services. European Journal of Soil

Science, 64, 161–182.

© 2016 The Authors. Soil Use and Management published by John Wiley & Sons Ltd on behalf of British Society of Soil Science.,

Soil Use and Management

8 J.J. Schr€oder et al.



Bodirsky, B.L., Popp, A., Lotze-Campen, H., Dietrich, J.P.,

Rolinski, S., Weindl, I., Schmitz, C., Mueller, C., Bonsch, M.,

Humpenoeder, F., Biewald, A. & Stevanovic, M. 2014. Reactive

nitrogen requirements to feed the world in 2050 and potential to

mitigate nitrogen pollution. Nature Communications, 5, 3858.

Boogaard, H., Wolf, J., Supit, I., Niemeyer, S. & Van Ittersum,

M.K. 2013. A regional implementation of WOFOST for

calculating yield gaps of autumn-sown wheat acroos European

Union. Field Crops Research, 143, 130–142.

Bosshard, C., Sørensen, P., Frossard, E., Dubois, D., M€ader, P.,

Nanzer, S. & Oberson, A. 2009. Nitrogen use efficiency of animal

manure and mineral fertiliser applied to long-term organic and

conventional cropping systems. Nutrient Cycling in Agroecosystems,

83, 271–287.

Bouwman, L., Goldewijk, K.K., Van der Hoek, K.W., Beusen,

A.H., Van Vuuren, D.P., Willems, J., Rufino, M.C. & Stehfest, E.

2013. Exploring global changes in nitrogen and phosphorus cycles

in agriculture induced by livestock production over the 1900-2050

period. PNAS, 110, 20882–20887.

Bronick, C.J. & Lal, R. 2005. Soil structure and management: a

review. Geoderma, 124, 3–22.

Brussaard, L., de Ruiter, P.C. & Brown, G.G. 2007. Soil biodiversity

for agricultural sustainability. Agriculture, Ecosystems and

Environment, 121, 233–244.

Buckwell, A. & Nadeu, E. 2016. Nutrient recovery and reuse (NRR)

in European agriculture; a review of issues, opportunities and

actions. RISE foundation, Brussels, Belgium. 94pp.

Caldwell, B.A. 2005. Enzyme activities as a component of soil

biodiversity: a review. Pedobiologia, 49, 637–644.

CICES, 2013. Common International Classification of Ecosystem

Services (CICES): Consultation on Version 4, August-December

2012 In: EEA Framework Contract No EEA/IEA/09/003 (eds R.

Haines-Young & M. Potschin). Available at: www.cices.eu or

www.nottingham.ac.uk/cem

Coleman, D.C. 2008. From peds to paradoxes: linkages between soil

biota and their influences on ecological processes. Soil Biology &

Biochemistry, 40, 271–289.

Cordell, D., Drangert, J.O. & White, S. 2009. The story of

phosphorus: global food security and food for thought. Global

Environment Change, 19, 292–305.

Correll, D.L. 1998. The role of phosphorus in eutrophication of receiving

waters: a review. Journal of Environmental Quality, 27, 261–266.

Coyle, C., Creamer, R.E., Schulte, R.P.O., O’Sullivan, L. & Jordan,

P. 2016. A functional land management conceptual framework

under soil drainage and land use scenarios. Environmental Science

& Policy, 56, 39–48.

De Ponti, T., Rijk, B. & Van Ittersum, M.K. 2012. The crop yield

gap between organic an conventional agriculture. Agricultural

Systems, 108, 1–9.

De Willigen, P. & Van Noordwijk, M. 1987. Roots, plant

production and nutrient use efficiency. PhD Thesis Wageningen

Agricultural University, 282 pp.

Delgado, A. & Scalenghe, R. 2008. Aspects of phosphorus transfer

from soils in Europe. Journal of Plant Nutrition and Soil Science,

171, 552–575.

Doran, J.W. & Zeiss, M.R. 2000. Soil health and sustainability:

managing the biotic component of soil quality. Applied Soil

Ecology, 15, 3–11.

Douglas, J.T. & Crawford, C.E. 1998. Soil compaction effects on

utilization of nitrogen from livestock slurry applied to grassland.

Grass & Forage Science, 53, 31–40.

Edmeades, D.C. 2004. Nitrification and urease inhibitors: a review.

Technical Report 2004/22, Regional Council Waikato, Waikato,

New Zealand, 16pp.

Erhardt, W. & Pruess, A. 2001. Organic contaminants in sewage

sludge for agricultural use. European Commission/Joint Research

Centre, 73 pp.

Erisman, J.W., Van Grinsven, H., Grizzetti, B., Bouraoui, F.,

Powlson, D., Sutton, M.A., Bleeker, A. & Reis, S. 2011. The

European Nitrogen Problem in a Global Perspective. In: The

European Nitrogen Assessment (eds M.A. Sutton, C.M. Howard,

J.W. Erisman, G. Billen, A. Bleeker, P. Grennfelt, H. van

Grinsven & B. Grizzetti), pp. 9–31. Cambridge University Press,

Cambridge.

European Union 2014. Report on critical raw materials for the EU.

Directorate Enterprise, Brussels. 41pp.

European Union. 2015. Closing the loop - An EU action plan for

the Circular Economy. Available at: http://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:52015DC0614.

Fraser, P.M. & Piercy, J.E. 1998. The effects of cereal straw

management practices on lumbricid earthworm populations.

Applied Soil Ecology, 9, 369–373.

Giller, K.E., Beare, M.H., Lavelle, P., Izac, A.M.N. & Swift, M.J.

1997. Agricultural intensification, soil biodiversity and

agroecosystem functioning. Applied Soil Ecology, 6, 3–16.

Giller, K.E., Witter, E., Corbeels, M. & Tittonell, P. 2009.

Conservation and small holder farming in Africa: the heretics’

view. Field Crops Research, 114, 23–34.

Graham, R.D.. 2008. Micronutrients in crops and their global

significance. In: Micronutrient Deficiency in Global Crop

Production (ed. B.J. Alloway), pp. 41–61. Springer, Dordrecht, the

Netherlands.

Grau, R., Kuemmerle, T. & Macchi, L. 2013. Beyond ‘land sparing

versus land sharing’: environmental heterogeneity, globalization

and the balance between agricultural production and nature

conservation. Current Opinion in Environmental Sustainability, 5,

477–483.

Griffiths, B.S., Ritz, K., Bardgett, R.D., Cook, R., Christensen, S.,

Ekelund, F., Sorensen, S.J., Baath, E., Bloem, J., De Ruiter, P.C.,

Dolfing, J. & Nicolardot, B. 2000. Ecosystem response of pasture

soil communities to fumigation-induced microbial diversity

reductions: an examination of the Biodiversity – Ecosystem

function relationship. Oikos, 90, 279–294.

Harris, J.A., Tyrrel, S.F., Ritz, K., Lanigan, G.J., Griffiths, B.S.,

Brennan, F.P., Bourdin, F., Massey, P.A., Moynihan, E.L.,

Rogers, N.E., Kibblewhite, M.G., Pawlett, M., Sakrabani, R.,

Hoekstra, N.J., Creamer, R.E., Schulte, R.P.O. & Richards, K.G.

2011. Does soil biology hold the key to optimized slurry

management? A manifesto for research. Soil Use Manage, 27,

464–469.

Hassink, J.J., Bouwman, L.A., Zwart, K.B., Bloem, J. & Brussaard,

L. 1993. Relationships between soil texture, physical protection of

organic matter, soil biota, and c and n mineralization in grassland

soils. Geoderma, 57, 105–128.

Heinen, M. 2006. Simplified denitrification models: overview and

properties. Geoderma, 133, 444–463.

© 2016 The Authors. Soil Use and Management published by John Wiley & Sons Ltd on behalf of British Society of Soil Science.,

Soil Use and Management

Role of soil quality in nutrient cycling 9

http://www.cices.eu
http://www.nottingham.ac.uk/cem
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0614
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0614


Hobbs, P.R., Sayre, K. & Gupta, R. 2008. The role of conservation

agriculture in sustainable agriculture. Philosophical Transactions of

the Royal Society B: Biological Sciences, 363, 543–555.

Hudson, B.D. 1994. Soil organic matter and available water

capacity. Journal of Soil and Water Conservation, 49, 189–194.

Huijsmans, J.F.M., Schr€oder, J.J., Mosquera, J., Vermeulen, G.D.,

Ten Berge, H.F.M. & Neeteson, J.J. 2016. Should low-emission

regulations for land-application of manures in the Netherlands be

reconsidered? Soil Use Manage, 32 (Suppl 1), 109–116.

Johnston, A.E. & Dawson, C.J. 2010. Physical, chemical and

biological attributes of agricultural soils. Proceedings International

Fertiliser Society 675, pp. 1–40. York, UK.

Karlen, D.L., Mausbach, M.J., Doran, J.W., Cline, R.G., Harris,

R.F. & Schuman, G.E. 1997. Soil quality; a concept, definition,

and framework for evaluation. Soil Science Society of America

Journal, 11, 4–10.

Karlen, D.L., Andrews, S.S. & Doran, J.W.. 2001. Soil quality:

current concepts and applications. Advances in Agronomy. 74, 40

pp.

Keesstra, S.D., Bouma, J., Wallinga, J., Tittonell, P., Smith, P.,

Cerd�a, A., Montanarella, L., Quinton, J.N., Pachepsky, Y., Van

der Putten, W.H., Bardgett, R.D., Moolenaar, S., Mol, G.,

Jansen, B. & Fresco, L.O. 2016. The significance of soils and soil

science towards realization of the United Nations Sustainable

Development Goals. Soil, 2, 111–128.

Keyser, H.H. & Li, F. 1992. Potential for increasing biological

nitrogen fixation in soybean. Plant and Soil, 141, 119–135.

Kibblewhite, M.G., Ritz, K. & Swift, M.J. 2008. Soil health in

agricultural systems. Philosophical Transactions of the Royal

Society of London B: Biological Sciences, 363, 685–701.

Kuzyakoc, Y. & Xingliang, X. 2013. Competition between roots and

microorganisms for nitrogen: mechanisms and ecological

relevance. New Phytologist, 198, 656–669.

Langmeier, M., Frossard, E., Kreuzer, M., M€ader, P., Dubois, D. &

Oberson, A. 2002. Nitrogen fertilizer value of cattle manure

applied on soils originating from organic and conventional

farming systems. Agronomie, 22, 789–800.

Ledgard, S.F. & Steele, K.W. 1992. Biological nitrogen fixation in

mixed legume/grass pastures. Plant and Soil, 141, 137–153.

Lehtinen, T., Schlatter, N., Baumgarten, A., Bechini, L., Kr€uger, J.,

Grignani, C., Zavattaro, L., Costamagna, C. & Spiegel, H. 2014.

Effect of crop residue incorporation on soil organic carbon and

greenhouse gas emissions in European agricultural soils. Soil Use

Manage, 30, 524–538.

Lekkerkerk, L.J.A. 1998. Implications of Dutch ammonia policy on

the livestock sector. Atmospheric Environment, 32, 581–587.

Letey, J., Sojka, R.E., Upchurch, D.R., Cassel, D.K., Olson, K.R.,

Payne, W.A., Petrie, S.E., Price, G.H., Reginato, R.J., Scott,

H.D., Smethurst, P.J. & Triplet, G.B. 2003. Deficiencies in the soil

quality concept and its application. Journal of Soil and Water

Conservation, 58, 180–187.

Li, Y., Liu, Y., Niu, Y.W.L., Xia, X. & Tian, Y. 2014. Interactive

effects of soil temperature and moisture on soil N mineralization

in a Stipa krylovii grassland in Inner Mongolia, China. Journal of

Arid Land, 6, 571–580.

L�opez-Bellido, R.J. & L�opez-Bellido, L. 2001. Efficiency of nitrogen

in wheat under Mediterranean conditions: effect of tillage, crop

rotation and N fertilization. Field Crops Research, 71, 31–46.

Loveland, P. & Webb, J. 2003. Is there a critical level of organic

matter in the agricultural soils of temperate regions: a review. Soil

and Tillage Research, 70, 1–18.

Lynch, J.P. 2007. Roots of the second Green Revolution. Australian

Journal of Botany, 55, 493–512.

Mausbach, M. & Tugel, A. 1995. A decision document for

establishing a soil quality institute. White Paper. Natural Resource

Conservation Service, Washington, USA. 12pp.

McDonald, N.T., Watson, C., Lalor, S., Laughlin, S.R. & Wall,

D.P. 2014. Evaluation of soil tests for predicting nitrogen

mineralization in temperate grassland soils. Soil Science Society of

America Journal, 78, 1051–1064.

McGrath, S.P., Chang, A.C., Page, A.L. & Witter, E. 1994. Land

application of sewage sludge: scientific- perspectives of heavy

metal loading limits in Europe and the United States.

Environmental Reviews, 2, 108–118.

Motoyama, M., Nakagawa, S., Tanoue, R., Sato, Y., Nomiyama, K.

& Shinohara, R. 2011. Residues of pharmaceutical products in

recycled organic manure produced from sewage sludge and solid

waste from livestock and relationship to their fermentation level.

Chemosphere, 84, 432–438.

Palma, R.M., Rimolo, M., Saubidet, M.I. & Conti, M.E. 1997.

Influence of tillage system on denitrification in maize-cropped

soils. Biology and Fertility of Soils, 25, 142–146.

Peyton, D.P., Healy, M.G., Fleming, G.T.A., Grant, J., Wall, D.P.,

Morrison, L., Cormican, M. & Fenton, O. 2016. Nutrient, metal

and microbial loss in surface runoff following treated sludge and

dairy cattle slurry application to an Irish grassland soil. Science of

the Total Environment, 541, 218–229.

Power, A.G. 2010. Ecosystem services and agriculture: trade-offs

and synergies. Philosophical Transactions of the Royal Society of

London B: Biological Sciences, 365, 2959–2971.

Rashid, M.I., De Goede, R.G.M., Brussaard, L. & Lantinga, E.

2013. Home field advantage of cattle manure decomposition

affects the apparent nitrogen recovery in production grasslands.

Soil Biology & Biochemistry, 57, 320–326.

Rasmussen, K.J. 1999. Impact of ploughless soil tillage on yield and

soil quality: a Scandinavian review. Soil and Tillage Research, 53,

3–14.

Rivett, M.O., Buss, S.R., Morgan, P., Smith, J.W.N. & Bemment,

C.D. 2008. Nitrate attenuation in groundwater: a review of

biogeochemical controlling processes. Water Research, 42, 4215–

4232.

Ruser, R. & Schulz, R. 2015. The effect of nitrification inhibitors on

the nitrous oxide (N2O) release from agricultural soils—a review.

Journal of Plant Nutrition and Soil Science, 178, 171–188.

Sandhu, H., Wratten, S., Constanza, R., Pretty, J., Porter, J.R. &

Regnold, J. 2015. Significance and value of non-traded ecosystem

services on farmland. PeerJ, 3:e762, 1–22.

Schr€oder, J.J. & S€orensen, P. 2011. The role of mineral fertilizers in

optimising the use efficiency of manure and land. Proceedings 701,

International Fertiliser Society, Leek, UK, 20 pp.

Schr€oder, J.J. 2005. Revisiting the agronomic benefits of manure: a

correct assessment and exploitation of its fertilizer value spares the

environment. Bioresource Technology, 92, 253–261.

Schr€oder, J.J. 2014. The position of mineral nitrogen fertilizer in

efficient use of nitrogen and land: a review. Natural Resources, 5,

936–948.

© 2016 The Authors. Soil Use and Management published by John Wiley & Sons Ltd on behalf of British Society of Soil Science.,

Soil Use and Management

10 J.J. Schr€oder et al.



Schr€oder, J.J., Uenk, D. & Hilhorst, G.J. 2007. Long-term nitrogen

fertilizer replacement value of cattle manures applied to cut

grassland. Plant and Soil, 299, 83–99.

Schr€oder, J.J., Vermeulen, G.D., Van der Schoot, J.R., Van Dijk,

W., Huijsmans, J.F.M., Meuffels, G.J.H.M. & Van der Schans,

D.A. 2015. Maize yields benefit from injected manure positioned

in bands. European Journal of Agronomy, 64, 29–36.

Schulte, R.P.O., Fealy, R., Creamer, R.E., Towers, W., Harty, T. &

Jones, R.J.A. 2012. A review of the role of excess soil moisture

conditions in contraining farm practices under Atlantic conditions.

Soil Use Manage, 28, 580–589.

Schulte, R.P.O., Creamer, R.E., Donnellan, T., Farrelly, N., Fealy,

R., O’Donoghue, C. & O’hUallachain, D. 2014. Functional land

management: a framework for managing soil-based ecosystems

services for the sustainable intensification of agriculture.

Environmental Science & Policy, 38, 45–58.

Schulte, R.P.O., Bampa, F., Bardy, M., Coyle, C., Creamer, R.E.,

Fealy, R., Gardi, C., Ghaley, B.B., Jordan, P., Laudon, H.,

O’Donoghue, C., �O’hUallach�ain, D., O’Sullivan, L., Rutgers, M.,

Six, J., Toth, G.L. & Vrebos, D. 2015. Making the most of our

land: managing soil functions from local to continental scale.

Front. Environ. Sci., 3, 81.

Set€al€a, H., Berg, M.P. & Jones, T.H. 2005. Trophic structure and

functional redundancy in soil communities. In: Biological

diversity and function in soils (eds R.D. Bardgett, M. Usher &

D. Hopkins), pp. 236–249. Cambridge University Press,

Cambridge.

Shapiro, C.A. 1999. Using a chlorophyll meter to manage nitrogen

applications to corn with high nitrate irrigation water.

Communications in Soil Science & Plant Analysis, 30, 1037–1049.

Sojka, R.E., Upchurch, D.R. & Borlaug, N.E. 2003. Quality soil

management or soil quality management: performance versus

semantics. Advances in Agronomy, 79, 1–68.

Spiegel, H., Dersch, G., H€osch, J. & Baumgarten, A. 2007. Tillage

effects on soil organic carbon and nutrient availability in a long-

term field experiment in Austria. Die Bodenkultur, 58, 47–58.

Spiegel, H., Dersch, G., Baumgarten, A. & H€osch, J. 2010. The

international organic nitrogen long-term fertilisation experiment at

Vienna after 21 years. Archives of Agronomy and Soil Science, 56,

405–420.

Spinosa, L. 2001. Evolution of sewage sludge regulations in Europe.

Water Science and Technology, 44, 1–8.

Stone, A., Scheuerell, S.J. & Darby, H.M. 2004. Suppression of soil

borne diseases in field agricultural systems: organic matter

management, cover cropping and other cultural practices. In: Soil

organic matter in sustainable agriculture (eds F. Magdoff & R.R.

Weil). CRC Press.

T�oth, G., Gardi, C., B�odis, K., Ivits, �E., Aksoy, E., Jones, A.,

Jeffrey, S., Petursdottir, T. & Montanarella, L. 2013. Continental-

scale assessment of provisioning soil functions in Europe.

Ecological Processes, 2, 1–18.

Wagg, C., Bender, S.F., Widmer, F. & Van der Heijden, M.G.A.

2014. Soil biodiversity and soil community composition determine

ecosystem multifunctionality. PNAS, 11, 526–527.

Weisany, W., Raei, Y. & Allahverdipoor, K.H. 2013. Role of some

of mineral nutrients in biological nitrogen fixation. Bulletin of

Environmental Pharmacology Life Science, 2, 77–84.

Withers, P.J.A., Van Dijk, K.C., Neset, T.S., Nesme, T., Oenema,

O., Rubaek, G.H., Schoumans, O.F., Smit, A.L. & Pellerin, S.

2015. Stewardship to tackle global phosphorus inefficiency: the

case of Europe. Ambio, 44, 193–206.

Zavattaro, L., Costamagna, C., Grignani, C., Bechini, L., Spiegel,

H., Lehtinen, T., Guzm�an, G., Kr€uger, J., D’Hose, T., Pecio, A.,

Van Evert, F.K. & Ten Berge, H.F.M. 2015. Long-term effects of

best management practices on crop yield and nitrogen surplus.

Italian Journal of Agronomy, 10, 47–50.

© 2016 The Authors. Soil Use and Management published by John Wiley & Sons Ltd on behalf of British Society of Soil Science.,

Soil Use and Management

Role of soil quality in nutrient cycling 11


