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Abstract The benefits of soil organic input on crop

yields have long been discussed, yet details of their

relationship remain controversial. This study consid-

ers the effects of different residue management on

crop performance as assessed by yield and nitrogen

use efficiency (NUE). Three residue management

(residue removal, residue incorporation, and residue

incorporation ? added poultry manure), combined

with five levels of N application, were studied in a

long-term experiment starting in 1966. Crop residue

incorporation improved maize yield by 12% (nutri-

tional effect) and sugar beet yield by 16% (non-

nutritional), and the combination of crop residue

incorporation with added poultry manure increased

both winter wheat and sugar beet yields by 8%

(nutritional effect). The NUE values of mineral

fertiliser were almost three-fold those of residues

and the combination of residue with poultry manure,

except in sugar beet and maize, where NUE of mineral

fertilizer approached those observed for residues (0.44

vs 0.45, on average). In wheat, NUE for residue

incorporation with added poultry manure was nearly

double the NUE for residues alone. Residue manage-

ment effects depended on crop type; spring-sown

crops showing stronger effects than those sown in

autumn. Residues primarily produced a nutritional

effect, suggesting that they decomposed within 1 year.

While residue use offers little potential for soil

improvement, it does reduce the need for fertilisers.

Keywords Crop residues � Crop yield � Long-term
experiment � Nitrogen use efficiency � Poultry manure

Abbreviations

SOC Soil organic carbon

SOM Soil organic matter

NUE Nitrogen use efficiency

PM Poultry manure

RR Residue removal

RI Residue incorporation

Napp Applied N

Nrec Recovered N

Introduction

Researchers have worked for decades to quantify the

effects of organic input on the complex of properties

subsumed under the term ‘‘soil fertility’’ (Russell

1977). Organic input into the soil is derived mainly

from endogenous factors (e.g., spontaneous plant

roots, microorganisms, and exudates), but exogenous

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10705-020-10067-9) con-
tains supplementary material, which is available to authorized
users.

I. Piccoli � F. Sartori (&) � R. Polese � A. Berti
DAFNAE Department, University of Padova, Viale
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agronomic factors (crop roots and residues, organic

fertiliser, and soil tillage) may also be key influencers.

Among the latter, crop residues are often viewed as

contributing little to soil organic matter (SOM)

accumulation in the humid and sub-humid climates

where they are readily mineralised (Kätterer et al.

2011; Berti et al. 2016; Poeplau et al. 2017). There-

fore, the effects of crop residues on crop yields are

considered to be primarily nutritional (supplying

nutrients) (Pituello et al. 2016). Indeed, the benefits

of organic input on crop yields might relate to all of the

fertility dimensions: ‘‘physical’’ when affecting soil

structure, aeration, water retention, etc.; ‘‘biological’’

when promoting biomass, biodiversity, nutrient min-

eralization, or disease suppression; ‘‘chemical’’ when

supplying nutrients. Previously, readily-mineralisable

N (e.g., poultry manure) was thought to enhance

humification (lower C:N ratio), and thus to suitable or-

ganic amendments (Himes 2018). However, 20 years

of soil spectroscopy and scanning transmission

microscopy have shown that organic matter is com-

prised of smaller, simpler biomolecules (Sutton and

Sposito 2005; Lehmann et al. 2008; Kleber and

Johnson 2010), rather than large, complex molecules

(humic substances). Consequently, organic matter

persistence in soil is no longer viewed as intrinsic to

SOM, but rather as a property of the ecosystem

(Schmidt et al. 2011). Despite these findings, the

availability of SOM-associated nutrients (N, P, and S)

is still considered essential for the formation of a

stable soil structure to sustain crop production (Kirkby

et al. 2014).

Organic input effects on crop yields are generally

reported as positive in nature, although it varies with

soil (Pituello et al. 2016; Hijbeek et al. 2017) and crop

type (Hijbeek et al. 2017; Wei et al. 2016). For

example, the recent meta-analysis by Hijbeek et al.

(2017) highlighted and ordered the positive effects of

organic input on crop yields as supplying nutrients to

cereals first, and beyond that to some root and tuber

crops second. Even though positive results are more

frequently reported for cereals (maize or wheat)

(Monreal et al. 1997; Wei et al. 2016; Hijbeek et al.

2017; Schjønning et al. 2018) than for root or tuber

crops (potato or sugar beet) (Hijbeek et al. 2017),

Schjønning et al. (2018) did report a negative, non-

nutritional effect from organic input in wheat.

Therefore, this study aims to assess the effects of

residue incorporation or residue incorporation with

added poultry manure on crop yield. We hypothesize

that aside from the general nutritional effects of crop

residues, the presence of a readily-mineralisable N

source (poultry manure) might improve soil organic

matter formation, and in turn, soil properties. Conse-

quently, this effect could improve soil conditions, and

lead to increased crop performance, as measurable by

yield and nitrogen use efficiency. The hypothesis was

tested using a comprehensive dataset of a long-term

experiment started in 1966 in the northeast of Italy in

clay loam soil.

Materials and methods

The experiment

The long-term experiment used for this study is

located at the experimental farm of Padova University

(Veneto Region, NE Italy 45� 21 N; 11� 58 E; 6 m

a.s.l.). The sub-humid climate receives about 850 mm

of rainfall annually, with the highest averages in June

(100 mm) and October (90 mm) and the lowest

averages in winter (50–60 mm). Temperatures rise

from January (minimum average: -1.5 �C) to July

(maximum average: 27.2 �C). Reference evapotran-

spiration (ET0) is 945 mm with its peaks in July

(5 mm d-1). ET0 exceeds rainfall from April to

September. The site has a shallow water table, ranging

from about 0.5–1.5 m in late winter/early spring to

approximately 1.0–2.0 m in summer.

The trial, begun in 1966, has been conducted on 64

35 m2 (5.4 9 6.4 m2) plots in a Fluvi-Calcaric Cam-

bisol (FAO-UNESCO 2008) with a clay loam texture.

At the start of the experiment, the carbonate content

was measured as 33.1%, with a soil pH of 7.8, bulk

density of 1.44 g cm-3, organic matter content of

1.8%, and an 8.3 C:N ratio in the topsoil (0–30 cm)

(Online resources, Supplementary Table 1). The

experimental treatments were derived from the facto-

rial combination of three crop residue managements

(previous crop residue incorporation (RI), previous

crop residue incorporation with 1 t ha-1 of dried

poultry manure (RI ? PM), and residues removed

(RR)) with five levels of nitrogen fertilisation (0, 60,

120, 180, and 240 kg ha-1 y-1). The PM was applied

by burying (ca. 15 cm) it during shallow disk

harrowing immediately after harvest. It provided

60 kg organic N ha-1. Until 1981, mineral N was
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applied as ammonium-nitrate, after which urea was

used.

Mineral N was supplied in two top-dressing appli-

cations. In spring and summer crops, N distribution

was followed by an inter-row cultivation (ca. 7 cm).

Residue incorporation occurred during soil tillage in a

40/45-cm autumn ploughing and subsequent seedbed

preparation (e.g., 10-cm disk harrowing). All treat-

ments received the same amounts of P (65.5 kg ha-1 -

y-1) and K (124.5 kg ha-1 y-1) at sowing by mineral

fertilisers. The trial was designed as a split-plot of four

blocks with residue management as the main plot;

fertilisation levels and one unfertilised control plot

were randomised inside the main plot. Prior to 1984,

the trial was conducted with maize (Zea mays L.) in

monoculture. Thereafter a variable rotation

scheme was used based mainly on maize, sugar beet

(Beta vulgaris L.), winter wheat (Triticum aestivum

L.), potato (Solanum tuberosum L.), soybean (Glycine

max (L.) Merr.), and tomato (Solanum lycopersicum

L.) (Online resource, Supplementary Fig. 1). For a

single year sorghum (Sorghum vulgare Pers.) and

sunflower (Helianthus annuus L.) were also grown.

The potato crop failed in 2009, so the data were

removed for the purposes of this study.

At the end of each growing season (1966–2017), the

fresh yields and residue biomasses of each plot were

weighted and were dried in a 65 �C oven until constant

weight, to determine the dry weight. Average N

content yield and residue biomass values used for

further calculations are given in Online resource,

Supplementary Table 2.

Calculation and statistical analysis

The long-term effect of different residue manage-

ments was subjected to a dual-step statistical analysis

(Online resources, Supplementary Fig. 2). At first, a

mixed model was applied to test the effect of residue

management, applied N, and their interaction on crop

yield. All of these effects were treated as fixed, while

the block and year were treated as random effects. In

cases of residue management significance, a post hoc

pair-wise comparison of least-squares means was

performed using Tukey’s test to adjust for multiple

comparisons. Three effects can reasonably result from

Tukey’s test: (1) effect of residue incorporation alone

(RI and RI ? PM[RR), (2) effect of added poultry

manure to RI (RI ? PM[RI and RR), or (3) effects

of both RI and added poultry manure to RI (RI ?

PM[RI[RR). Therefore, two hyperbolic models

(complex model (CM) and simplified model (SM))

were fitted to the yield trendline and then compared

with a partial F-test, considering as significant

p B 0.05. The hyperbolic models described the rela-

tionships between applied mineral N (Napp), namely 0,

60, 120, 180 and 240 kg ha-1, and yield according to

the following equation, derived from Vos (1997):

Yield ¼ Y0 þ
a� Napp

1þ a�Napp

b

� � ð1Þ

where Y0 is the yield without N distribution (control

plot), a is the initial slope, and b is the difference

between the asymptotic maximum yield (YM) and Y0.

To directly express the maximum yield as a function

parameter, Eq. (1) was rewritten as:

Yield ¼ YM � bþ a� Napp

1þ a�Napp

b

� � : ð2Þ

In SM, YM was unaffected by residue management,

and only a and b parameters varied. In CM, all

parameters (YM, a and b) changed among the treat-

ments according to Tukey’s test. Whenever the

difference between CM and SM was significant, the

organic input was considered to have a nutritional plus

structural or biological effect (‘‘non-Ntr effect’’);

otherwise, for p values[ 0.05, the SMwas considered

as adequate to describe the treatment effects on yield,

i.e., organic input effect was considered as nutritional

only (‘‘Ntr effect’’). The expectation in case catego-

rized as producing a Ntr effect is that organic inputs

undergo rapid mineralisation, which allows crop roots

to intercept nutrients with no effect on potential crop

yield. Thereafter, the effect of organic input should

produce an increased N availability, graphically

depicted by an increasing Y0, decreasing a and b,

and non-variable YM. In other words, the curve

approaches the asymptote at lower mineral N appli-

cation rate (Fig. 1a). On the other hand, if organic

input also evokes other soil dimension amelioration, as

in the case of a non-Ntr effect, an improvement of

SOC-related characteristics, such as soil structure,

porosity, and water retention would be expected. In

this case, the asymptote (YM) would be expected to

increase, but the behaviour of the other parameters is

not directly predictable (Fig. 1b).
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To estimate the amounts of N recovered from

mineral fertilisation (Nrec_min), RI (Nrec_RI) and RI ?

PM (Nrec_RI?PM), observed N recoveries were fitted

with the following equations:

Nrec min ¼ N0 þ
ðNmin � kminÞ � c

1þ ðNmin�kminÞ�c

d

� � ð3Þ

Nrec RI ¼ N0 þ
ðNmin � kmin þ NRI � kRIÞ � c

1þ ðNmin�kminþNRI�kRIÞ�c

d

� � ð4Þ

Nrec RIþPM ¼ N0

þ ðNmin � kmin þ NRIþPM � kRIþPMÞ � c

1þ ðNmin�kminþNRIþPM�kRIþPMÞ�c

d

� �

ð5Þ

where N0 is the naturally-available soil N for a specific

crop, calculated as the average N recovered by crop in

RR treatment with no mineral nitrogen application.

The Nmin, NRI, and NRI?PM are the amounts of N from

mineral fertiliser (ranging from 0 to 240 kg ha-1),

residues, and residue with poultry litter, respectively.

The residue-derived N fraction was calculated from

the residue of the previous year and ranged from 0 (in

RR treatment) to 203.2 kg ha-1 while the poultry

manure-derived N fraction was 0 kg ha-1 in RI and

RR, and 60 kg ha-1 in RI ? PM. The c, d, kmin, kRI,

and kRI?PM are regression parameters, with the three

k-values indicating nitrogen availability for mineral

fertiliser, residue, and residues with poultry litter,

respectively.

The Nitrogen use efficiency (NUE) of mineral

fertiliser (NUEmin), residue (NUERI) and residue with

added poultry manure (NUERI?PM) was then be

obtained dividing the N recovered from a specific

source by the N distributed:

NUEmin¼ Nrec min�N0ð Þ

� kmin

Nmin�kminþNRI�kRIþNRIþPM�kRIþPM

ð6Þ

NUERI ¼ Nrec RI � N0ð Þ kRI

Nmin � kmin þ NRI � kRI

ð7Þ

and

NUERIþPM ¼ Nrec RIþPM � N0ð Þ

� kRIþPM

Nmin � kmin þ NRIþPM � kRIþPM

ð8Þ

The mixed models were performed with SAS (SAS

Institute Inc. Cary, NC, USA) version 5.1 and

hyperbolic model fitting relied on the Microsoft Excel

Solver add-in tool.

Fig. 1 Representation of hyperbolic model used to describe the

relationship between crop yield and applied N. Parameter Y0 is

the yield without any N supply, and a and b are the initial slope

and difference between YM and Y0, respectively. a In case of

nutritional (Ntr) effect, the expectation is that Y0
0 will be greater

than Y0, a
0 and b0 will be lower than a and b, and YM will not

change. b In cases of non-nutritional (non-Ntr) effect, YM
0 is

expected to increase, while the behaviour of the other

parameters is not directly predictable

123

234 Nutr Cycl Agroecosyst (2020) 117:231–241



Results

Crop yield

The trend of maize biomass production was inconsis-

tent during the shift from monoculture (until 1984) to

variable rotation adopted in 1985 (Online resource,

Supplementary Fig. 3). Before 1985, average maize

yield was 6.15 t ha-1, with a minimum of 3.65 t ha-1

(1966) and a maximum of 8.20 t ha-1 (1984). Once

crop rotation was adopted, average maize yield

increased by about 3 t ha-1 and ranged from

5.40 t ha-1 (2013) to 16.68 t ha-1 (2017). In winter

wheat, the average yield was 5.17 t ha-1 and fell

within a far smaller range of 3.50 t ha-1 in 2007 to ca.

6.60 t ha-1 in 2011. The adverse pedo-climatic con-

ditions in 2012 and 2016 affected sugar beet yields,

such that they dropped from an average of 13.66

between 1989 and 2008 to 9.01 t ha-1 during the last

2 years of cultivation. Potato and tomato were grown

for just three and 2 years, respectively. The 2009

potato production was unusually low (- 81%, on

average), so its data were excluded from the statistical

analyses. Tomato, on the other hand exhibited

stable yields (5.29 t ha-1, on average); its data were

included and analysed.

The mixed model results always demonstrated a

significant effect of Napp on yield. On the contrary,

residue management and its interaction with Napp

effects depended on crop type. Specifically, residue

incorporation had a positive effect on maize yield, as

indicated by higher averages for RI ? PM and RI

(7.65 t ha-1) compared to the average for RR

(6.84 t ha-1) (Online resource, Supplementary

Tables 3 and 4). The Napp raised the average maize

yield from 5.15 t ha-1 (no N supply) to 8.00 t ha-1

(120 kg Napp ha-1) to 8.37 t ha-1 (Napp-

C 180 kg ha-1). Winter wheat was affected by the

interaction of residue management 9 Napp

(p = 0.011). The effect of adding poultry manure to

RI was significant (4.29 vs 3.35 t ha-1) when Napp-

B 60 kg ha-1, but no differences were observed at

higher Napp doses. Similarly, potato yields were

affected by residue management 9 Napp interaction

(p\ 0.01), such that RI ? PM resulted with the

highest yield (5.49 vs 4.01 t ha-1) at Napp equal to

0 kg ha-1 y-1. The combination of added poultry

manure and residue incorporation significantly

increased yield only when Napp B 60 kg ha-1. At

higher levels of Napp, no residue management effects

were observed. Across all residue management

approaches, Napp increased yields through additions

of 120 kg N ha-1. Sugar beet was the only crop in

which poultry manure and crop residue incorporation

produced different results. In this crop, yields for

RI ? PM (13.43 t ha-1)[RI (12.55 t ha-1)[RR

(10.84 t ha-1), irrespective of Napp. Last, tomato crop

was unaffected by residue management (p[ 0.05), as

evidenced by progressively increasing yields from

3.06 (no N supply) to 6.58 t ha-1 (Napp equal to

180 kg ha-1).

Yield response to N application with different crop

residue managements

A CM was fitted and compared to a SM for four

(maize, potato, sugar beet, and wheat) of the five crops

affected by residue management (Table 1). In contrast

to the other crops, tomato required that a unique series

of parameters (a, b, YM) be fitted to model the rise of its

yield (initial slope of 0.040 and Ymax of 9.06 t ha-1) in

response to N application (Fig. 2). As mentioned

earlier, potato data from a mineral N input above

180 kg N ha-1 were excluded from the non-linear

interpolation for the crop, as the hyperbolic model did

not account for the decline in yield at the highest level

of Napp. The poultry manure added to residues had a

Ntr effect on potato, as indicated by the lack of

statistical difference (p = 0.202) between CM and

SM. The RI ? PM treatment resulted in a 37% higher

Y0, four orders of magnitude lower a, and a halved b,

compared to RI and RR. Maize yields exhibited

different patterns ‘‘with’’ (RI and RI ? PM) and

‘‘without’’ (RR) residue incorporation. PM had no

effect on crop performance. Comparison of the maize

CM and SM failed to show a statistical difference

(p = 0.888), which suggests a sole Ntr effect from

residue incorporation (Table 1). The initial slope

(a parameter) rose about 6%, and Y0 (i.e., yield with

no additional N supply) increased from 4.42 to

5.52 t ha-1 with residue incorporation. Sugar beet

yield was affected by both residue incorporation

(p = 0.037), a non-Ntr effect, and poultry manure

(p = 0.297), a Ntr effect (Fig. 2 and Table 1).

As noted previously, sugar beet growth was

affected by adverse climatic condition in 2012 and

2016. However, removing these 2 years from the

dataset changed neither the fitting results, nor the
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conclusions, whichmade it suitable to consider the full

set of years for subsequent analyses. For this crop, YM
was 14.49 t ha-1 in RR and 18.86 t ha-1 in RI, with

initial slopes of 0.065 and 0.042, respectively. Yield

rose more than 1.7 t ha-1 (? 22%) when residues

were incorporated with no additional N supply (Y0)

Table 1 Comparisons of complex (CM) and simplified (SM) models of the relationship between crop yield and N supply

Crop Treatments involved F value p value Effect

Maize RI and RI ? PM versus RR 0.0212 0.8875 Ntr effect

Potato RI ? PM versus RI and RR 2.0522 0.2020 Ntr effect

Sugar beet RI versus RR 9.5698 0.0365 non-Ntr effect

RI versus RI ? PM 1.4334 0.2973 Ntr effect

Wheat RI ? PM versus RI and RR 2.5706 0.1433 Ntr effect

In cases of significant differences, the effect on yield is considered a non-Ntr effect, else only a Ntr effect. Model results are reported

only for crops affected by residue management in the mixed effect model

Fig. 2 Crop yield response to applied N (Napp) for the studied

crops. Symbols represent observed results; curves represent the

model results. If residue management did not affect crop yield,

only one model was fitted to the data. In instances of the

contrary, more than one model was fitted according to Tukey’s

test and a partial F-test was performed on the hyperbolic models

123

236 Nutr Cycl Agroecosyst (2020) 117:231–241



(Fig. 2). On the other hand, added PM did not raise

maximum yield, but increased a by about 16% and

reached a Y0 of 11.20 t ha-1. Similarly, a Ntr effect

was observed in winter wheat when PM was incorpo-

rated with crop residues (p[ 0.05) (Table 1). Here,

the initial slope fell almost two-fold, from 0.093 to

0.062, while yield increased by 1.14 t ha-1 (? 53%)

with no N supply. Poultry manure most affected yield

at lower fertilisation doses, and in particular, at

Napp\ 120 kg ha-1 (Fig. 2).

N recovery and nitrogen use efficiency (NUE)

Fitting the model to the observed data resulted in a

natural N availability (N0) that varied from

80.9 kg N ha-1 (maize) to 40.6 kg N ha-1 (winter

wheat), and for which the asymptotic maximum N

uptakes (d parameter) ranged from 65.0 (potato) to

281.0 kg N ha-1 (winter wheat) (Table 2). Except for

sugar beet, the constants related to nitrogen availabil-

ity of N inputs (kmin, kres, and kRI?PM) were always

higher for the mineral inputs, ranging from 0.30 in

maize to 3.95 in winter wheat. The value of kres was

approximately double that of kRI?PM in maize (0.26 vs

0.12) and sugar beet (2.11 vs 1.16), while RI ? PM

exhibited greater availability in potato (0.42 vs 0.02),

tomato (0.16 vs 0.14), and winter wheat (0.80 vs 0.54).

In addition, it was noted that the lowest kres values

were associated with solanaceous crops (potato and

tomato) (Table 2).

The models estimated nitrogen use efficiency

(NUE) for each N type: mineral fertiliser (NUEmin),

crop residue (NUERI), and crop residue ? poultry

manure (NUERI?PM) (Fig. 3). TheNUEminwas always

greater than all other sources (0.54 vs 0.19, on

average) except in sugar beet, for which the rank

order was NUEres (0.62)[NUERI?PM

(0.53)[NUEmin (0.47). Residue incorporation was

linked to higher NUEs from RI ? PM in maize and

sugar beet, whereas RI ? PM improved the NUEs

from RI treatment in potato and winter wheat (0.29 vs

0.07 on average). The NUERI of potato was very low

(0.008).

Discussion

Crop yield and organic input

Long-term soil management with different organic

inputs (e.g., crop residues and poultry manure) was

shown to increase crop yields beyond the background

variation caused by crop type and seasonal climate

conditions. Despite the widely-held view that organic

inputs enhance crop yields (e.g., Monreal et al. 1997;

Pituello et al. 2016; Wei et al. 2016; Hijbeek et al.

2017; Schjønning et al. 2018), the nature of their

mutually beneficial relationship is still a matter for

debate. Indeed, it is difficult to assert that yields rise

due to improved soil conditions or vice versa. As

speculated by Hijbeek et al. (2017), the two possibil-

ities might co-exist. This suggests that greater organic

input may promote higher yields, which puts addi-

tional C into the soil and improves soil properties. In

turn, yields are boosted, SOM is increased, and SOM-

related properties are enhanced.

In this study, the most important effect of organic

inputs on yields stemmed from crop type: incorpora-

tion of crop residues improved maize and sugar beet

yields by 12 and 16%, respectively, while poultry

Table 2 Parameters of the model describing N recovery for each crop

Crop N0 kmin Kres kRI?PM c D SSresidual SStotal N

Maize 80.9 0.30 0.26 0.12 2.4 151.33 69.8 10,263.3 15

Potato 71.7 1.46 0.02 0.42 1.3 65.0 342.9 4722.5 12

Sugar beet 67.6 1.63 2.11 1.16 0.34 624.64 116.8 25,697.1 15

Tomato 67.1 1.76 0.14 0.16 0.57 136.10 435.5 13,783.0 15

Winter wheat 40.6 3.95 0.54 0.80 0.37 281.0 241.4 42,782.7 15

N0: amount of N recovered from natural soil availability; kmin: nitrogen availability from mineral fertiliser; kres: nitrogen availability

from residue incorporation; kRI?PM: nitrogen availability from poultry manure; c and d: regression parameters; SSresidual: residual sum

of square; SStotal: total sum of square; n: number of observations
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manure added to RI increased winter wheat by 7%,

sugar beet by 7%, and potato yields by 1%. The

literature often states that maize yield is improved by

adding C, as found by both Wei et al. (2016) and

Hijbeek et al. (2017) (ca. 4% rise in maize grain

production). By contrast, Chinese and European long-

term experiments involving wheat cropping have

reported varied results: positive (Monreal et al.

1997; Wei et al. 2016), neutral (Hijbeek et al. 2017),

and negative (Schjønning et al. 2018). Optimal results

were observed in sugar beet, a finding that confirmed

that the crop might attain peak production under loamy

soils with organic inputs (Fageria 2012; Pituello et al.

2016).

In Northern Italy, water availability during the

winter wheat growing season is typically ample for the

crop, but spring–summer crops frequently endure

periods of little rainfall and high temperatures. Nev-

ertheless, the positive effects on soil structure from

residues likely counter these climate hazards in a more

pronounced way for crops such as maize and sugar

beet than they do for wheat. Furthermore, the loamy

soil of the experimental site warms more slowly at the

beginning of spring, thus limiting crop residue min-

eralisation in the early months of the year. While this

can restrict the interception of mineralised N in a

wheat crop, it can increase the synchronization of

absorption peaks with residue mineralisation in

spring–summer crops. Organic input derived from

Fig. 3 Nitrogen use efficiency (NUE) of mineral (min), crop residue incorporation (RI), and crop residue ? poultry manure

(RI ? PM). Vertical dashed lines represent NUE averages, regardless of residue management
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agronomic sources (residues and animal waste) can

promote not only higher yields, but also soil buffering

in years with less favourable conditions, thereby

reducing yield variability (Pan et al. 2009). Indeed,

in severe dry or wet conditions, crops may potentially

benefit from organic inputs as SOM (Dı́az-Zorita et al.

1999) expands the water-holding capacity of soil and

prevents its compaction (Soane 1990).

Organic input effect, Ntr or non-Ntr effect

Four of the five crops responded to additional organic

input. Each was investigated through model compar-

ison for the presence of a Ntr or non-Ntr effect.

Organic inputs had a Ntr effect on maize, potato, and

winter wheat, albeit maize benefited from residue

incorporation alone while the other two did so from the

addition of poultry manure to residue. In sugar beet, an

impact from either residue (non-Ntr effect) or

residue ? poultry manure (Ntr effect) was confirmed

by model comparison.

At the start of the experiment, the application of

poultry manure with crop residues was intended to

reduce the C:N ratio of the organic materials incor-

porated to promote residue decomposition, and in turn,

SOM formation. However, results indicated that this

effect, if present at all, was negligible. Instead, the

poultry manure added to crop residues acted as an

additional N source, with an efficiency highly depen-

dent on crop characteristics.

The benefits to spring-sown crop yields have

previously been linked to the shorter time spans that

such crops need to develop appropriate root systems

for nutrient uptake (Johnston et al. 2009). In this study,

autumn-sown winter wheat production also improved

by the addition of poultry manure, an effect that might

be attributed to manure-derived available nutrients.

Furthermore, the fact that poultry manure was applied

immediately after harvest allows for the speculation

that its nutrients might be more available to autumn-

sown, as opposed to spring-sown crops. Studies have

also suggested that the potential exists for SOM

benefits beyond nutrient supplies, especially in root or

tuber crops (de Haan 1977). The work of de Haan

(1977) has, indeed, put forth the notion of such a

positive non-Ntr effect from farmyard manure in both

potato and sugar beet, but not in cereals. Similar

findings have also been suggested quite recently by

Hijbeek et al. (2017), who speculated that such crops

depend more on improved soil structure than do

cereals for successful cultivation and harvesting. This

theory aligns with our results in sugar beet, which

benefitted from the non-Ntr effect of RI. On the other

hand, PM added to residues only increased N avail-

ability; it did not affect potential yield. This result

corroborates not only the high mineralisation rate of

poultry manure, but also its minimal effect on SOC

accumulation (Maillard and Angers 2014).

Another finding to highlight is the effect of N

fertilisation on crop performance. Nevens and Reheul

(2002) differentiated Ntr from non-Ntr effects. They

also stressed the importance of determining non-Ntr

effects under non-N limiting circumstances, namely at

high mineral N fertiliser rates. In this study, this

condition was not always met because the experimen-

tal design resulted from the factorial combinations of

three residue managements and five N levels (0, 60,

120, 180, and 240 kg N ha-1), in which the lower N

levels were reasonably limiting for most of the studied

crops.

Nitrogen recovery and NUE

Discussion of N recovery and NUE results as they

relate to other research is best served by first

highlighting some methodological details that may

have had an effect. Indeed, the model used for N

recovery estimation relies on some assumptions. First,

natural N availability (N0 parameter) is unique in all

treatments and is strongly related to N adsorption in

plots receiving no nitrogen. After 50 years of different

fertilisation, it is reasonable that N0 should vary in

highly-fertilised plots, but the design of experiment

did not permit consideration of this type of variation. If

N0 is a constant, then fertilised plot NUEs would be

overestimated, and we speculate that the effect might

be more evident at lower fertilisation levels. Second,

as the model does not explicitly consider the interac-

tion between mineral and organic N forms, results

should first be considered as estimates of real

efficiencies.

Mineral NUE values were mostly higher compared

to those of residues and residues ? poultry manure.

The exception to this was sugar beet, which had a 36%

greater NUERI that NUEmin. In similar climatic

conditions but different soils, Pituello et al. (2016)

postulated that the residue incorporation efficiency for

a similar crop appeared more pronounced, especially
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in soils of low fertility. The maize crop residue NUE

was similar to that of mineral inputs, which substan-

tiated the positive effect gained from incorporating

organic materials in these crops. Our experiment was

conducted in clay loam soil with an initial SOM of

about 1.8 g 100-1 g that remained stable across the

years (Lugato et al. 2006; Poeplau et al. 2017). For all

of these reasons, we recommended that this practice be

utilised in such soils to maintain their fertility (Pituello

et al. 2016). The increase of NUE due to the addition

of poultry manure to residues is remarkable in winter

wheat. The temporal proximity when wheat is sown

and poultry manure is applied, coupled with the lower

temperature during its growing season, may explain

the higher efficiency of manure on winter wheat.

However, it seems that for wheat, organic inputs result

in far lower NUEs than does mineral fertiliser, which

by its application in two top-dressings aligns better

with crop absorption dynamics.

Conclusions

According to the results presented in this study, our

starting hypothesis that adding poultry manure to crop

residues has a positive effect beyond the general

nutritional aspect is rejected. In fact, no clear non-Ntr

effect was apparent. Moreover, the nutritional effect of

poultry manure was enhanced when it was applied

close to sowing which increased N uptake. In most

crops, the effect of residues is mainly related to their

nutrient content, which suggests that an almost

complete decomposition of crop residues occurs

within 1 year. The potential use of this practice for

C sequestration might then be low. Nevertheless, by

combining organics and mineral fertilisers, the need

for future chemical inputs may be reduced, which

would result in a positive impact on global fossil fuel

demand. Future studies related to this topic should

focus on the effects of different residue types on

subsequent crops, on the SOC dynamics in stabilized

cropping systems, and on the potential for interaction

in climate change scenarios.
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