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Abstract

Livestock farming occupies 57% of agricultural area in France and has contrasting impacts on the environment. Studies have
analyzed relations between livestock farming and soil organic carbon (SOC) content, but the influence of livestock farming on
soils is difficult to perceive at a large scale. The objective of this study was to increase understanding of impacts of livestock
farming on soils that receive livestock manure depending on different initial levels of SOC content, at cantonal level. To this end,
we used French soil and agricultural databases to analyze relations between livestock farming practices and SOC content. We
used statistical data calculated from the French soil test database for the periods 2000-2004 and 2010-2014. For livestock
farming practices, we used data from the French agricultural census of 2000 and 2010, and for spreading of livestock manure,
data from the French program to control pollution of agricultural origin (2002—2007) and data from the French Livestock
Institute. The novelty of our large-scale analysis is to differentiate the origin of livestock manure (herbivore or granivore) and
the type of crop on which it was spread (crops or grasslands). Statistical analysis was performed at the cantonal scale for France
using the method of generalized least squares. We show for the first time that, at the national scale, spreading of livestock manure
influences SOC content and dynamics significantly. Our results also show the importance of the nature of the manure; solid
manure increases SOC content, unlike liquid manure. Spreading herbivore manure on crops increases SOC content, but spread-
ing granivore manure may decrease it. Livestock manure spread on grasslands has no significant effect on SOC content, possibly
due to under-representation of grassland soils in the soil database. These results demonstrate the importance of the complemen-
tary between crop and livestock to maintain soil ecosystem services, including soil fertility.

Keywords France - Livestock - Manure - Slurry - Soil database - Statistical analysis - Soil and climate conditions - Soil organic
carbon - Carbon sequestration

1 Introduction

In France, livestock farming covers over half of the utilized ag-
ricultural area (UAA). Animal production systems differ in their
grazing management and intensity, inclusion of grasslands in
crop rotations, manure management, and type of farming system.
This diversity of livestock farming systems leads to a diversity of
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environmental impacts, which depend on the farming practices
implemented. Intensification of livestock farming can cause en-
vironmental impacts such as water pollution from nitrates, but
less intensive livestock farming can provide many benefits, such
as maintaining biodiversity in semi-natural areas through grazing
or increasing soil organic carbon (SOC) sequestration (Dumont
et al. 2019). Furthermore, temporary and permanent grasslands
provide several ecosystem services: decrease in water erosion,
SOC sequestration (Soussana et al. 2004), increase in functional
diversity, and benefit to areas of high nature value (Dumont et al.
2019). However, specialization and concentration of farming
livestock systems in certain areas have led to a decrease in grass-
lands in other areas (Xiao et al. 2015).

In addition, at the regional scale, livestock farming areas
tend to have higher SOC content than arable farming areas
(Paroissien et al. in review). SOC content is important for
agricultural production since it improves soil properties,
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structure, aeration, and infiltrability, thus decreasing erosion,
decreasing compaction (increasing bearing capacity), and in-
creasing cation exchange capacity and plant nutrition
(Loveland and Webb 2003). Livestock farming and arable
farming areas are interconnected through exportation of straw
and cereals from arable farming areas to livestock farming
areas for animal litter and feed. However, the difference in
SOC contents at the regional scale is not explained by these
exchanges of organic matter but rather by differences in the
use of livestock manure (LM) (FlieBbach et al. 2007, Fig. 1),
the presence of temporary grasslands in crop rotations (Yang
and Kay 2001; West and Post 2002), and the proportion of
permanent grasslands in the UAA (Loveland and Webb
2003).

Studies have analyzed SOC content and dynamics to assess
impacts of livestock farming systems on soils at regional
(Sleutel et al. 2003) and national scales (Bellamy et al.
2005). Regarding livestock farming, some decreases in SOC
content have been explained by a decrease in the amount of
organic matter spread, such as manure (Goidts and van
Wesemael 2007; Capriel 2013). Other studies have attempted
to explain dynamics of SOC content in France as a function of
farming practices at regional scales, such as the regions
Bretagne, Limousin, and Nord-Pas-De-Calais from 1980 to
1999 (Lemercier et al. 2006) and Franche-Comté (Saby
et al. 2008) or Alsace from 1990 to 2009 (Swiderski et al.
2012). Regarding livestock farming, Saby et al. (2008) sug-
gested that the decrease in SOC content was related to the
decrease in grassland area. However, these studies could not
assess direct impacts of livestock farming on SOC content.
Furthermore, regional studies are not detailed enough to cap-
ture impacts of livestock farming on SOC content since

Fig. 1 Spreading of solid
livestock manure on a field
(Source—image by Hans
Braxmeier from Pixabay)

livestock farming varies among livestock farming regions
(Depeyrot et al. 2015).

A recent study (Paroissien et al. in review) showed that
SOC dynamics in France depend on the period and the geo-
graphic area considered, with an increase in SOC content in
crop farming areas. At the French national scale, several fac-
tors affect SOC dynamics: climate and soil (Chen et al. 2019),
land-use type (e.g., woodland, vineyard, crop, grassland)
(Saby et al. 2014), type of crop cultivated, crop rotation
(Chen et al. 2019; Issanchou 2017), farming practices (e.g.,
tillage, mineral nitrogen use) (Chen et al. 2019; Issanchou
2017), and farm type (Sierra et al. 2017).

Although hypotheses exist about the relations between
SOC, spreading of LM, and proportion of grasslands, no
study at the French national scale has shown a direct relation
between the number of livestock and SOC content. Paroissien
et al. (in review) found no significant relation between the
total number of livestock units and SOC dynamics in the main
livestock farming regions in France. They may have obtained
this result because their study did not consider the difference
in quality or quantity of the manure produced by the types of
livestock (e.g., cows, sheep, goats, poultry, and pigs), which
were aggregated into livestock units, calculated from feed
requirements. Martin et al. (2014) developed a model to esti-
mate SOC content in French departments as a function of LM
spreading (ADEME 2007) combined with dry matter C con-
centration (Meersmans et al. 2012). Meersmans et al. (2012)
obtained inconsistent results for the relation between spread-
ing of LM and SOC content. Currently, manure spreading data
from ADEME (2007) are available at the departmental scale,
which we considered too coarse to provide consistent results
when SOC content is mapped at a resolution of 250 m.
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These studies were unable to demonstrate a relation be-
tween livestock farming practices and SOC content and dy-
namics at regional or national scales, although a positive im-
pact of livestock farming on SOC content through manure
management has been recognized in other studies (Dumont
et al. 2019). Thus, the objective of this study was to increase
understanding of impacts of livestock farming on soils, spe-
cifically the effect of LM spreading on SOC content. This
study will investigate the impacts of livestock systems on
SOC via a statistical approach using a large dataset based on
census data, soil properties, climate indicators, and farm prac-
tices available at the French level. We also tested whether the
impacts of livestock systems vary depending on different ini-
tial levels of topsoil quality, when soils are either initially poor
or rich in SOC content, at the cantonal level in France.

2 Materials and methods

To study the relation between livestock farming and SOC
dynamics, we used data on agricultural topsoil quality, census
data on farm practices, and climatic data. The different infor-
mation used in this study had different spatial resolution; we
therefore harmonized them at a canton resolution to run the
statistical analysis.

2.1 Livestock manure spread

We estimated, at the cantonal scale, the total amount of LM
spread on the UAA by source (herbivore vs. granivore), by
type of production (solid vs. liquid), and by destination (crops
vs. grasslands).

A database from ADEME (2007), the French Ecological
Transition Agency, contains estimates of LM spreading at the
departmental scale, but this scale is too large to capture the
relation between LM spreading and SOC content (Meersmans
et al. 2012). Although the number of livestock units is avail-
able at the cantonal scale, it seems to have no statistically
significant relation with SOC content, likely due to differences
between herbivore and granivore manure (Paroissien et al. in
review). Thus, the amount of LM spread at the cantonal scale
must be estimated as a function of the types of livestock pres-
ent. We also distinguished the type of LM produced (solid vs.
liquid) and its destination (crops vs. grasslands). We
expressed the amount of LM spread in terms of its dry matter
content to obtain a total amount of LM spread per canton,
which we ultimately converted to a mean amount of LM
spread per hectare on crop and grassland areas.

To estimate the amount of LM produced by herbivores and
granivores, we used data from the 2000 and 2010 French
agricultural censuses. The difference between the LM pro-
duced and the LM spread is given by the French program to
control pollution of agricultural origin (PMPOA 2007). The

number of herbivores corresponds to the number of dairy and
suckler cows, other cattle, ewes, other ovines, goats, and other
caprines. In the calculation of LM of herbivores, livestock
units are based on nutritional requirements of each type of
herbivore (definition of IDELE) and are used as coefficients
for the different types of herbivores. The number of granivores
corresponds to the number of sows, fattening pigs, and poul-
try. The LM of sows and fattening pigs is computed separately
from the LM of poultry. The time of presence in the farm
buildings of each type of animal, the proportion of solid or
liquid manure in LM, the amount of agricultural land per farm
type, and land cover type where LM was spread were obtained
from the second French program to control pollution of agri-
cultural origin (PMPOA 2007). The amount (Mg) of solid and
liquid LM per animal or per livestock unit was obtained from
the French Livestock Institute (IDELE). The dry matter con-
tent of solid and liquid LM was obtained from French techni-
cal institutes (IFIP, ITAVI, IDELE). In addition, the manure
of ewes, other ovines, goats, and other caprines was only
solid. The liquid waste mentioned in the 2000 agricultural
census corresponds to organic waste from milk processing
(washing water from animal exploitation facilities and equip-
ment on the farm). All LM from sows and fattening pigs was
liquid, and they were assumed to be present on the farm
throughout the year (PMPOA 2007). For poultry, we assumed
that 60% of the LM was solid and 40% was liquid in each
canton. Total LM equaled total LM of herbivores and total
LM of granivores. The LM produced by herbivores was esti-
mated for each canton as follows:

LM herbivores = LM herbivores solid

+ LM herbivores liquid (1)
where
LM herbivores solid = number of herbivores (2)
x livestock units
X time of presence in the farm buildings
X proportion of solid LM
X t of solid LM per livestock unit per year
X dry matter content
and
LM herbivores liquid = number of herbivores (3)

x livestock units

X time of presence in the farm buildings

x proportion of liquid LM

x t of liquid LM per livestock unit per year

X dry matter content

The LM produced by granivores was calculated for each
canton as follows:
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LM granivores = LM solid for sows and fattening pigs
+ LM solid for poultry
+ LM liquid for sows and fattening pigs
+ LM liquid for poultry
(4)

where
LM solid for sows and fattening pigs
= number of sows and fattening pigs
X time of presence in the farm buildings
x proportion of solid LM
X t of solid LM per animal per year
X dry matter content (5)
and
LM liquid for sows and fattening pigs
= number of sows and fattening pigs
X time of presence in the farm buildings
x proportion of liquid LM
x t of liquid LM per animal per year

x dry matter content (6)
and
LM solid for poultry = number of poultry (7)
X time of presence in the farm buildings
X proportion of solid LM
X t of solid LM per animal per year
X dry matter content
and
LM liquid for poultry = number of poultry (8)

X time of presence in the farm buildings
X proportion of liquid LM

X t of liquid LM per animal per year

X dry matter content

To estimate the LM spread per hectare and per land-use
type, we distinguished the destination (crops vs. grasslands)
by using two additional datasets: the surface area on which
LM was spread (SAMS), which is available at the regional
scale for livestock farms of several economic and technical
orientations (e.g., dairy and suckler cows, other cattle, small
ruminants, and granivores), and the UAA at regional and

INRAZ

@ Springer

cantonal scales. The SAMS data (Institut de 1’¢levage 2007),
obtained from PMPOA (2007), indicate the proportions of
LM spread on maize, grasslands, cereals, and other farms.
Spreading on other farms is rare except for granivore manure,
especially in the region of Bretagne, where experts estimate
that farms often reach the regulatory limit of 170 kg of organic
nitrogen applied per hectare. In this case, the surplus LM is
spread on cereals. Thus, we limited the destinations of organic
matter to grasslands and “cereals” (i.e., the sum of cereals,
maize, and “other farm” destinations).

To downscale the regional SAMS data to the cantonal
scale, we used cantonal UAA to estimate the proportion of
each canton’s UAA in cereals and grassland. The amount of
LM spread on cereals and grasslands per hectare in each can-
ton was calculated as follows:

Cantonal weighted SAMS on cereals
= regional SAMS

proportion of cereals in the canton

proportion of cereals in the region
Cantonal weighted SAMS on grasslands
= regional SAMS

proportion of grasslands in the canton

(10)

proportion of grasslands in the region

We normalized the two cantonal weighted SAMS so their
sum would equal one, as follows:

Cantonal normalized SAMS on cereals
cantonal weighted SAMS on cereals

" (cantonal weighted SAMS on cereals + cantonal weighted SAMS on grasslands)

(11)

Cantonal normalized SAMS on grasslands
cantonal weighted SAMS on grasslands

" (cantonal weighted SAMS on cereals 4 cantonal weighted SAMS on grasslands)

(12)

Then, we calculated the amount of LM spread on cereals
and grasslands per hectare in each canton as follows:

Cantonal LM spread on cereals per ha
 Ytotal LM by type of livestock x cantonal normalized SAMS on cereals (13)

cantonal cereal UAA

Cantonal LM spread on grasslands per ha
_ Ytotal LM by type of livestock x cantonal normalized SAMS on grasslands

cantonal grassland UAA

(14)

2.2 Soil data

Information about agricultural topsoil quality corresponded to
summary statistics computed at a canton level using soil test
results stored in the French Soil Tests database (Base de
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Données d’Analyses de Terres—BDAT) (INRAE 2018; Saby
et al. 2014). This database is the output of a national French
program that aims at storing results of soil tests commissioned
mainly by farmers to manage the fertilization of their plots.
The results were provided by ca. 30 soil-testing laboratories
certified by the French Ministry of Agriculture, all of which
applied the same analytical standards. This database stores soil
test results from more than 2.6 million agricultural plots
spread over the French mainland and sampled from 1990 to
2014. The sampling depth corresponded on average to 0 and
25 cm for crop soils and 5 to 15 cm for grassland soils
(Schvartz et al. 1997). To respect the confidentiality of the
plot owner, the sampling location is not perfectly known and
corresponds to the area of the municipality. The sampling
resolutions in space and time are heterogeneous as the sam-
pling protocol is not controlled. These constraints are factored
into the statistical analyses by computing summary statistics
of the soil test results per spatio-temporal entities. As already
presented, we pooled the data in space per canton as this
resolution matched the one of the LM spread data. In time,
we pooled the data per 5-year period and we focused on two
time-periods—2000-2004 and 2010-2014—since SOC dy-
namics involve slow processes. Moreover, these periods
matched the date of the census campaigns of the LM spread
data (2000 and 2010).

We retained in this study information about SOC content
(gC/kg) and soil texture (i.e., clay, loam, sand). We com-
puted for every spatio-temporal entity, the mean, the first

and last decile of these soil indicators. The SOC changes
were computed as described in Saby et al (2017). A resam-
pling technique is proposed to consider the possible bias in
the database.

The sampling protocol associated with the data collec-
tion procedure of the soil data may be referred to as a
purposive sampling design. This type of design does not
guarantee getting unbiased estimates of the parameters of
the statistical distributions (De Gruijter et al. 2006).
However, we assumed in this study that the bias could
be reduced if the number of observations per canton is
large enough, with at least 50 soil test results. However,
given high variability in the proportion of UAA in the
area of French cantons, the amount of soil tests had to
be a function of sampling density per hectare UAA rather
than of the number of analyses per canton. The minimum
sampling density of soil test results was set at 50 soil test
results divided by the average percentage of the UAA of
French cantons in the 2000 and 2010 agricultural cen-
suses. This corresponded to an average of one soil analy-
sis sample per 145 ha. Using this resampling protocol, we
have selected cantons for which we observed this mini-
mum density of soil test results for 2000 and 2010.

Finally, we had two sets of data: one dataset where we
selected cantons for which data were available; one sub-
dataset where we selected cantons with a minimum sam-
pling density of soil test results (1 soil test per 145 ha) (see
Fig. 2).

Fig. 2 Map of the selected
cantons for the two datasets used
in this study (Source—from the
authors)

Selection of the cantonal sites
Not selected (not enough data)

. All cantonal sites selected

E Cantonal sites selected with more  ( 100
than 1 soil analysis per 145 ha UAA

200 km
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2.3 Climatic data

As SOC dynamics is impacted by temperature and moisture (Chen
et al. 2019), we used a set of climatic indicators based on annual
statistics at the cantonal scale from 1970 to 2010 obtained from
Joly et al. (2010). We retained two sets of indicators. The first one
corresponds to the absolute value of different indicators: number of
hot days (above 30 °C), inter-annual variability in temperatures in
July (the SD of the 30 monthly temperature values during the
reference normal), and inter-annual variability in monthly precip-
itation in July and January (the SD of the 30 monthly precipitation
values during the reference normal).

2.4 Farm practice data

Farm practice data used in the statistical analysis were obtain-
ed from the 2000 and 2010 French agricultural censuses. We
retained the proportions of cereals, oilseed crops, protein
crops, forage maize, and temporary and permanent grasslands
in the UAA of each canton.

2.5 Statistical analysis

We selected as the variables to be explained the first and last
deciles and the mean of the topsoil SOC content for the period
20102014 and the change in SOC content between 2000—
2004 period and 2010-2014 period. The explanatory variables
used were soil and weather variables, UAA occupied (by ce-
reals, oilseed crops, forage maize, and temporary and perma-
nent grasslands), SAMS variables, and LM variables.
Statistical relations between SOC variables and farming prac-
tices were estimated as follows:

—  Calculate correlations between all pairs of explanatory
variables.

— Remove all explanatory variables with high correlations.

—  Test for homoscedasticity and normality (Shapiro test).

—  Standardize the explanatory variables and the explained
variables.

—  Perform multiple linear regression using the generalized
least squares method when the homoscedasticity test was
rejected (always the case) or the hypothesis of normality
test was rejected (never the case).

—  Minimization of the Akaike information criterion (AIC)
to select the most parsimonious model.

We used the general least square approach rather than a
machine learning approach in order to explain the relation-
ships between the explanatory variables and the explained
variables, with information about the statistical significance
and the signs of the relationships, while machine learning
algorithms are better suited to provide accurate predictions
(Wadoux et al. 2020). We have standardized the variables to

INRAZ
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ease the comparison and the interpretation of the statistical
analysis. Statistical analyses were performed using R software
(v.3.5.1) (R Core Team 2018) and the interface Rstudio
(v.1.3.1073). To conduct the linear regressions, we used the
packages nlme (v.3.1-149; Pinheiro et al. 2020) and Imtest
(v.0.9-38; Zeileis and Hothorn 2002).

2.6 Impact of LM spreading on SOC content in 2010

Two regressions of SOC content in the period 2010—
2014 as a function of LM spreading were performed
for each canton: one considering the destination of the
LM (i.e., cereal and maize areas vs. grassland areas)
(regression 1) and the other ignoring the destination of
the LM but considering the total amount of herbivore
and granivore manure spread (regression 2). For this
regression, the relation between SOC content at the can-
tonal scale for the period 2010-2014, and farming prac-
tices and land-use types in 2010 was tested. To better
understand the effect of the variability of the SOC con-
tent, we fitted the regressions with one of three statisti-
cal indicators of the initial values of SOC content for
the period 2000-2004 (i.e., mean, first decile, or last
decile) as the control variable “SOC content 2000.”
This step represented a sort of sensitivity analysis where
we tested whether the impacts of livestock farming var-
iables on SOC content and dynamics vary depending on
different initial levels of topsoil quality. Mean weather
and soil texture data were used and assumed to remain
constant over time.
Regression 1:

SOC content in period 2010-2014
= o«;control variables + 3; UAA land use variables
+ 61SAMS from herbivores on cereals
+ 02SAMS from herbivores on grasslands
~+ 03SAMS from granivores on cereals
+ 04SAMS from granivores on grasslands

+ 05 total LM from herbivores + ¢ (15)

Regression 2:
SOC content in period 2010-2014
= «;control variables + (; UAA land use variables
+ dytotal LM from herbivores

+ 0ytotal LM from granivores + € (16)
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2.7 Impact of LM spreading on the change in SOC
content from 2000 to 2010

Two regressions of change in SOC content from the period
2000-2004 to the period 2010-2014 as a function of LM
spreading were performed (Eq. 17): one considering all can-
tons and the other considering only cantons in which at least
an average of one soil analysis sample per 145 ha was per-
formed. We considered the impact of farming practices on the
change in SOC content from 2000-2004 to 2010-2014. We
considered farming practices during the initial period (2000)
and the change in farming practices from 2000 to 2010.

Change in SOC content from 2000-2004 to 20102014
= «control variables + [3; UAA occupation variables

+ 01SAMS from herbivores on cereals 2000
+ 0,8AMS from herbivores on grasslands 2000
+ 03SAMS from granivores on cereals 2000
+ 04SAMS from granivores on grasslands 2000
+ dschange in SAMS from herbivores on cereals 2000-2010
+ d¢change in SAMS from herbivores on grasslands 20002010
+ d7change in SAMS from granivores on cereals 2000-2010
+ dgchange in SAMS from granivores on grasslands 2000-2010

(17)

+ &9 change in total LM from granivores
+ 019 change in total LM from herbivores
+e

We also ran a sensitivity analysis. Regressions were calcu-
lated for all four values of SOC content in each canton (i.e.,
median, mean, first decile, and last decile) to capture

differences in dynamics and behavior of soils as a function
of their initial SOC content (see Fig. 3).

Unfortunately, using the cantonal weighted SAMS to estimate
LM spreading resulted in a significant negative impact of herbi-
vore manure spread on crops or grasslands on SOC content
(results not shown). This result is not consistent with the literature
on the agronomic value of farm fertilizers or large-scale analysis
of impacts of LM spreading on SOC content (Goidts and van
Wesemael 2007; Capriel 2013). Consequently, we used each
region’s SAMS values to represent those of its cantons and as-
sumed that SAMS values at the two scales were similar.

3 Results and discussion

The distributions of the SOC at the two periods are provided
in Fig. 3. Within the mean and last decile of SOC cantonal
values, there is a much more elongated distribution than for
the first decile. Indeed, there are more outliers within the last
decile values, especially for the 2010-2014 period, than in
other deciles. This could suggest a possible impact of agricul-
tural practices to increase carbon content in some contexts.
The difference from first to second time period reveals, for
each decile, a less pronounced multimodal distribution.
However, for the first decile, the median value increases from
the first to the second period. This evolution is less important
in the median values of the other deciles.

Fig. 3 Distribution of the soil

organic carbon (SOC) for the 100
periods 2000-2004 and 2010—

2014 (Source—from the authors)

754

50

g C/kg soil

25+

T

2000-2004

I
[

2010-2014

First decile

Melan Meaian Last :iecile
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Fig. 4 Estimated coefficients and
statistical significance at 10%
level of general least squares
regression of soil, weather, and
farming practices on three values
for the soil organic carbon (SOC)
content (first decile, mean, last
decile) of 20102014 at the
cantonal scale in France
considering the destination of the
livestock manure (LM) (i.e.,
cereal and maize areas vs.
grassland areas) and all cantons
(regression 1) (source—from the
authors, adapted from Curien
2018).

Covariables

The correlation matrices indicate the relevant covariables
to consider in regression (see the supplementary material S.
Figure 1 for the correlation matrix for carbon content variables
and S. Figure 2 for the correlation matrix about soil carbon
evolutions). In particular, the first decile of carbon content (for
both time periods) is quite well correlated with the mean num-
ber of hot days in climate types.

As expected, mean SOC contents of the two periods were
significantly and positively correlated (Figs. 4 and 5). In addi-
tion, initial SOC content had a significantly negative impact on
SOC dynamics, regardless of the value used for it, which illus-
trates soil’s resilience to change (Figs. 5 and 6). The impacts of
the other control variables, inter-annual variability in tempera-
ture in July, inter-annual variability in precipitation in January,
elevation, and median clay content were significantly and

Fig. 5 Estimated coefficients and
statistical significance at 10%

SOC content in 2000 -

Silt content (median) -

Clay content (median) -

Herbivore LM spread on grassland in 2010 -
Herbivore LM spread on crops in 2010 -
Herbivore LM in 2010 -

Granivore LM spread on crops in 2010 -
Granivore LM spread on grassland in 2010 -

Number of warm days -

Inter-annual variability in temperature in July -
Inter-annual variability in precipitation in July -
Inter-annual variability in precipitation in January -
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positively correlated with SOC content, as observed by
Paroissien et al. (in review), and with the change in SOC con-
tent. The ranking of the impacts of the explanatory variables on
SOC content and changes is confirmed when running a ma-
chine learning algorithm (cubist and random forest models).

3.1 Impact of land use on SOC content

Regarding land-use types, cantonal proportions of cereals and
oilseed crops in 2010 had no significant impact on SOC con-
tent (Figs. 4, 5, 6, and 7). However, the AIC procedure select-
ed the cantonal proportion of cereals, suggesting that it did
have explanatory power (see Table 3 and Table 4 in the
supplementary materials). The cantonal proportion of protein
crops had a significantly negative impact on mean and last
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Fig. 6 Estimated coefficients and
statistical significance at 10%
level of general least squares
regression of soil, weather, and
farming practices on three values
for the change in soil organic
carbon content from 2000-2004
to 20102014 (first decile, mean,
last decile) at the cantonal scale in
France considering all cantons
(regression 3) (Source—from the
authors, adapted from Curien
2018)

decile values of SOC content. Proportions of forage maize and
temporary and permanent grasslands had a significantly
positive impact on SOC content. Paroissien et al. (in review)
obtained similar results for grasslands, while Issanchou (2017)
calculated a positive impact of forage maize on SOC content
(third-quartile value) but none for grain maize. This can be

Fig. 7 Estimated coefficients and
statistical significance at 10%
level of general least squares
regression of soil, weather, and
farming practices on three values
for the change in soil organic
carbon content from 2000-2004
to 2010-2014 (first decile, mean,
last decile) at the cantonal scale in
France considering cantons in
which at least an average of one
soil analysis sample per 145 ha
was performed (regression 4)
(Source—from the authors,
adapted from Curien 2018)
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explained by two indirect effects. Forage maize is usually
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effect of the former grasslands SOC content.
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However, when considering SOC dynamics (Figs. 6 and
7), the increase in the cantonal proportion of cereals had a
significantly positive impact on the first decile change in
SOC (i.e., a decrease in SOC content). There were no contra-
dictions between regressions 1 and 2. Actually, cereals cov-
ered most UAA in crop-producing regions, where SOC con-
tent was lower than in other types of regions (Paroissien et al.
in review). Cereal crops are usually included in short crop
rotations, which usually have lower SOC contents than areas
with longer crop rotations (West and Post 2002) or where
perennial crops are included at the beginning of the rotation
(Yang and Kay 2001). In our results, cereal area did not influ-
ence mean and median SOC contents or its dynamics signif-
icantly. Other studies have observed a positive impact of an
increase in cereal area (Issanchou 2017), likely due to incor-
poration of crop residues into the soil.

The change in cantonal proportions of forage maize, oilseed
crops, and protein crops had no significant impact on that in SOC
content (Figs. 6 and 7). The negative impact of protein crops on
SOC content can be explained by the exportation of all their
above-ground parts for feed, production of less biomass than
Poaceae, and the increase they cause in the labile (i.e., easily
mineralized) pool of C in the soil (Blair and Crocker 2000).

The change in the cantonal proportion of temporary grass-
lands had a significantly negative impact on that in SOC (Figs.
6 and 7), perhaps due to the conversion of fields with low soil
quality into temporary grasslands. The cantonal proportion of
temporary and permanent grasslands or forage maize had a
positive impact on SOC content and dynamics (Figs. 4, 5, 6,
and 7). Unlike previous studies based on BDAT data
(Issanchou 2017; Paroissien et al. in review), other studies have
found a negative impact of maize area on SOC content
(Loveland and Webb 2003). Currently, when grasslands are
converted, they are usually converted into maize (Dumont
et al. 2019), which corresponds to an intensification of live-
stock farming. When soil from a maize field is analyzed and
has a high SOC content, it is usually the impact of the preced-
ing grassland that is measured. In addition, herbivore manure is
more likely to be spread on forage maize than on other crops.

The cantonal proportion of permanent grasslands had a
positive impact on SOC content and dynamics (Figs. 4, 5, 6,
and 7); however, the change in the proportion of permanent
grasslands did not have a significant impact on that in SOC
(Figs. 6 and 7). According the literature, however, permanent
grasslands have a positive impact on SOC content (Loveland
and Webb 2003). However, SOC content increases more
slowly under permanent grassland than it decreases when
the grassland is converted to crop cultivation (Soussana
et al. 2004). Furthermore, only 20% of the cantons considered
had increased their proportion of permanent grasslands, which
along with under-representation of grasslands in BDAT, may
explain the non-significant results obtained.

@ Springer
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3.2 Impact of livestock manure on SOC content

Herbivore manure spread on grasslands and granivore manure
spread on crops and grasslands did not impact SOC content
significantly (Fig. 4). Besides the under-representation of
grasslands in BDAT, other factors can explain these results.
For one, livestock deposit their manure on grasslands when
they graze, which is not considered in our data, and environ-
mental conditions and management influence whether grazing
increases, decreases, or has no impact on SOC content
(McSherry and Ritchie 2013). The effect of grazing on SOC
content depends on many factors, such as soil type, precipita-
tion, photosynthesis, grazing intensity, and the depth of the
soil sampled (McSherry and Ritchie 2013). Thus, at a large
scale, local impacts of LM on grasslands (i.e., at the plot scale)
can be mitigated. Furthermore, grassland soils have higher
SOC content than crop soils (Saby et al. 2014), and SOC
content increases more slowly in grasslands soils than in crop
soils for a given amount of organic matter applied.

Without considering the destination of the LM spread, the
total amount of herbivore and granivore manure spread in a
canton had a significant and positive impact only on the first
decile SOC content (Fig. 5). However, when considering the
destination of the LM, the amount of herbivore manure spread
on crops had a significantly positive impact on most values of
SOC content (except for its first decile) (Fig. 4) and on median
values of the change in SOC (see Table 3 in supplementary
materials). These results, obtained at a national scale, consol-
idate the literature on (FlieBbach et al. 2007) and regional
analysis of (Goidts and van Wesemael 2007; Capriel 2013)
livestock and LM impacts on SOC content. However, the
impact of granivore manure spread on SOC content and dy-
namics in crop areas was negative or non-significant. This
may have been due to the nature of the LM: in 2000 and
2010, 30% of granivore manure was liquid compared to only
7% of herbivore manure. Indeed, due to their respective diets,
granivore manure contains less fibrous material than herbivore
manure. As a consequence, the C/N ratios of the manures are
different, with higher C/N ratio for herbivore manure than for
granivore manure. This affects the kinetics degradation of
their organic matter in soils. With low C/N ratio (lower than
the ratio that characterizes the soil biomass biologic activity),
as in granivore liquid manure, the soil biomass will not only
consume the carbon and nitrogen from the manure but also
soil carbon in order to maintain its biologic activity. In cases
where crop residues are exported, SOC content will decrease.
With high C/N ratio, as in herbivore manure, it is the opposite
dynamics. Hence, organic matter from granivore manure is
less stable than of herbivore manure, and less suitable to main-
tain or increase SOC content (Velthof et al. 2000). This is
consistent with certain technical reports, in which spreading
liquid LM on crops decreased SOC content but doing so on
grasslands increased it (Bodet 2001). This negative impact of
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spreading liquid LM instead of solid LM, together with insuf-
ficient straw incorporation and small proportion of green ma-
nure in the crop rotations, has been highlighted at a regional
scale in Bavaria, Germany (Capriel 2013).

3.3 Bias and interest of the databases used

The results must be interpreted in light of the limits of the
databases used in our analysis. The soil test results in BDAT
are requested by farmers, usually to manage their fertilization
and the general conditions of their fields (Saby et al. 2008).
These samples come mainly from crop soils with high pro-
duction potentials rather than grassland soils. Furthermore, the
distribution of the samples varies in time and space (Saby et al.
2014). The commercial policies of soil analysis laboratories
and agricultural advisors influence the soil analysis chosen
and the plot sampled (Lemercier et al. 2006). The data used
here, which are calculated summary statistics by canton and
for 5-year periods, limited this potential bias.

The impact of spreading granivore manure on crops must
be considered carefully. The change in the number of
granivores was calculated from the agricultural censuses of
2000 and 2010. Although we assumed that the change in pigs
and poultry was continuous, their numbers vary according to
demand (especially for poultry), which may have biased anal-
ysis and interpretation. In contrast, numbers of cattle are more
stable in time and have slower dynamics. More cantonal data
relative to spreading manure practices and livestock could
allow us to better explain the local trends in terms of SOC
dynamics that can be masked on a larger scale.

There are also omitted variables that may impact SOC con-
tent that we did not consider here, such as sludge from plants
treating waste waters or long-distance exchanges of organic
matter. Such variables may have an impact on SOC measures,
especially in areas with low SOC content.

Despite these limits, the databases used allowed us to per-
form statistical analysis at the national scale in 2365 cantons.
At the national scale, spreading of LM influenced SOC con-
tent and dynamics significantly. Our results show the impor-
tance of the nature of the manure: solid manure increased SOC
content, unlike liquid manure. Spreading herbivore manure on
crops increased SOC content, but spreading granivore manure
decreased it. These results could be consolidated using up-
dated data from the 2020 French agricultural census and
2015-2019 BDAT data.

4 Conclusion

The objective of the study was to improve understanding of
impacts of livestock farming on soils at the national scale in
France. Our results suggest that livestock farming has an im-
portant role in maintaining and increasing soil organic carbon

content, through how manure is managed. Our results, obtain-
ed for 2365 French cantons for a 10-year period, confirmed
previous results of livestock manure spreading on soil organic
carbon content and dynamics, in particular the positive influ-
ence of spreading herbivore manure. These results confirm
those of previous studies at smaller geographical scales.
Spreading herbivore manure on crop areas increases soil or-
ganic carbon content, but spreading granivore manure appears
to decrease it. Livestock manure spread on grasslands has no
significant impact on soil organic carbon content, likely due to
under-representation of grassland soils in the French soil test
database. The nature of the manure is important to consider.
Whether livestock manure is applied in solid or liquid form
can have opposite effects on soil organic carbon content:
spreading solid livestock manure increases soil organic carbon
content, while spreading liquid livestock manure may de-
crease it. These results demonstrate the importance of the
complementarity between crop and livestock as a mechanism
to maintain soil ecosystem services, including soil fertility and
carbon sequestration. Our study demonstrates that soil data
collected for a different purpose in the past can be used to
study soil organic carbon dynamics that are relevant today.
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