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Abstract: The aim of this study was to evaluate the effectiveness of the different agricultural man-
agement adaptive strategies considered in the framework of a regional climate change adaptation
roadmap in Navarre (Spain), from the point of view of soil physical indicators associated to soil
compaction and water retention. These indicators were chosen as representative of the potential of
these strategies to improve the soil physical condition. That for, the effectiveness of conservation
agriculture (CA), crop rotations (ROT), additions of organic matter (ExO), irrigation (IRR) and in-
novative grassland management (GSS) was assessed by monitoring soil bulk density (BD) and soil
available water holding capacity (AWHC) in a network of 159 agricultural fields across homogeneous
agro-climatic zones in the region. A sampling protocol designed to compare groups of plots with or
without adaptive practices, and with equal soil characteristics within each zone, allowed to determine
the effect size of each strategy (measured as response ratios, RR, calculated as the relative value of BD
and AWHC in fields with adaptive management vs. without). Both parameters responded to soil and
crop management, although the observed effect was highly variable. Only the ExO strategy showed
an overall positive effect on BD. ROT, IRR and GSS displayed no effect and, in the case of CA, the
effect was negative. In terms of AWHC, although the results within the zones were heterogeneous,
the overall effect associated to the strategies ROT, ExO, IRR and GSS was neutral, and only CA
resulted in an overall negative effect. The observed variability in terms of the effectiveness of the five
strategies tested in this region highlights the need to understand the complexity of interrelationships
between management and dynamic soil properties at the regional scale.

Keywords: CC adaptation; soil compaction; bulk density; water retention; available soil water
holding capacity; regional approach; response ratio

1. Introduction

Changes in long-term temperature and precipitation patterns associated to climate
change can have a major impact on agriculture at global scale, which may determine both
the distribution of cropping systems in arable areas and the variation in production over
the years [1,2].

Soil may play a key role for assessing and controlling this vulnerability, since changes
in soil properties may have profound impacts, both in time and space, on the ability of
land to support crops and agricultural management [3]. Soil represents also a dynamic
and regulatory system that generates a multitude of functions, which in turn support the
provision of ecosystem services by soil and agriculture [4—6]. These functions can also be
negatively impacted by climate change [7].

Agronomy 2021, 11, 607. https:/ /doi.org/10.3390/agronomy11030607

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-4681-5892
https://orcid.org/0000-0002-7682-4570
https://doi.org/10.3390/agronomy11030607
https://doi.org/10.3390/agronomy11030607
https://doi.org/10.3390/agronomy11030607
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11030607
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11030607?type=check_update&version=2

Agronomy 2021, 11, 607

2 of 28

In this sense, the main climate drivers to be considered when assessing the vulnerabil-
ity of agrosystems are those related to temperatures and precipitation patterns, including
gradual changes or extreme events, along with others such as rising levels of carbon diox-
ide and nitrogen in the atmosphere [8,9]. The effect of these drivers on the soil chemical,
physical and biological degradation may be varied [8,9]. For instance, functions related to
biomass production, nutrient supply and cycling, protection against pests and pathogens,
biodiversity conservation, water infiltration and availability, as well as the formation of a
stable physical structure in the soil and erosion prevention, could be strongly affected by
increased duration and intensity of droughts or higher temperatures [10-12].

At the same time, changes in soil cover and management associated to the inten-
sification of agricultural production, and the increasing demand for natural resources,
increase anthropogenic pressure affecting soil properties and leading to soil degradation
processes [13]. Understanding alterations in soil properties over time of cultivation, such
as the increase in the soil bulk density (BD), the disruption of soil aggregates, or alterations
in pores distribution that may affect soil water dynamics [14,15], have been the object
of attention for years by researchers, policymakers and farmers focusing on developing
soil degradation control strategies [16,17]. These strategies should consider not only their
potential impact on soil conservation, but also the need for maintaining agricultural yields
and, if possible, mitigating the effects of climate change on land degradation [18]. Moving
towards adaptive soil management strategies that can adjust to the current or projected
conditions of climate drivers by improving the soils resilience, may thus allow to moderate
or avoid these negative impacts, by promoting soil restoration [19]. The limitations of
these strategies are site-specific and determined through the interaction of biochemical and
physical factors as well as the social and institutional framework considered [1,20,21]. In
Europe, an evidence of the current interest in this matter are the European Commission pro-
posal of alignment of the Common Agricultural Policy (CAP)with the European Union’s
environmental, climate, and biodiversity protection commitments set in the European
Green Deal [22-24] or the recent European Commission evaluation support study on the
impact of CAP on sustainable soil management [25].

An adequate assessment of the response of agricultural soils to such strategies re-
quires the use of indicators, which should be as sensitive as possible to changes in soil
functions, and to possible alterations in management and/or climate [26,27]. A number of
indicators linked to soil functions have been designed, which are related to soil physical,
chemical and biological properties that can be monitored in the context of sustainable
land management, soil degradation and climate change adaptation [8,28,29]. The most
frequently used ones, because of their relevance in soil functioning and climate change
mitigation, are those related to soil organic C (SOC) storage and cycling. Many studies
have highlighted the potential and limitation of different strategies in improving SOC in
agricultural soils [18,30,31].

However, although recent global initiatives to promote SOC storage in agricultural
soils highlight that the interest of this increase lays also on its potential to improve soil
condition and the functioning of agrosystems, as benefits associated with SOC gains [32,33],
soil physical indicators, which can add useful information on the effectiveness of manage-
ment strategies to changes in rainfall patterns or water balances, are less often addressed.
These indicators can be of great interest in regional contexts. Those related to soil water
retention and soil compaction are the most frequently used [34]. Soil water retention is sen-
sitive to management strategies, which implies that these strategies may induce a positive
or negative response to changes in climate, especially to variable and high intensity rainfall
or drought events. In the same sense, soil compaction, as expressed by BD [35], represents
an adequate indicator of soil associated with multiple soil functions such as aeration, root
development and infiltration [8].

Together with the lower attention paid to these indicators. The effects of most of
the adaptive soil management strategies in terms of the restoration of the soils physical
condition are not always well known or straightforward. For instance, although manure
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application generally improves soil water retention and BD [36,37], Blanco-Canqui et al. [35]
suggest that changes in these soil properties may be small or not be measurable in the
short term under field conditions (<5 year). The effect of tillage reduction or suppression
has been linked to greater soil water retention in different agro-climatic conditions [38,39].
Their consequences in BD ant total porosity are less clear, with most studies reporting
increased BD without tillage [40], but a trend of this effect to decrease with increasing
experimental duration [41] and the variety of crops considered [42].

The effects of crop rotation on the soil physical properties show also inconsistent
results. Factors such as the crops included in the rotation, intensification and soil man-
agement system seem to be determinant in this sense [43,44]. A similar dependency on
local conditions has been observed for the link between controlled grazing and other con-
servation management strategies for grassland soils, and the soil physical condition [45].
This implies that the assessment of these soil management strategies aiming to improve
soil water conservation and the soil physical status requires careful knowledge of the soil
factors affecting them [46,47]. The effect of other adaptive strategies not directly related to
soil management, such as the adoption of irrigation, seems more related too to the local
soil and crops management techniques than to the use of irrigation by itself [48].

In this context, the main objective of this work was to carry out a quantitative assess-
ment of the effectiveness of a number of agricultural practices in achieving an improvement
in the soil water retention, assessed as its available water holding capacity (AWHC) and in
BD, at the scale of the region of Navarre, in Northern Spain. These strategies were those
already being implemented by some farmers in the region, with a potential to reduce the
vulnerability of agricultural land to the projected regional climate change by improving
the soil resilience to a gradual increase of temperature, heat waves, changes in rainfall
patterns and an increase in the number and frequency of extreme precipitation events [49].
The work was conducted within the framework of the European Strategy for Adaptation
to Climate Change [50], the regional climate change roadmap in the region of Navarre
(Spain) [49] and a regional-scale project (LIFE Nadapta) launched in 2017 in the region,
with the goal of advancing towards a comprehensive design of climate change adaptation
policies. In this sense, the study aimed to set a regional monitoring network of sites, in line
with the challenging need for up-scaling studies on soil quality [51,52].

For this purpose, a first objective was to define the actual baseline of these soil physical
indicators under conventional management conditions in the territory, by monitoring a
representative number of agricultural fields in different agroclimatic areas. Then, we aimed
to study the effect of the most relevant agricultural practices promoted in the regional
roadmap for climate change adaptation on AWHC and BD, in a selection of representative
agricultural fields across the region.

2. Materials and Methods
2.1. Study Area

The Autonomous Community of Navarre (10,391 km?) is located in the North of
Spain (Figure 1). The region is characterized by high climatic variability, with a rainfall
gradient ranging from >2500 mm in the N to <350 mm in the SE [53], as the most significant
natural division in the territory. Mean annual temperatures vary between 14.5 °C (in
Buiiuel, 41°58'47" N; 1°26/38"” W) and 9.3 °C (in Irabia, 42°59'07" N; 1°09'28"” W), with a
more or less marked seasonal oscillation depending on altitude, proximity to the sea, and
latitude [54]. At present, 39% of the total area is used as agricultural land (90.7% cropland
and 9.3% grassland).
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Figure 1. Location of the region of Navarre (bottom left) and homogeneous zones defined for
this study.

2.2. Selection of Soil Management Strategies

The agricultural managements considered in this study were those selected as adaptive
in the regional action plans for climate change adaptation [49], and most commonly
found in the region. They were conservation agriculture (CA), management of exogenous
sources of organic C (ExO), and rotations (ROT), as cropping strategies in extensive crops.
Other managements of regional interest, i.e., the implementation of irrigation (IRR), and
optimized grasslands management (GSS), were also included. CA included no-till in
extensive crops and permanent grass cover in permanent woody crops. ExO included
the regular addition of different sources of organic matter at agronomic doses (i.e., with
the purpose of fertilization), ROT included different crops in the regular sequence of
cultivation. IRR was tested in plots with irrigation, and GSS included mostly controlled
grazing strategies, and in some cases, in combination with lay or lay/crops rotations.
Some of these practices are among those recently identified as those for which a better
understanding of the processes and changes in the soil associated with SOC gains or losses
is needed [18].

2.3. Homogeneous Areas and Network of Agricultural Plots

In the framework of the project LIFE Nadapta, twelve homogeneous zones were
defined by combining biogeographical and vegetation series information (Figure 1) so that
each zone had homogeneous conditions for plant growth [55,56].

Within those zones representing the highest proportion of agricultural land in the
region (zones 1, 3, 4, 5, 7, 10 and 11), the most common land uses were identified and a
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network of agricultural plots were identified in order to evaluate the different strategies
considered. Plots included in this network were organized in groups on the main soil
types in each of the seven zones. Within each of these groups, reference plots (where
one of the adaptive managements had been applied for at least five years consecutively)
were identified, with the assistance of famers, farmers’ unions and extension agents.
At the same time, contiguous or nearly plots with the same crop or type of crop, and
under conventional management were also identified and included in the group. Each
group of plots included therefore the reference fields and several plots under conventional
management. The definition of conventional management was done according to the most
extended managements in the region, for each of the systems evaluated. That implied
mineral fertilization in the case of ExO, non-irrigated plots in the case of IRR, annual
monoculture for the ROT strategy, and regular mowing and/or no rotation in the case
of GSS. In the case of CA, conventional management implied inversion tillage in non-
permanent crops, and frequent tillage to keep the soil free of vegetation between and under
the rows of woody crops where permanent grass cover was considered as CA.

Considering the diversity of agricultural land uses existing in the region, the infor-
mation related to plots within each group was classified firstly by principal soil groups
and, secondly, by management, irrigation regime and crop intensity, when necessary. In
this sense, in plots under CA and ROT strategies, the irrigation regime of the groups
considered was specified. For the plots within the ExO strategy, both the origin of the
organic source applied and the irrigation regime were defined, and, in the case of IRR, the
cropping intensity was divided into annual crops (usually corn) and intensive-irrigation
(with more than one crop per year). The irrigation system in all the irrigated plots was
sprinkler irrigation. In this sense, rainfed regimes normally corresponded to extensive
cereal crops.

The number of groups of plots per zone was determined considering the extension of
agricultural land, and the diversity of strategies adopted, in each zone. The selection of
plots within each group was done keeping the highest possible physical proximity between
them in order to guarantee soil homogeneity within each group (see sampling strategy
below). Climate and soils characteristics, including average SOC stocks measured in the
conventionally-managed plots at 0-20 cm, as well as management strategies within each
zone and the number of groups and plots, are compiled in Table 1.

Table 1. Climate [57], average SOC stock in conventionally-managed plots at 0-20 cm (Mean =+ standard deviation),

management strategies, number of groups and plots, and soil groups [58]. Managements are conservation agriculture (CA),
g & group p group g g

addition of exogenous sources of organic C (ExO), rotations (ROT), irrigation (IRR), and controlled grazing and/or rotation

in grasslands (GSS).
Climate SOC Stock Management Strategies and Plots
Zone Papadakis [57] 0-20 cm (Mg ha!) Strategies Groups Plots Soil groups [58]
382+£97 CA 5 12
Mild Steppe (AvM-Ost) and Dry ExO 8 26 Fluventic Inceptisols and Entisols,
1. Ribera Temperate Mediterranean ROT 3 13 Orthents, Xerepts, Xerolls, Ustolls,
(AvMMe) IRR 4 16 Calcids, Gypsids
GSS 2 6
347 £74 CA 3 9 Fluventic inceptisols and entisols,
. Dry Temperate P _ )
3. South Midlands . ExO 4 13 Other Xerepts, Xerepts with depth
Mediterranean (AvMMe) ROT 4 12 limitations, Ustolls
. Moist Temperate 49.0 +20.1 ExO 1 4 Xerepts with depth limitations,
4. North Midlands Mediterranean (AvMMe) IRR 2 4 Other Xerepts
. Moist Temperate 382478 ExO 1 4 Orthents, Xerepts with depth
5. Bast Midlands Mediterranean (AvMMe) GSS 1 5 limitations
; Moist Temperate 389 +60 ca 2 6 Xerepts, Orthents, Fluventic
7. Pamplona Basin . ExO 2 7 . N .
Mediterranean (AvMMe) ROT 2 6 inceptisols and entisols
10. Valleys N Cool Maritime Mediterranean
of Pamplona (AVTME) 924 +9.8 GSS 3 8 Orthents, Udepts
11. East Pyrenees Cool Maritime (AvIrHU) 55.0 +2.1 GSS 1 5 Orthent, Fluventic Udepts
12. Northwest area G001 Maritime (AvIrHU) and 142 + 17.1 GSs 1 3 Alfisols, Ultisols

Warm Maritime (AvMHU-Hu)
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2.4. Soil Sampling Design and Analysis

A sampling strategy was developed to ensure that, within each group, areas with
homogeneous soil characteristics and differing only in management were compared. That
for, in each plot of the group, a sampling area was determined so that sampled areas in each
group of plots corresponded to the same soil unit for all plots within the group, following
the methodology described in Anton et al. [48]. Attention was paid to generate zones that
were as homogeneous as possible, considering in addition to the soil type criterion, others
such as slope or orientation [59,60]. That for, the delimitation of these homogeneous areas
within each group of plots was carried out on the basis of the highest available detail (soil
series or phase). The regional soil map at 1:25,000 [61] was used in the areas where it was
available. In this map, soil units are delimited, among other parameters, by slope and
position in the landscape. Where this was not the case, the delimitation was made from
soil information available at 1:50,000, geological information and photo-interpretation. In
all cases, the process was completed with a field visit to verify the final result, and with
extra soil profiles description when necessary.

Then, for the sampling area of each plot within each group, a sampling design was
adapted following the one described by Stolbovoy et al. [62] for comparing SOC stocks
changes in croplands. In this protocol, a randomized grid template is adapted to the size
of the sampling area and used to define at least three representative sampling squares
per sampling zone (i.e., areas with the same type of soil in each plot of the group). This
sampling design allowed for selecting the sampling areas considering also the particular
conditions of slope and orientation in the sampling area, and therefore granted random and
representative topsoil sampling. As such, it was considered valid to ensure that comparison
units were as homogeneous as possible in relation to the invariant soil properties and could
reflect the variability of the indicators sensitive to management, as recommended by [52].

All the processing of cartographic information was performed with ArcGIS 10.6
(Environmental Systems Research Institute, Inc., Redlands, CA, USA 2018).

Sampling was conducted at the end of the growing season of each crop, or as far
as possible from the last soil alteration with management in permanent crops to avoid
possible seasonal variations in BD [63,64]. Within each of the square sampling areas, 25 sub-
samples evenly distributed were carefully collected with a shovel at 0-30 cm, to compile
a composite sample. One 100 cm® undisturbed soil core was taken at the center of the
0-30-cm depth interval. Disturbed samples were gently mixed and broken apart in large
clods, and air-dried. Part of each sample was then sieved at 2 mm. The stone content was
determined while sieving.

Intact large clods and sieved samples 0-30 cm) were used to measure soil water
retention (SWR) at —33 and —1500 kPa, respectively, considered as the soil moisture
content at field capacity and wilting point [65]. SWR was determined for each sample
in 5 and 15 bar pressure plate extractors (Soil Moisture Equipment Corp., Santa Barbara,
CA), as described by Dirksen [66]. Volumetric values for the SWR were calculated from
the gravimetric measures using BD, determined from the oven-dry (105 °C) mass of the
undisturbed 100-cm? cores. Soil AWHC was calculated from the difference in soil moisture
content at field capacity (—33 kPa) and wilting point (—1500 kPa), BD data and depth.
Stoniness was used for correction when needed.

2.5. Bulk Density and Soil Water Retention Assessment and Statistics

Data on BD and volumetric soil AWHC were first used to make a comparison at the
regional level between the different zones identified, and at a local level in each zone,
between different soil typologies. This first approximation was made in plots under
conventional management, aiming to capture the reference level or baseline of the region’s
agricultural soils, considering that physical and hydraulic degradation processes in these
soils had reach a relatively steady state after decades of cultivation [67]. Data are provided
as means + standard deviation and the homogeneity of variances was verified by the
Levene test. A univariate analysis of variance (ANOVA) was used to assess differences
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between groups, and post hoc analysis was performed by the Duncan’s test. Significant
results were based on a probability level of p < 0.05.

The second approximation involved the study of the effect of each strategy considered
on BD and volumetric soil AWHC. This effect was measured for each group of plots
according to the natural logarithm of the response ratio (LRR):

LRR = ln<XR> 1)

Xc

where X and X are the mean values in the reference plot or plots with adaptive man-
agement, and those under conventional management within each group, respectively. This
represents a practical way to quantify and summarize the magnitude and direction of the
results, allowing to linearize and normalize the sampling distribution [68]. The variance of
the LRR for each group was calculated following these authors as:

(SDR)* , (SDc)”

var (LRR) = ~——5 =
l‘lRXR nc XC

()

where SD and n indicate the standard deviations and the sample size of the reference and
conventional plots within each group of plots, respectively.

Following the approach commonly applied in meta-analyses comparing results on
the same parameters from different study areas, the overall effects of each strategy in
the zones with more than one group of plots, and at the regional scale, were analyzed
with an unweighted fixed effects (FE) model. This model assumes that all groups share a
common value of LRR [68], considering that the only source of variability in the analysis
is that associated to the sampling process within each group, calculated according to
Equation (2). The unweighted analysis assigns the same weight to each group, avoiding
the underestimation of the LRR due to differences in sample sizes.

The LRRs for different strategies at group, zone and regional levels were represented in
forest graphs, transformed into RR for simplification. The effect was considered significant
when the 95% confidence interval (CI) of the RR did not overlap one (& = 0.05). All
statistical analyses were carried out with R (R Core Team; 2019). Calculations and model
performance for RR analysis were carried out using the metafor package [69].

In order to complete the discussion, data on SOC from a previous analysis were taken
into account, both in terms of SOC stocks at reference plots (Table 1) and in terms of the
overall regional effect of each strategy on this parameter (Table 2).

Table 2. Overall regional RR effect and 95% confidence interval on SOC for each strategy. Manage-
ments are conservation agriculture (CA), addition of exogenous sources of organic C (ExO), rotations
(ROT), irrigation (IRR), and controlled grazing and/or rotation in grasslands (GSS).

Strategy SOC Overall RR Effect (%) 95% Confidence Interval
ROT 0.9 0.84-0.96
GSS 1.27 1.13-1.42
IRR 1.25 1.17-1.34
ExO 1.31 1.25-1.37
CA 1.24 1.16-1.31
3. Results

3.1. Baseline by Agricultural Zones and Soil Type: Bulk Density

Figure 2 shows the results of BD (0-30 cm) corresponding to the plots under con-
ventional management in each of the areas evaluated. These results showed a very large
variability, with values ranging from below 0.9 g cm~3 at some points in zone 10, to values
close to 1.9 g cm ™~ in zone 4, for the depth studied.
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2.00 n=102 Nh=63 n=12 n=15 n=30 n=15 n=9 n=6

1.50

BD (g cm ~3)
|

I

o |

1.00 L

(o]e]

0.50

Zones

Figure 2. Bulk density (BD) in conventionally managed topsoils (0-30 cm) in each of the zones
selected for this study. Center lines show the medians, box limits indicate the 25th and 75th per-
centiles, whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers
are represented by dots. Values marked with different letters are significantly different (p < 0.05)
according to ANOVA. Values showing the same letter belong to the same homogeneous group
according to Duncan’s test. Open circles are outliers.

Zones 10 and 12, with 1.15 £ 0.14 g cm 3 and 1.21 + 0.13 g cm ™3 respectively, had
lower average BD values than the rest. Zone 4 displayed values significantly above the
others, with an average BD of 1.74 + 0.14 g cm 3. The rest of zones were grouped with an
average valueof 1.54 £ 0.11 g cm ™3, with zones 5 and 11 outstanding above and below,
with BD values of 1.62 & 0.10 g cm 3 and 1.48 & 0.04 g cm 3, respectively.

Figure 3 shows the BD results corresponding to the top layer (0-30 cm) in the different
soil types within each zone. These results showed differences in zones 1, 3, 4 and 7. In zone
1, all soils were fairly homogeneous, although the Xerepts BD (C, 1.61 + 0.13 g cm~3) was
significantly higher than the Orthens BD (F, 1.42 4 0.05 g cm ). Soils grouped as Ustolls
(B) showed a higher BD value than Xerepts with depth limitations soils (D) in zone 3, with
1.69 + 0.00 g cm 2 and 1.47 & 0.00 g cm 3 respectively. The two types of soils included in
Zone 4, Xerepts (C) and Xerepts with depth limitations (D) showed significant differences
between them with BD values of 1.61 + 0.0 g cm > and 1.87 4 0.01 g cm 3, respectively. In
zone 7, the BD of soils grouped as Orthens (F, 1.65 4 0.07 g cm~3) was significantly higher
than that of Xerepts (C), and of those grouped as Fluventic inceptisols and Entisols (G),
1.51 4+ 0.06 g cm 3 and 1.48 4 0.09 g cm 3.

3.2. Baseline by Agricultural Zones and Soil Type: AWHC

Regarding the results of volumetric soil AWHC in the first 30 cm, represented in
Figure 4, an important variability was observed at regional level. However, the same trend
observed in the BD analysis was confirmed, since average soil AWHC in zones 10 and 11,
with 61.17 £ 11.8 mm and 70.31 & 7.99 mm respectively, was significantly higher than the
others. The rest of the zones showed fairly homogeneous values, although zones 3 and 12
showed values significantly higher than zone 4.
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Figure 3. Bulk density (BD) in conventionally managed topsoils (0-30 cm) for the different types of soils in each zone
selected for this study. Center lines show the medians, box limits indicate the 25th and 75th percentiles, whiskers extend
1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots. Values showing the
same letter belong to the same homogeneous group according to Duncan’s test (p < 0.05). A: Xerolls, B: Ustolls, C: Xerepts,
D: Xerepts with depth limitations, E: Calcids, F: Orthents, G: Fluventic Inceptisols and Entisols; H: Gypsids; I: Udepts; J:

Fluventic Udepts, K: Humults [58]. Open circles are outliers.
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Figure 4. Volumetric soil AWHC (0-30 cm) in each of the zones selected for this study. Center
lines show the medians, box limits indicate the 25th and 75th percentiles, whiskers extend 1.5 times
the interquartile range from the 25th and 75th percentiles, outliers are represented by dots. Values
marked with different letters are significantly different (p < 0.05) according to ANOVA. Values
showing the same letter belong to the same homogeneous group according to Duncan’s test. Open

circles are outliers.

Figure 5 shows the results of volumetric soil AWHC of the upper soil layer (0-30 cm) in
the different types of soil within each zone considered. Significative differences between soil
types were found in zones 1, 3,4, 5, 7 and 10. In zone 1, all soils were fairly homogeneous in
terms of AWHC, although the groups categorized as Calcid (E, 51.30 & 10.01 mm), Orthents
(F, 41.37 £ 6.43 mm) and Fluventic inceptisols and Entisols (G, 47.52 &+ 16.88 mm) appeared
significantly higher than Xerolls (A, 27.95 £ 11.05 mm). In zone 3, the group of Xerepts
with depth limitations (D, 59.49 + 1.38 mm) showed a significantly higher value than soils
grouped as Fluventic Inceptisols and Entisols (G, 40.47 £ 7.97 mm). In zone 4, the group of
Xerepts (C) showed a significantly higher value than soils categorized as Xerepts with depth
limitations (D), with 40.93 £ 3.36 mm and 17.37 £ 3.21 mm respectively. In zone 5, the
Orthents soil group (F, 46.93 £ 5.95 mm) showed a significantly higher AWHC value than
soils categorized as Fluventic Inceptisols and Entisols (G, 35.04 & 5.30 mm). The three soils
included in zone 7 showed significant differences between them. The Orthents soil group
(F) showed the highest value (46.93 £ 5.95 mm) followed by Xerepts (C, 40.07 £ 7.78 mm)
and Fluventic inceptisols and entisols group (G), with 31.41 £ 8.98 mm. Finally, soils
categorized as Orthents (F) showed a significantly lower AWHC value (50.51 & 11.39 mm)
than the rest of groups within zone 10, with an average AWHC value of 69.79 £ 1.35 mm.

3.3. Effect of Management on Bulk Density

Figures 6-10 show the results of the effect of the five strategies considered on BD,
expressed as RR for each group of plots, together with the effect per zone and the overall
effect associated to the whole region. It should be noted that, in the case of the BD analysis,
the values of the RR above one represent an increase in BD with respect to non-adaptive
management [70], so that the positive effect in this case is represented by RR intervals
below 1.
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Figure 5. Volumetric soil AWHC in conventionally managed topsoil (0-30 cm) for the different types of soils in each zone
selected for this study. Center lines show the medians, box limits indicate the 25th and 75th percentiles, whiskers extend
1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots. Values showing the
same letter belong to the same homogeneous group according to Duncan’s test (p < 0.05). A: Xerolls, B: Ustolls, C: Xerepts,
D: Xerepts with depth limitations, E: Calcids, F: Orthents, G: Fluventic Inceptisols and Entisols; H: Gypsids; I: Udepts, J:

Fluventic Udepts, K: Humults [58]. Open circles are outliers.
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Location Soil - Management

Zone 1
1-M. de Arga 2 Xerepts - No till - Annual irr. - 097[087,1.08]
2- Cascante Gypsids - Permanent crop w. cover HE 0.98 [093,1.03]
3- Santacara 1 Kerepts - No till - Rainfed n 1.08[1.06,1.10]
4. Valtierra 2 Calcid - No till - Annual irr. —— 1.04 [0.92, 1.18]
5- Fontellas Xerepts - Permanent crop w. cover = 1.15[1.05, 1.26]
CA effect zone 1 > 1.04[1.00, 1.08]

Zone 3
6- Artajona 2 Xerepts - No till - Annual irr. - 1.00[0.94, 1.06]
7- Legarda Fluventic inceptisols and entisols -Permanent crop w. cover - 1.05[099,112]
8- Beire Xerepts with depth limitations - No till - Annual irr. L 0.99[0.99, 0.99]
CA effect zone 3 4 1.01[0.98, 1.04]

Zone7
9- Pamplona Xerepts - No till - Rainfed - Rainfed L] 1.00[1.00, 1.00]
10- Olza 2 Xerepts - No till - Rainfed - 1.09[1.02, 1.15]
CA effect zone 7 1 2 1.04[1.01,1.07]
CA regional effect + 1.03[1.01, 1.06]

T T T
082 1 122

Figure 6. Response ratio (RR) of BD (0-30 cm) for the adaptive management strategy of conservation
agriculture (CA). Zones correspond to those in Figure 1. The effect was considered significant when
the 95% confidence interval (CI) of the RR did not overlap one (x = 0.05). Soil and management
column includes information about principal soil group, strategic management considered and
irrigation regime in each group.

Location Soil - Management

Zone 1
1- Peralta Xerepts - Rot. irr. —a— 0.94[0.86, 1.02]
2-Funes 1 Calcid - Rot. irr. P 1.01[0.86, 1.19]
3-Funes 2 Xerepts - Rot. irr. - 0.95[0.93,0.97]
ROT effect zone 1 R 097[0.91,1.03]

Zone 3
4- Olite 3 Xerepts - Rot i — 1.11[0.91, 1.34]
5- Artajona 1 Xerepts - Rot i i 0.88[0.70, 1.09]
6- Garinoain Xerepts - Rot. non irr. —— 1.19[1.05, 1.33]
7- Muruzabal Ustolls - Rot. irr. . 1.04[0.97,1.10]
ROT effect zone 3 - 1.04[0.96, 1.13]

Zone 7
8- Cizur Orthens - Rot. non irr. - 0.96[0.91,1.02]
9- Noain Xerepts - Rot. nonirr. - 1.040.99, 1.09]
ROT effect zone 7 L 1.00[096, 104]
ROT regional effect - 1.01[0.97, 1.05]

T T T 1

067 082 1 122 149

Figure 7. Response ratio (RR) of BD (0-30 cm) for the adaptive management strategy of crop rotations
(ROT). Zones correspond to those in Figure 1. The effect was considered significant when the 95%
confidence interval (CI) of the RR did not overlap one (x = 0.05). Soil and management column
includes information about principal soil group and irrigation regime in each group.
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Location Soil - Management
Zone 1
1-Lerin Xerepts - Xerolls - Duck slurry - Rainfed —.—] 1.07 {0_99, 11 5}
2- Sesma Xerolls - Pig slurry - Rainfed —— 1.01[0.95,1.08
3- Carcar Orthents - Pig slurry - Rainfed (gl 1.08 P 05,11 1}
4- Pitillas Xerepts - Chicken manure - Annual irr. —=— 1.01[0.92,1.11
5-Valtierra 1 Calcid - Sheep manure - Rainfed - 0.86 [0.79, 0.93]
6- Caparroso Kerepts - Pig slurry - Annual irr. —=— 0.90 {0,83, 0,99}
7-Tudela 1 Fluventic inceptisols and entisols - Sheep manure - Rainfed ] 0.82[0.82,0.82
8- Tudela 2 Fluventic inceptisols and entisols - Sheep manure - Rainfed L 1.30 [1.30, 1.30]
ExO effect zone 1 ¢ 1.00[0.97,1.02]
Zone 3
9- Qlite 1 Xerepts - Pig slurry - Rainfed = 1.10[1.04, 1.16]
10- Olite 2 Xerepts - Pig slurry - Annual irr. p—— 094 {0_82, 1_08}
11- Olite 4 Xerepts - Pig slurry - Annual irr. s 0.79[0.65,0.95
12- Oloriz Xerepts - Sewage sludge - Annual irr. = 0.81[0.74,0.88]
ExO effect zone 3 L 090 [084, 098]
Zone 4
13- Mendaza Xerepts with depth imitations - Pig slurry - Rainfed fm 0.911[0.89, 0.93]
Zone 5
14- Aibar Fluventic inceptisols and entisols - Cow manure - Rainfed g 1.03[1.00,1.07]
Zone7
15-0lza 1 Xerepts - Sewage sludge - Rainfed = 1.14[1.07,1.21]
16- Aranguren Fluventic inceptisols and entisols - Cow-sheep manure - Rainfed |m 0.85[0.82,0.88]
ExO effect zone 7 & 0.98[0.95, 1.02]
ExO regional effect [ ] 097 [0.95,099]
T T T T 1

055 067 082 1 122 149

Figure 8. Response ratio (RR) of BD (0-30 cm) for the adaptive management strategy of exogenous sources of organic C
addition (ExO). Zones correspond to those in Figure 1. The effect was considered significant when the 95% confidence
interval (CI) of the RR did not overlap one (x = 0.05). Soil and management column includes information about principal
soil group, organic source applied and irrigation regime in each group.

The strategy of CA was evaluated in 10 groups through the region. The effect of
permanent grass cover in permanent crops was evaluated in three groups, where two of
them showed a neutral effect and one a negative effect (Figure 6). In the rest of groups
where no till was evaluated, four groups were under annual irrigation, and three under
rainfed conditions. Within the groups under annual irrigation, the trend was neutral, with
only one group with a slightly positive effect. In the case of rainfed groups, two of the three
groups showed a negative effect on BD. At zone level, two zones showed a neutral effect,
and one zone a negative effect. In the case of the ROT strategy (Figure 7), nine groups
were considered, six under irrigation and three without irrigation. One of the groups with
irrigation showed a positive effect (lower BD), in one of them under rainfed conditions
the effect was negative (higher BD) and the rest of groups showed a neutral effect. In
terms of overall zones evaluation, the three zones evaluated in this strategy offered a
neutral effect. The strategy ExO (Figure 8) showed a greater variability in the effect than
the rest of strategies, so that in seven out of the 16 groups evaluated, a positive effect was
observed (lower BD), in four groups the effect was negative (higher BD), and in the rest
(five groups) the effect was neutral. Five of the 16 groups within this strategy were under
irrigation, where three of them showed a positive effect on BD and two of them neutral.
Groups under rainfed conditions showed a more heterogeneous effect (four positive effect,
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three neutral and four negative effect). In the evaluation of zones in which more than
one group were included, zone 3 showed a positive effect (lower BD), and in zones 1 and
7, the effect observed was neutral. IRR strategy (Figure 9) included six groups, three of
them under intensive irrigation and three under annual irrigation regime. None of groups
under annual irrigation showed a negative negative effect. At zones level, zone 1 showed a
neutral effect and zone 4 slightly negative effect (higher BD). At zones level, zone 1 showed
a neutral effect and zone 4 a slightly negative effect (higher BD). Finally, the strategy GSS
(Figure 10), showed a negative effect (higher BD) in two of the nine groups evaluated. In
six groups the effect was neutral and in one of them the effect was positive (lower BD).
Considering the zones evaluation in which more than one group were included, zone 1
showed a negative effect, and in zone 10 a neutral effect was observed. At the regional level,
CA showed a negative overall effect (higher BD), the strategies ROT, IRR and GSS showed
a neutral effect, and only in the case of plots associated to ExO, a slightly positive effect
(lower BD) was observed on the RR. Finally, a general observation was that no relationship
was observed between the effect of the strategies considered on BD and the effect on SOC
(Supplementary Figure S1).

Location Soil - Management
Zone 1 :
1- M. de Arga 1 Xerepts - Annual irr. l—-—i 1.00[0.94, 1.05]
2- Santacara 2 Xerepts - Intensive irr. —a— 1.11[1.06, 1.16]
3- Valtierra 3 Calcid - Intensive irr. ——=—— 1.04[0.92, 1.16]
4- Funes 3 Calcid - Intensive irr. | 0.92[0.86, 0.99]
IRR effect zone 1 - 1.01[0.98, 1.05]
Zone 4 :
5- Eneriz 1 Xerepts - Annual irr. —— 0.9310.89, 0.98]
6- Eneriz 2 Xerepts - Annual irr. - 1.00[0.97, 1.03]
IRR effect zone 3 - 0.97 [0.94, 0.99]
IRR regional effect - 1.00[0.97, 1.03]
| I i I |
082 1 111

Figure 9. Response ratio (RR) of BD (0-30 cm) for the adaptive management strategy of irrigation
(IRR). Zones correspond to those in Figure 1. The effect was considered significant when the 95%
confidence interval (CI) of the RR did not overlap one (x = 0.05). Soil and management column
includes information about principal soil group and irrigation regime considered in each group.

3.4. Effect of Management on the Soil Water-Holding Capacity

Figures 11-15 show the results of the RR effect of the strategies considered on the soil
AWHC for each group of plots, together with the overall effect by zone and throughout the
region. In this case, an increase in the water retention capacity was considered positive.
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Location Soil - Management
Zone 1
1- Bardenas 1 Ustolls - Grazing - 1.09[0.97,1.22]
2- Bardenas 2 Ustolls - Grazing e 1.10[1.00, 1.21]
GSS effect zone 1 - 1.09[1.02,1.18]
Zone 5
3- Borda Eguillor Orthents - Grazing - 0.99[0.90, 1.10]
Zone 10
4- Garralda Orthents - Grazing - 0.93[0.87,099]
5-Erro Orthents - Grazing and rot. - 1.15[0.92, 1.44]
6- Roncesvalles Udepts - Grazing - 111 [1.07, 1.16]
7-Lanz Humults - Grazing e 088[0.72,1.07]
GSS effect zone 10 - 1.01[0.94, 1.09]
Zone 11
8- Remendia Orthents - Grazing and rot. - 095[0.91,099]
Zone 12
9- Baztan Udepts - Grazing - 1.05[0.90, 1.22]
G55 regional effect " 1.021[0.98, 1.07]
067 1 1.49
DARR

Figure 10. Response ratio (RR) of BD (0-30 cm) for the adaptive management strategy of controlled
grazing and/or rotation in grasslands (GSS). Zones correspond to those in Figure 1. The effect was
considered significant when the 95% confidence interval (CI) of the RR did not overlap one (o = 0.05).
Soil and management column includes information about principal soil group and management
considered in each group.

In the case of practices linked to CA (Figure 11) where nine groups were considered,
no positive effect was observed in any of them. One of the three groups where permanent
grass cover in permanent crops was evaluated showed a negative effect on AWHC. In
the rest of groups, where no till was evaluated, only one group under rainfed conditions
showed a negative effect on AWHC. At the zone level, zone 1 showed more variability in
the response, with an overall negative effect. Zones 3 and 7 showed a neutral effect.

The results associated with ROT (Figure 12) showed great variability within groups.
Within the groups with irrigation, one of them showed a positive effect and in the oth-
ers, the effect was neutral. In the case of rainfed groups, the effect was heterogeneous.
Considering the evaluation by zones, the 3 zones considered showed a neutral effect. The
effect associated to ExO in groups under irrigation showed a positive effect observed in
one group in zone 3 whereas the effect was neutral in the other four (Figure 13). The
results within the ExO groups under rainfed conditions showed a great variability in the
region, although the effect observed was negative in six of the 11 groups (Figure 13). In
the evaluation of zones in which more than one group were included, in the three zones
considered the effect observed was neutral (zones 1, 3 and 7). The IRR strategy (Figure 14),
in the case of groups with annual irrigation, the results showed 2 groups with a neutral
effect on soil AWHC and one with a positive effect. In the case of the 3 groups under
intensive irrigation, the results showed a negative effect in two of them, and a positive
in the third. In terms of zones, zone 1 showed a neutral effect, and in the case of zone 4,
the effect was positive on this parameter. Finally, the results associated to GSS (Figure 15)
showed a neutral effect in six out of the nine groups evaluated. Three groups showed a
negative effect on soil AWHC. At the level of zones in which more than one group were
included, both zone 1 and 10 showed a neutral effect on this parameter.
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Location Soil - Management
1-M. de Arga 2 Xerepts - No till - Annual irr. l—lf—l0_98 [0.75,1.29]
2- Cascante Gypsids - Permanent crop w. cover t—=— 1.10[0.98, 1.24]
3- Santacara 1 Xerepts - No till - Rainfed —.— 0.74 [0.63, 0.86]
4- Fontellas Xerepts - Permanent crop w. cover —_— 0.611[0.43, 0.86]
CA effect zone 1 - 0.83[0.74,0.94]
5- Artajona 2 Xerepts - No till - Annual irr. |—-—| 1.00[0.89, 1.12]
6- Legarda Fluventic inceptisols and entisols -Permanent crop w. cover ——=8—— (.88 [0.66, 1.18]
7- Beire Kerepts with depth limitations - No fill - Annual irr. H o 1.03[0.96, 1.10]
CA effect zone 3 - 007 [0.87,1.08]
8- Pamplona Xerepts - No till - Rainfed HH 0.99[0.93, 1.05]
9-0Olza 2 Kerepts - Mo till - Rainfed —a—  (094[082, 1.09]
CA effect zone 7 - 0.97 [0.89, 1.04]
CA regional effect o> 0.91[0.85, 0.97]
N B E— —

037 055 082 122
RR

Figure 11. Response ratio (RR) of AWHC (0-30 cm) for the adaptive management strategy of
conservation agriculture (CA). Zones correspond to those in Figure 1. The effect was considered
significant when the 95% confidence interval (CI) of the RR did not overlap one (x = 0.05). Soil
and management column includes information about principal soil group, strategic management
considered and irrigation regime in each group.

Location Soil - Management

Zone 1
1- Peralta Xerepts - Rot. irr. —_—e—— 1.21[0.95, 1.54]
2-Funes 2 Xerepts - Rot. irr. ] 1.07[0.93,1.22]
ROT effect zone 1 - 0.97[0.91,1.03]
Zone 3
3- Olite 3 Xerepts - Rot. irr. L & ! 0.92[067,1.27]
4- Artajona 1 Xerepts - Rot. irr. } 1 1.74[1.04,2.93]
5- Garinoain  Xerepts - Rot. nonirr.  + & ! 0.70[0.51, 0.96]
6- Muruzabal Ustolls - Rot. irr. ! i 0.911[0.69,1.21]
ROT effect zone 3 R s 104[096,113]
Zone 7
7- Cizur Orthens - Rot. non irr. ; . { 1.31[1.01,1.70]
8- Noain Xerepts - Rot. non irr. + = ! 0.77[0.50,1.19]
ROT effect zone 7 - 1.00[0.96, 1.04]
ROT regional effect ~—em——— 1.04[0.92,1.17]
T T T T 1
0.37 061 1 165 272 448
RR

Figure 12. Response ratio (RR) of AWHC (0-30 cm) for the adaptive management strategy of crop rotations (ROT). Zones
correspond to those in Figure 1. The effect was considered significant when the 95% confidence interval (CI) of the RR did
not overlap one (x = 0.05). Soil and management column includes information about principal soil group and irrigation
regime in each group.
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Location Soil - Management

Zone 1
1- Lerin Xerepts - Xerolls - Duck slurry - Rainfed p—a—q 059 {0,39, O,QO]
2- Sesma Xerolls - Pig slurry - Rainfed —=— 1.08[0.77,1.49
3- Carcar Orthents - Pig slurry - Rainfed ! 0.55 {0.48, 0.64
4- Pitillas Xerepts - Chicken manure - Annual irr. = 1.10[0.88, 1.38
5- Valtierra 1 Calcid - Sheep manure - Rainfed o 1.36[1.21,1.52]
G- Caparroso Xerepts - Pig slurry - Annual irr. —=— 1.56 {0.98, 2.46
7-Tudela 1 Fluventic inceptisols and entisols - Sheep manure - Rainfed —=—218([1.39, 3.42
8- Tudela 2 Fluventic inceptisols and entisols - Sheep manure - Rainfed m 0.59[0.56, 0.63]
ExO effect zone 1 L 3 1.01[0.90,1.12]

Zone 3
9- Olite 1 Kerepts - Pig slurry - Rainfed B! 061[0.52,072]
10- Olite 2 Xerepts - Pig slurry - Annual irr. = 0.96 {O,?B, 1,18]
11- Olite 4 Xerepts - Pig slurry - Annual irr. f—a— 1.28[0.96,1.70
12- Olaoriz Xerepts - Sewage sludge - Annual irr. ] 159[1.34,1.89]
ExO effect zone 3 & 1.05[094, 1.16]

Zone 4
13- Mendaza Xerepts with depth limitations - Pig slurry - Rainfed F—— 1.23[0.94, 1.62]

Zone 5
14- Aibar Fluventic inceptisols and entisols - Cow manure - Rainfed = 0.83[0.72,0.97]

Zone 7
15-Olza1 Xerepts - Sewage sludge - Rainfed = 0.78[0.66,0.93]
16- Aranguren  Fluventic inceptisols and entisols - Cow-sheep manure - Rainfed = 1.39[1.07,1.80]
ExO effect zone 7 - 1.04[089,122]
ExO regional effect + 1.02[0.95, 1.09]

I T T T l
0.37 1 165 4.48

Figure 13. Response ratio (RR) of AWHC (0-30 cm) for the adaptive management strategy of
exogenous sources of organic C addition (ExO). Zones correspond to those in Figure 1. The effect

was considered significant when the 95% confidence interval (CI) of the RR did not overlap one

(= 0.05). Soil and management column includes information about principal soil group, organic

source applied and irrigation regime in each group.

Location Soil - Management
Zone 1
1-M.de Arga1  Xerepts - Annual irr. '—I~—| 096[0.77,1.19]
2- Santacara 2 Xerepts - Intensive irr. —— 0.78[0.65, 0.92]
3- Valtierra 3 Calcid - Intensive irr. —————#——— | 0.65[0.46,0.92]
4-Funes 3 Calcid - Intensive irr. —a—— 1.71[1.42,2.07]
IRR effect zone 1 --lli- 0.95[0.85,1.08]
Zone 4
5- Eneriz 1 Xerepts - Annual irr. '——l—| 1.08[0.93, 1.25]
6- Eneriz 2 Xerepts - Annual irr. —a— 1.26[1.15, 1.39]
IRR effect zone 3 - 1.17 [1.07,1.27]
IRR regional effect -b-» 1.02[0.94, 1.11]
| T | | |
0.37 0.61 1 165 272

Figure 14. Response ratio (RR) of AWHC (0-30 cm) for the adaptive management strategy of irrigation (IRR). Zones

correspond to those in Figure 1. The effect was considered significant when the 95% confidence interval (CI) of the RR did

not overlap one (x = 0.05). Soil and management column includes information about principal soil group and irrigation

regime considered in each group.
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Location Soil - Management

Zone 1

1- Bardenas 1 Ustolls - Grazing —— 0.97[0.70, 1.36]

2- Bardenas 2 Ustolls - Grazing I S Em— 1.09[0.71,168]
GSS effect zone 1 —emE—— 1.03[0.79, 1.35]

Zone 5 I

3- Borda equillor QOrthents - Grazing ——— 1.151[0.89, 1.47]

Zone 10

4- Garralda Orthents - Grazing —_— 0.93[0.61, 1.41]

5-Ermro Orthents - Grazing and rot. H—— 1.15[0.96, 1.37]

6- Roncesvalles Udepts - Grazing | 0.92[0.87,0097]

7-Lanz Humults - Grazing F 0.80[0.75, 0.86]
GSS effect zone 10 - 0.9410.84, 1.06]

Zone 11

8- Remendia Orthents - Grazing and rot. . 0.88[0.81, 0.96]

Zone 12 :

9- Baztédn Udepts - Grazing —a— 0.87 [0.65, 1.16]
GSS regional effect * 0.9710.88, 1.06]

T T T T T 1
0.55 0.82 1.22 1.82

Figure 15. Response ratio (RR) of AWHC (0-30 cm) for the adaptive management strategy of
controlled grazing and/or rotation in grasslands (GSS). Zones correspond to those in Figure 1. The
effect was considered significant when the 95% confidence interval (CI) of the RR did not overlap
one (x = 0.05). Soil and management column includes information about principal soil group and
management considered in each group.

As for BD, no relationship was observed between the effect of the strategies considered
on AWHC and the effect on SOC (Supplementary Figure S1).

In terms of the regional evaluation, the observed overall effect associated to the
strategies ROT, ExO, IRR and GSS was neutral on soil AWHC, whereas the strategy
associated to CA was the only one that showed a slightly overall negative effect.

4. Discussion
4.1. Regional Characteristics

A first general observation can be made in relation to the great variability found both
in BD and AWHC in the conventionally-managed fields used as a reference to determine the
regional baseline. The source of this variability can be partly explained by the diversity of
soils included in the study, belonging to different soil units, and with different SOC stocks
(Table 1), in addition to the wide variety of cultivation systems included within the plots
under conventional management in this study, from permanent crops such as olive trees,
vineyards or pastures, to plots with arable crops with different management intensities.

The relevance of the amount of SOC stored in the topsoil and the soil physical condition
at the regional scale became apparent both for BD and AWHC. The areas with managements
linked to pastures and grasslands, which had the highest SOC contents in average (Table 2),
tended to have the lowest BD values in the region, especially in areas 10 and 12. The
highest values of AWHC were also observed in zones 10 and 11, associated with grasslands,
and were within the range of those observed in similar pasture zones [71]. This has
been repeatedly reported in other regions and national-scale studies [72-76], and can be
explained by the role of SOC in compensating the possible compaction due to intensive
grazing and/or cropping (which were the conventional managements tested in these
systems) [77,78]. This relationship was reflected in the results of the group associated with
pastures in zone 1 (semi-arid), that showed much lower SOC contents (data not shown),
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and displayed AWHC values in line with those observed in cultivated plots in the same
zone, and far from the values observed in zones 10 and 11. Greater SOC stocks observed in
these zones can be explained by a higher primary productivity because of a moister climate
(Table 1), and to the absence of a regular alteration of soil structure by tillage [38]. As for
BD, this can be linked to the higher SOC contents observed in these areas associated

BD and AWHC values observed in the other zones, mostly associated to cultivation
of different crops, were within those observed in agricultural soils in previous studies
conducted in the region [38,48,79,80]. Intensive tillage, lower SOC contents than grasslands,
and differences in the basic physical-chemical characteristics of the soil as a result of
intensive agricultural management may explain the differences observed within the areas
and soil types present in each zone [76]. Seasonal variations of BD as described by some
authors [63,64] can be considered less relevant, as the sampling routine was performed at
similar crop stages, corresponding to the end of the growing season or close to harvest.

4.2. Adaptive Management and Bulk Density

In relation to the overall effect of the agricultural managements tested in the region on
BD, the different strategies evaluated showed a heterogeneous response. Only the strategy
ExO showed an overall positive effect on this parameter. ROT, IRR and GSS displayed no
clear effect and, in the case of CA, the effect was slightly negative overall.

Greater values of BD than under conventional management, and overall soil com-
paction, have frequently been associated to the reduction or suppression of tillage with
CA [81]. However, such an increment seems not clear, or at least not systematic. For
instance, Blanco-Canqui and Ruis [82] suggested that CA can have mixed effects on soil
bulk density. Nunes et al. [83], in a meta-analysis carried out from 295 studies located in the
USA, did in fact not find differences in BD between different tillage intensities within the
topsoil layers. This variability in the response, together with an overall slightly negative
effect observed in this study, support these observations of a heterogeneous response. Even
so, the negative trend was more evident in the rainfed groups, in line with previous studies
developed in experimental plots in the region, which showed increased BD associated with
no tillage throughout the profile [80,84]. As well as CA is usually associated to a better
storage of SOC in the topsoil [85], many authors have emphasized the negative correlation
between increases in SOC and soil compaction under CA [83,86,87]. In this case, although
CA showed an overall positive regional effect on SOC of around 24% (Table 2), this incre-
ment did not seem to be materialized in an improvement in BD conditions (Figure 6), as it
has been observed after the suppression of tillage or the implementation of cover crops,
and associated with an increase in SOC and/or root development [88,89]. This highlights
the need for a better understanding between SOC dynamics and soil physics at the local
scale. For instance, CA has been seen to have contrasted effects on soil quality in semi-arid
land, depending on the crops rotation strategy accompanying it [90].

The strategy ExO was the only one that resulted in a positive effect on BD in the
network of plots considered in this study, reducing it at least partially, since the results
displayed also a high variability. This variability can be related to soil characteristics, man-
agement and to the different types of amendments and doses used, as ExXO amendments
were applied according to crops needs and availability of economically viable organic mat-
ter sources. Although this strategy only included five groups under irrigation, none of this
groups showed a negative effect, and it was positive in three of them, whereas the response
on the rainfed groups was clearly more heterogeneous. The positive effect of ExO in SOC
storage has been observed by several authors as responsible for soil (de)compaction [81,91].
This coincides with the observed positive regional effect of ExO on topsoil SOC storage
in the studied plots (around 31%, Table 2). On the other hand, no consistent trend was
identified between the types of amendments applied or the different zones evaluated, with
an unequal effect throughout the region (Figure 8). The fact that these plots are under
conventional soil management including tillage, should also be considered, because of the
homogenizing effect of tillage on this parameter. For instance, the sensitivity of BD and
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other physical indicators to manure addition was seen to be relatively small compared
with that of tillage after seven years of combined treatment [92].

Considering the ROT strategy assessment, the overall effect observed was neutral
throughout the region, although the variability in the response was higher than in CA
and ExO (Figure 7). The decrease in BD normally associated with crop rotations is usually
related to an increase in SOC, so that crop rotations driving SOC gains can result in
improved BD [44]. In this case, this strategy showed a slightly negative overall regional
effect on SOC around —10% (Table 2). For Zuber et al. [44], the factors that may determine
the direction of the effect include soil texture, previous SOC content, crop and tillage
intensity, and the climatic region where the system is located. In this respect, most of the
groups considered in this strategy included irrigation, which usually can be associated to
increased cropping and tillage intensity compared to rainfed systems. Moreover, plots in
all groups considered in this strategy were under conventional soil management including
annual tillage.

The latter observation can also explain the overall neutral effect observed in the IRR
strategy. Although in this case, the intensity of tillage and the soil homogenization may be
counteracting the positive effect on SOC observed associated with this strategy of around
25% (Table 2). It is also important to note that different irrigation regimes were considered
under this strategy: while irrigation of annual crops showed no negative effect on BD
within the groups analyzed, in contrast with the intensive irrigation regimes.

Finally, for the management of pastures and grasslands (GSS), our results indicated
that this strategy did not significantly change the BD at the depth considered. In general, it
has been observed that the trampling action of grazing animals when impacting the soil
can increase BD, as well as its mechanical resistance [93,94]. These authors agree that the
intensity of grazing and the time of the year when it happens are determining factors in
this case. Byrnes et al. [93] also included the local environmental conditions associated
to the geographical location of grasslands as relevant in their effect on soil condition In
this sense, a slight response to the climatic gradient in our region may be appreciated in
the results (Figure 10). The two groups of plots located in zone 1 (the most arid one in the
study, Table 1), were those with a negative effect on BD, compared to those groups in more
humid areas, which displayed no or positive effects of GSS. It has to be noted too that GSS
plots located in zone 1 showed no differences in BD with the cultivated plots in the same
area (Figure 10), which highlights the dependence of the response of BD on the scale and
location where the soils response to management is studied.

4.3. Adaptive Management and Available Water-Holding Capacity

The first general observation when assessing the response of the different strategies on
AWHC is that this parameter seemed to respond to soil and crop management, although
the effect was highly variable. Four of the strategies considered (ROT, ExO, IRR and GSS)
showed an overall neutral effect, although the results within the zones were heterogeneous.
CA was the only one strategy that showed a negative overall effect, although the effect
observed within zones associated to that strategy tends to be neutral.

In this sense, both components of AWHC, namely soil moisture retention at field
capacity and permanent wilting point, are often related to SOC content [95]. In general,
soil moisture at field capacity shows a clearer response to SOC, while the response of
the soils moisture at wilting point usually is more variable and may depend, in part, on
texture [96-98]. Hence, the strategies that favor the increase of SOC should also improve
the soil AWHC in those soils where an increment of SOC results in a more favorable effect
on soil moisture content at field capacity than at wilting point.

Conservation agriculture is often associated with improved soil physical proper-
ties which facilitate water absorption and retention, and therefore, its availability for
crops [83,87]. However, Blanco-Canqui & Ruis [82], in a review of 14 studies on the effect
of CA on AWHC, observed mixed results. According to these authors, the increase in
AWHC observed in some cases can be mainly attributed to the gains in SOC generally
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observed with CA [85]. Previous studies conducted in experimental plots in the region
showed an improvement in AWHC associated to no-till, which was attributed not only
to higher SOC contents, but also to changes in the size and distribution of the network of
pores at the topsoil promoted by crop residue management [38,80]. In this study, however,
the effect associated to CA on AWHC within the groups was heterogeneous but globally
neutral (Figure 11), and the effect on SOC, although also showed some heterogeneity on
the same groups evaluated, was negative and close to zero in zones 3 and 7 in comparison
to zone 1, with neutral-positive effect (data not shown). These zones differ mostly in their
moisture regime, which is drier in zone 1 than in zones 3 and 7. Crop residues left over the
soil in CA provide protection from raindrop impact, reduce flow of surface runoff and may
prevent pore sealing and crust formation, increasing the available water to be infiltrate
and reducing evapotranspiration [99]. In this line, although some authors suggest that CA
may allow for saving irrigation water by improving soil water retention properties (and
reducing evapotranspiration) [100,101], no differences on AWHC were observed within
groups where this strategy was applied in irrigated conditions (Figure 11).

The results also indicated that the effect of CA seemed more related to the use of
permanent soil cover in permanent crops in comparison to no-till in annual crops than to
the fact that the agrosystems were rainfed or irrigated (Figure 11). Permanent soil cover
showed a higher variability in the response than no-till, although in this case there was a
significant improvement in SOC associated to this practice (data not shown). As already
discussed in the BD section, cover crops management can affect in a variable sense the
physical conditions of these soils, including those related to water retention [89,102]. This
highlights the need of on-site evaluation of the effect of CA on soil water retention in the
region, contrasting in detail the results of the agricultural fields considered in each case,
before making extrapolations at the regional level.

The results associated to ROT strategy on AWHC in this study showed a neutral effect,
with a great variability within groups (Figure 12), and a negative effect on SOC of around
—10% (Table 2). For Indoria et al. [103], the appropriate application of crop rotations can
favor the development of micro and macro pores or channels that facilitate the movement
and retention of soil water. However, these authors indicated that these positive effects can
be modulated by the cropping system and its intensification, and their consequences in the
improvement of soil structure, porosity, and SOC content. This is in line with the results
found in other studies, in which cross effects were observed both by the type of crops
included in the rotation and by the intensity of management [43,104]. The variety and
intensity of the systems included in this study, which, as mentioned above, were mostly
associated with irrigation systems, may be influencing the ROT effect.

In this sense, although IRR showed a neutral effect overall (Figure 14), this strategy
showed a diverse response throughout the region. The assessment of this strategy can
be directly related in this case to the ROT strategy, since as mentioned, the direction of
the effect is determined by the type of crop used, intensity of management and tillage
system. As observed on BD assessment, annual irrigation regime showed no negative
effect on AWHC within the groups analyzed, contrasting with the results associated to
intensive irrigation.

Exogenous applications of organic C in the soil are also commonly associated to an
improvement on soil physical properties, which implies, among other things, an improve-
ment in the retention of available water for crops [35,81,91]. This strategy offered indeed
the best results in both soil BD and SOC (Figure 8 and Table 2) in this regional study. In
terms of AWHC, despite the overall neutral effect observed, the results showed a great
variability both within groups, and in terms of the effect direction (Figure 13). The different
types and doses of organic amendments applied could explain this heterogeneity, as least
partially, but other interfering factors, such as cultivation or tillage, should be considered
when evaluating this strategy at a regional level. In this sense, in line to that observed in
the BD assessment, none of five groups considered under irrigation conditions showed
negative effects on AWHC. In any case, these contrasting results at regional scale showed
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that there was not a direct relationship between SOC gains and improvements of the soil
AWHC in the fields considered in this study (Supplementary Figure S1).

Finally, considering the last strategy, GSS, the results observed in this study showed a
neutral effect on AWHC (Figure 15). In this regard, it is known that the effect of trampling
by grazing animals can cause soil compaction, decreasing the soil pore space and causing a
reduction in infiltration and soil water retention [105-107]. For many authors, the effect
of this strategy on soil AWHC depends on the intensity of grazing [45,108], and the
geographical location [109].

4.4. Regional Assessment

The first remarkable observation at the regional scale was that soil type, as considered
in this study, revealed not to be a relevant factor in the evaluation of the impact of the
strategies assessed. This could be explained because, although soil types were selected
based on their taxonomic characteristics in Soil Taxonomy [58], at the depth considered in
this study (0-30 cm) profiles that differ in their taxonomic classification may have similar
characteristics in this profile. In addition, in the same line, since all the soils included in
this study were agricultural soils mostly managed for decades to improve their conditions
for crop development, this may imply a homogenization of their properties in the upper
profile [14].

In relation to the assessment of the soil indicators considered at the regional level,
it can be understood that most of the strategies considered here did not show negative
effects, and in some cases, some positive effects were observed. It is important to remind
that these strategies were assessed because they are already in use in different areas of the
region. This suggests that, as observed previously, if they are interesting from the point of
view of their profitability, and could have some other positive effects, for instance in SOC
storage or controlling or reversing the physical and hydraulic degradation processes, they
can be at least considered as able to preserve soil properties and, therefore, soil functions.
It should be noted that, this effect, however, is modulated by other factors and should be
evaluated in each context.

As observed in other regions [82,83], one of the major concerns of producers in the
region regarding the reduction of tillage is the risk of increased soil compaction that may
affect seedling emergence, root growth or crop yields. In our study, it was observed
that, although the effect at the regional level was negative, it was neutral in most of the
groups where CA was evaluated. These considerations, together with the fact that CA
can be an effective technique in the promotion of SOC in the upper soil layer (Table 2)
and the beneficial effects of crop residues management in CA discussed above, mean that
CA may represent a strategy to be considered when assessing climate change adaptation
in the region. The latter seems to have a climate- or site-dependent effect, with zone 1,
with the largest agricultural area, showing the best results. This zone also presents some
of the worst soils in terms of physical and hydrological degradation, so that, a case-by-
case context should be considered in order to improve this soils condition. In relation to
permanent crops, although the use of cover crops showed a wide range of response on
the physical indicators considered, their contribution in order to control water erosion,
reducing both the first impact of rain drops on the soil and water runoff, is also widely
accepted [89]. Therefore, their application should be considered a promising one to preserve
soil degradation and within climate change adaptation strategies in the region.

An adequate combination of ROT and IRR should be explored in context-specific
assessments, considering that, on the one hand, the major climate change threats identified
for this region are related to changes in temperatures (average increase and heat waves)
and rainfall (scarcity and extreme events), and, on the other hand, they represent very
widespread practices in the region. In this sense, a detailed study of the soil water move-
ment and retention, and possible measures to improve them, are essential for developing an
efficient irrigation system in the semi-arid part of this region, as in many other regions with
limited water resources projections [46]. However, it should be kept in mind that the results
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in terms of AWHC underline the fact that the possible differences in this parameter induced
by the different managements tested here can be ephemeral in conventional cultivation
practices [110].

The variability of results associated to the ExO strategy on BD and AWHC suggest
that factors as soil characteristics and types of amendments and doses, together with the
soil management system, should be taken into account when evaluating this strategy at
the regional level. Even so, it represents a strategy to be considered when evaluating both
soil degradation control strategies and regional adaptation to climate change, considering,
additionally, that presents the best results in terms of SOC promotion. It should also be
noted that it allows for the redistribution of surpluses from intensive animal farms or
water treatment plants. In this respect, other factors such as the geographical location of
the source, their availability and their economic viability should be also considered. Last
observation is that most of the groups considered within this strategy were on rainfed con-
ditions, also within zone 1 where irrigation is more extended. This is especially interesting
considering that the groups under irrigation conditions reported interesting results, at least
in terms of BD.

The results associated with the GSS strategy in relation to BD and AWHC showed
a variable effect across the region, where the climate gradient seemed to be a factor, at
least in BD. The site-specific factors related to each geographical location appear to be
relevant to assess the potential for adaptation to climate change in the region associated
with this strategy [93]. In this sense, the zones where this management was more extended,
in the North of the region, showed the best results (above average) in terms of physical
and hydrological soil degradation.

The observed variability in terms of the adoption and effectiveness of the five strate-
gies tested in this region also suggests that one strategy alone might be not enough to
globally improve the soil physical condition. In this sense, some authors have proposed
the combination of measures such as irrigation [101,111] with cover crops and/or animal
manure application [82], as more effective for instance to improve the potential of no-till in
order to enhance the physical properties of the soil and guarantee profitable yields [112].
Priori et al. [89] also proposed a combination of cover crops with the use of proper organic
amendments, subsoiling techniques as well as use of biological inoculants in degraded
areas of tree crops, in order to couple their positive effect. For these authors, the best
strategy must be not only site-specific, but also adapted to the ecosystem functions to
be improved.

5. Conclusions

The aim of this study was to evaluate the effectiveness of different agricultural adap-
tive strategies considered in the framework of the regional climate change roadmap in the
region of Navarre (Spain) [49] and Nadapta LIFE project in order to control and reverse soil
physical degradation and agrosystems vulnerability to climate change. For that purpose,
soil indicators associated to soil compaction and water retention were monitored through a
network of plot within the region. Both physical parameters considered, BD and AWHC
seemed to respond to soil and crop management, although the effect was highly variable.

Although the potential benefits associated with CA, both in cultivated plots and
in permanent crops, suggest that it can be of interest for controlling soil degradation
processes, its effect on the physical parameters considered was heterogeneous, and not
directly related to gains in SOC. The combination of ROT and IRR strategies seemed
promising for improving the adaptability of agrosystems in the semi-arid part of this
region. ExO should be also considered as a strategy within a framework of climate change
regional adaptation, as it displayed a generally positive effect on BD and AWHC, and it may
allow for the redistribution of surpluses from intensive animal farms or water treatment
plants, in line with the Circular Economy Action Plan from the European Green Deal [113].
Site-specific environmental factors appeared to be relevant to assess the potential of the
GSS strategy.
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The observed variability in terms of the adoption and effectiveness of the five strategies
tested in this region seemed to be modulated by geographical and management factors,
which should therefore be evaluated in each context. This highlights the need to understand
the complexity of interrelationships between different aspects of soil management and
soil properties at a regional scale, and indicates that more detailed research is needed to
assess soil vulnerability and the possible adaptability potential of agricultural management.
Moving towards a diagnosis and advice at farm level seems necessary in this sense.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/3/607/s1, Figure S1: Response ratios of BD (a) and AWHC (b) vs. those observed for soil
organic C stock. The five different strategies are represented by colour: conservation agriculture
(CA), management of exogenous sources of organic C (ExO), crop rotations (ROT), irrigation (IRR)
and optimized grasslands management (GSS).
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