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A B S T R A C T

Cover crops are a valuable management option for reducing soil erosion and nitrogen losses from
agroecosystems. They improve soil quality but the impacts on crop yield depend on the type of cover
crop, the commercial crop considered and the climate. In the Argentine Pampas the introduction of cover
crops in rotations is being extensively studied by official institutions. We performed a meta-analysis with
results of 67 local field experiments in which winter cover crop effects on soils and crops were analyzed.
Soil physical properties improved after cover crops. Bulk density was minimally affected, structural
stability and water infiltration increased, while soil penetration resistance decreased. Soil organic carbon
content of the 0–20 cm layer rose ca. 4% in fine-textured soils and 9% in coarser ones. Nitrate-N decreased
after cover crops by 30% regardless if the cover crop species was or was not legume. Soil available water at
crop sowing was not affected by cover crops in the upper meter of the profile but when the cumulative
water content was measured at depth (ca. 2 m) it decreased by around 20%. Soybean (Glycine max) yield
was barely affected by the previous cover crop or fallow treatment. Conversely, corn (Zea mays) yield
tended to decrease when the cover crop was a non-legume (- 8%) or significantly increased after legume
species (+7%) when compared to a fallow. In the Pampas, cover crops have multifunctional benefits and
their adoption will depend on the balance between these benefits, the sowing cost and some possible
negative effects on corn yield. For this latter crop, legume cover crops are recommended.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

It has long been recognized that the replacement of a bare
fallow period by a cover crop is a suitable tool for decreasing runoff
and soil erosion in many agroecosystems (Reeves, 1994; Langdale
et al.,1991). As cover crops reduce soil nitrate-N accumulation they
can also substantially reduce nitrogen leaching (Constantin et al.,
2015; Valkama et al., 2015). One unique application is the use of
catch crops; a non-harvested cover crop with the primary function
being control of leaching (Thorup-Kristensen et al., 2003). Another
well known effect of cover crops is their function as green manure
for the subsequent commercial crop in some cases through the
introduction of nitrogen to the agroecosystem by atmospheric
fixation (Fageria et al., 2005; Li et al., 2015) or by increasing the
mineralization from cover crop residues during the grain crop
growing cycle (Thorup-Kristensen et al., 2003). This results in a
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nitrogen credit for the commercial crop (Fageria et al., 2005;
Ketterings et al., 2015) and a positive feedback on yield (Fageria
et al., 2005; Miguez and Bollero, 2005; Sainju and Singh, 1997).
Weed control is another possible benefit of cover crop use (Cherr
et al., 2006; Harrwing and Ulrich Ammon, 2002). These positive
environmental and agronomic effects of cover crops can offset the
cost of its seeding (Reeves, 1994; Snapp et al., 2005).

The introduction of cover crops in rotations can bring along
some other desired or undesired effects in agroecosystems. The soil
physical status may be improved by cover crops but conflicting
results have been reported in different experiments. Soil organic
carbon commonly increases some years after the introduction of
cover crops (Poeplau and Don, 2015) and this may be related to the
improved structural condition of some soils under cover crop
treatment (Fageria et al., 2005; Harrwing and Ulrich Ammon,
2002). In some experiments, however, no structural improvement
was reported (Mendes et al., 1999). Bulk density was minimally
impacted by cover crops (Hubbard et al., 2013; Zhu et al., 2012) or it
did not differ significantly in comparison to soils with fallow
periods (Chen et al., 2014; Hubbard et al., 2013). Soil penetration
resistance may decrease (Folorunso et al., 1992) or not be affected
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(Chen et al., 2014) by cover crop cultivation. Similarly, controversial
data were published on the impact of cover crops on infiltration,
with increases in some situations (Lal et al., 1978) or no effects in
others (Steele et al., 2012). In low rainfall areas (<800 mm annual
rainfall) cover crops can lead to soil water depletion reducing
commercial crop yield (Blanco-Canqui et al., 2015; Reeves, 1994).
Consequently, cover crops are multifunctional crops with multiple
impacts on ecosystem services (Blanco-Canqui et al., 2015) and
their adoption must be decided based on an overall evaluation of
their advantages and disadvantages.

Modern meta-analytic techniques were developed for averag-
ing means across different studies with heterogeneous variation
and to permit a sound statistical comparison (Hedges and Olkin,
1985). These techniques are currently replacing review papers
from which average effect size cannot be summarized. Some meta-
analysis on the impact of cover crops on soil carbon (Poeplau and
Don, 2015), nitrates (Tonitto et al., 2006) and grain crop yield,
mainly corn (Zea mays (L.)) (Miguez and Bollero, 2005) were
performed. In these studies results generated mainly in experi-
ments carried out in the Northern Hemisphere and under
temperate climate conditions were used. Other effects of cover
crops on the agroecosystems have not been assessed yet by meta-
analysis.

The Argentine Pampa is a vast plain of ca. 60 Mha which has
been considered one of the main grain crop production areas of the
world because of its extension and yield potential (Satorre and
Slafer, 1999). This region is distinct from other important
agricultural areas because of its warm-temperate climate and
extensive use of soybean in crop rotations. Winter cover crops are
being adopted by farmers gradually and many experiments were
performed by official institutions to evaluate their suitability as a
common production practice. A first attempt to analyze part of the
available information reported a great increase in soil organic
carbon when a fallow was replaced by cover crops (>5 t C ha�1

equivalent to ca. 15% increase of carbon content in the 0–20 cm
layer), with no clear effect on soil water content and no impact on
summer crop yields (Rimski-Korsakov et al., 2015). Our aim was to
perform a meta-analysis of available information on winter cover
crop effects on physical and chemical soil properties, soil available
water content and soybean and corn yield in order to generate
possible management recommendations based on an overall
evaluation of the impact of this type of crops on local agro-
ecosystems.

2. Materials and methods

2.1. Study area

The Argentine Pampa is located between 28�S and 40�S and
57�W and 68�W. Around 90% of the grain produced in the country
originates in this region. The natural predominant vegetation is
grassland and natural forests account for about 7% of the surface
(INDEC, 2002). Climate is warm-temperate and humid with mean
temperature ranging from 14 �C in the south to 23 �C in the north
and mean annual rainfall ranging from 500 mm in the west to
1200 mm in the east. The relief is flat or slightly rolling with
Mollisols, formed on loess-like materials, as predominant soils
(Alvarez and Lavado, 1998). Soil texture and depth vary from
sandy-shallow in the west to clayey-deep in the east as the result of
the aeolian origin of sediments and the predominance of SW to NE
winds, and the west-east climatic gradient (Alvarez and Lavado,
1998; Berhongaray et al., 2013). Illite is the predominant clay
mineral (Alvarez and Lavado, 1998). In many places along the west
and the south ends of the region a petrocalcic horizon appears
within the upper 1 m of the soil profile (Teruggi, 1957). Soil organic
carbon shows a strong association with rainfall (Alvarez and
Lavado, 1998; Berhongaray et al., 2013) and pH is not associated
with climate, ranging from 6 to 7 in well drained agricultural soils
(Berhongaray et al., 2013). High pH values are associated with
hydromorphic soils mainly devoted to livestock production (Hall
et al., 1992).

In the semiarid and humid areas, with annual rainfall above
600 mm, rain-fed crops are cultivated (Hall et al., 1992; Alvarez and
Lavado, 1998). Since 1970 grain crop production has expanded on
previously grazing areas (Alvarez et al., 2014c,d) and soybean
(Glycine max (L.) Merr.) has been widely adopted as the main
component of rotations (Viglizzo et al., 2001, 2011). At present,
around 60% of the pampean area is under cropping with soybean,
wheat (Triticum aestivum (L.)), corn and sunflower (Helianthus
annuus (L.)) being the main crops (MinAgri, 2016). Soybean
accounts for 60% of the area devoted annually to crops (MinAgri,
2016). The expansion of grain crops was attributed to rainfall
increases and technological improvements (Magrin et al., 2005;
Viglizzo et al., 1997), which also led to a 2 to 3-fold yield increase
depending on the crop, which resulted in a strong rise in regional
grain production (Alvarez et al., 2015). In the past, grain crops were
commonly rotated with livestock production and a low-external
input agriculture (Viglizzo et al., 2001, 2011). Currently, continuous
cultivation of grain crops is common and pastures or annual
forages tend to disappear from rotations (Alvarez et al., 2014c,d).
Since 1990 no-till has had a widespread adoption including low
fertilization rates mainly for cereal crops (Alvarez et al., 2015). In
the last 20 years winter cover crops have been slowly adopted by
farmers as a possible tool for improving soil quality.

2.2. Data acquisition and processing

We searched for published results of field experiments in which
cover crop effects were evaluated on soils and crops in the Pampas.
All possible information sources were taken into account.
Information used came from peer reviewed journals, experimental
station technical bulletins and scientific congress proceedings in
which full length papers were available. Search in peer review
journals was performed using Scopus and Google Scholar.
Combinations of the words cover crops or catch crops or green
manure and Argentina or Pampas or Pampean Region were used as
search terms. A local scientific journal devoted to soil science
available on line (Ciencia del Suelo) was entirely reviewed. An on
line search was performed of technical bulletins from the
experimental stations of the Instituto Nacional de Tecnología
Agropecuaria, an official institution devoted to field experimenta-
tion and agricultural extension. Proceedings of the National Soil
Science Congress for the last 26 years (9 proceedings) were also
revised.

To be included in our data set, an experiment had to meet the
following criteria: 1) it had to be performed by an official
institution under field conditions, 2) management practices had to
be similar to those applied under production scenarios, 3) a control
treatment under bare fallow had to be compared against at least
one cover crop treatment, 4) the cover crop species had to be
identified, 5) treatments could differ only in fallow-cover crop
management and all other factors (grain crop, varieties, fertiliza-
tion, etc.) had to be similar, 6) the experimental design had to be
clearly described (in three cases we contacted the authors of the
experiments for some additional missing information), 7) average
and number of replications of the control and the cover crop
treatments had to be reported for at least one of the following
variables: soil bulk density, soil penetration resistance, structural
stability, infiltration, organic carbon content, nitrate-N level,
available water content, or yield of soybean or corn, 8) experiment
duration and time of measurement had to be indicated, 9)
sampling depth of soil properties had to be specified. Report of
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treatment variances was not considered as a requisite in this
selection because these were not included in many sources and
this would have made the meta-analysis impossible. In around 12%
of cases (across all variables and experiments) standard deviation
or standard errors were available for the control and cover crop
treatments, in which case they were extracted. Usually, variability
of the reported means was included in one or two studies for each
addressed variable. Data were extracted from tables and figures, in
the latter case a program for data acquisition was used (Get Data
Graph Digitizer 2.24).

As a result of the search we compiled data from 67 experiments
done across the Pampas (Fig.1). Each experiment was performed in
a different site. Usually, a publication reported data from one single
experiment but in some cases results from two or more experi-
ments were included. Climate data from the experimental sites are
means of a 40 year period (1967–2006) from a previously
elaborated database (De Paepe and Alvarez, 2016). Except in one
site, annual rainfall was always above 700 mm, usually ranging
from 800 and 1000 mm (Table 1) and mean annual temperature
ranged between ca. 14 and 18 �C. The soils were Mollisols in 92% of
the cases. Experiment duration ranged from 1 to 15 years and in
89% of cases had 3–4 replicates. In five experiments, one single plot
by treatment was used but pseudoreplication was performed with
3–4 pseudoreplicates by plot. Because of the similarity of
experimental design between most of the experiments great
differences between the variances were not expected as variance is
commonly inversely correlated to sample size (Gurevitch and
Hedges, 1999).

Crop rotations could be split into those that included cereal
crops (wheat or corn) and those with soybean monoculture.
Usually each experiment had a control and a cover crop treatment,
but in some cases various cover crops were compared. In these
cases the effect of each cover crop treatment was assessed
independently by comparison with the control. In some experi-
ments time of cover crop kill and different nitrogen fertilization
rates were implemented, or measures were performed at different
times. All these sub-treatments were also assessed as independent
measures when comparing the cover crop treatment with the
corresponding control treatment (see Supplementary material
Fig. 1. Map of the Argentine Pampa showing the location of the experiments. Circles
performed at each location.
Tables A–I), as reported results were the averages of, usually, 3–4
plots. The majority of the tested graminaceous cover crops were
rye (Secale cereale (L.)), oat (Avena sativa (L.)), triticosecale (wheat x
rye), ryegrass (Lolium multiflorum (Lam)), barley (Hordeum vulgare
(L.)), rescue grass (Bromus unioloides (Kunth)), wheat and corn.
Only in a few cases, rape (Brassica napus (L.)) and forage radish
(Raphanus sativus (L.)) were used. These data, because of their
small number, were pooled together with graminaceous cover
crops as non-legume. Legumes were hairy vetch (Vicia villosa
(Roth)) and common vetch (Vicia sativa (L.)). Clover (Trifolium
resupinatum (L.)) was tested in one experiment. In all the
experiments the commercial crops were soybean or corn and
always sowed after the cover crop.

Soil bulk density was measured by the cylinder method (Blake
and Hartge, 1986), usually in layers of 5 to 6 cm, taken from the
upper 20 cm of the soil profile. Data were split into two categories:
measures from the 0–5 or 0–6 cm soil layer and measures
corresponding to the 0–20 cm soil layer. As these measures are
associated the results from the two layers were analyzed by
separate. Soil penetration resistance was assessed by cone
penetrometer readings in the field (Bradford, 1986) at different
depths. Records were averaged for calculating the mean resistance
of the 0–10 cm and the 10–20 cm soil layers that were analyzed
separately. Structural stability was measured on surface samples
taken at different depths, usually 0–5 or 0–10 cm by wet sieving
(De Boodt et al., 1961) or one of its variants (Kemper and Rosenau,
1986). Some papers presented results as percentage of stable
aggregates to water and others as the change in aggregates mean
weight diameter. To make these readings comparable, the first
variable was normalized assigning a value of 100% to the highest
recorded value and calculating all other values as percentages of
the highest one. Change in mean weight diameter was transformed
to the inverse and normalized in the same way. Infiltration was
assessed by simple or double ring infiltrometers (Bouwer, 1986).
Soil carbon was determined by wet combustion (Nelson and
Sommers, 1986) on surface samples from the 0–20 cm layer. In 3%
of the measured samples data came from the 0–15 cm or 0–18 cm
layer, and in these cases carbon content was corrected to 0–20 cm
using a local stratification model (Berhongaray et al., 2013). In 73%
 indicate experimental locations and numbers inside the amount of experiments



Table 1
Main characteristic of the experiments compiled.

Reference Experiment MAR (mm) MAT (�C) MAR/ETP (mm/�C) Soil Duration (years) Design Rotation Cover crop Grain crop

1 1 1014 17.5 0.99 VA 2 1 V C
2 2 805 18.0 0.73 TA 6 RCB-3 S-S, S-C (T +Cv) S, C
3, 10 3 818 17.5 0.77 EH 15 FD-3 or 4 S-S, S-C T, DGS S, C
4, 7 4 826 16.3 0.84 EH 1 RCB-3 Su-C R Â C

5 826 16.3 0.84 EU 1 RCB-3 Su-C R C
6 826 16.3 0.84 EH 1 3 Su-C R C

5, 29 7 859 16.3 0.88 TH 7 RCB-3 S-S T S
6 8 970 16.2 EH 5 S-S O, Ry S

9 702 16.0 0.61 TU 1 1 S-C R C
8 10 915 17.4 0.87 TA 1 RCB-3 T S
9 11 859 16.3 0.88 TH 9 RCB-3 S-S R S
11 12 859 16.3 0.88 TH 8 RCB-3 S-S, S-C, C��C R S, C
12 13 915 17.4 0.87 TA 1 RCB-3 T, R, Cv, Hv
13 14 856 17.1 0.83 3 2 S-C V C
14, 16, 17 15 892 16.0 0.97 TH 4 RCB-3 S-S O, R, Ry S

16 725 17.5 0.74 THs 1 RCB-3 S-S R, O, Ry S
15 17 993 17.7 0.95 TA 3 RCB-3 S-S W, (Cv+O), O, Cv S

18 993 17.7 0.95 TA 1 RCB-3 S-S Hv, O S
19 993 17.7 0.95 TA 1 RCB-3 Hv, (Hv +O) S, C
20 993 17.7 0.95 AA 1 RCB-3 Hv, (Hv +O) S, C
21 993 17.7 0.95 TA 1 RCB-3 Hv C

18, 27 22 915 17.4 0.87 TA 15 RCB-3 W/S-S-C O, T, W
19, 21 23 918 14.3 1.28 TA/PP 2 RCB-3 C��C O, Hv, (Hv+O) C
20 24 1030 16.8 1.11 TA 1 RCB-3 W/S O S
22 25 892 16.0 0.97 TH 1 RCB-3 R S
23 26 908 17.4 TH 1 1 W/S-C Cv, T C
24, 25 27 725 17.5 0.74 EH 1 RCB-3 S-C R C
26, 30, 56, 60 28 859 16.3 0.88 TAH 8 RCB-3 S-S R, Ry, O S
28 29 1003 16.3 1.09 2 RCB-3 W/S R S
31 30 859 16.3 0.88 TH 1 RCB-3 S-C W S
32, 33 31 918 14.3 1.28 TA/PP 3 RCB-3 S-S O S
34 32 859 16.3 0.88 TH 1 RCB-3 Hv
35 33 859 16.3 0.88 TH 1 RCB-3 S-C R C
36, 55 34 859 16.3 0.88 TH 1 RCB-3 R C

35 859 16.3 0.88 TAH 1 RCB-3 R C
37 36 859 16.3 0.88 TH 1 RCB-3 S-S O, R, Ry S
38 37 1152 18.1 1.08 AP 1 RCB-3 Ry, (Ry +O), (Ry +C), C S
39 38 896 17.4 0.85 EH 1 RCB-3 Vc S

39 915 17.4 0.87 TA 1 RCB-3 Vc S
40 860 16.7 0.85 UH 1 RCB-3 Vc S

40, 41 41 1022 16.8 1.05 TA 5 RCB-3 W-C-S Rg, O, Ba, Ry, (O +Cv), Cv, Ra, Fr C
42 42 947 17.6 0.87 TA 1 RCB-5 W/S-C-S O S
43 43 987 16.0 1.10 EHl 5 3 S-S O, Ry S

44 987 16.0 1.10 EHl 5 3 Cv C
44 45 1037 16.9 0.78 VA 1 RCB-3 Ry C
45 46 915 17.4 0.87 TA 1 RCB-3 C��C Hv C
46 47 1152 18.1 1.08 AP 1 RCB-3 S-C Ry S
47, 48 48 805 14.3 1.02 TA 1 RCB-3 W-C O, Cv, (O+Cv), Cg, Cng C

49 805 14.3 1.02 TA 1 RCB-3 W-C O, Cv, (O+Cv), Cg, Cng C
50 805 14.3 1.02 TA 1 RCB-3 W-C O, Cv, (O+Cv), Cg, Cng C
51 805 14.3 1.02 TA 1 RCB-3 W-C O, Cv, (O+Cv), Cg, Cng C
52 805 14.3 1.02 TA 1 RCB-3 W-C O, Cv, (O+Cv), Cg, Cng C

49 53 670 15.7 0.62 1 1 R
54 663 16.0 0.61 1 1 T

50 55 993 17.7 0.95 TA 3 RCB-3 C-S-W/S, S-S W S
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of cases carbon stock was reported or could be calculated with
measured values of bulk density for each treatment. In order
to include as many data as possible in the analysis, in the remaining
cases we used a procedure similar to that employed by Poeplau and
Don (2015) that evaluated cover crop effect in a global meta-
analysis. We estimated soil bulk density based on organic carbon
content. We tested the common Adams-Stewart model (Tranter
et al., 2007) for bulk density estimation using a typical value
of 1.64 g cm�3 for mineral bulk density (Post and Kwon,
2000) against a data set of 1418 samples taken under different
land uses and depths in the Pampas (Alvarez et al., 2016b). The
modeling efficiency (EF) was calculated following Poeplau et al.
(2011):

EF ¼

Xn

i¼1

Oi � O
� �2

�
Xn

i¼1

Pi � Oið Þ2

Xn

i¼1

wi Oi � O
� �2

ð1Þ

where Oi are observed values, Ois the observed mean and Pi are
values predicted by the model. When the mean is used as predictor
EF is zero. If model predictions were worse than when using the
mean, EF is less than zero and for better predictions it is bigger. The
Adams model severely overestimates bulk density in Pampean
soils. Modeling efficiency was �0.85 and the R2 between observed
and estimated values 0.30. Variability of bulk density in Pampean
soils was small; the mean value was 1.26 g ml�1 with a 95%
confidence interval ranging from 1.25 to 1.27 g ml�1. This allowed
an acceptable estimation of bulk density using only the mean value
in cases where carbon concentration needed to be transformed
into carbon stocks. As an alternative, we chose a local model for
bulk density estimation that was fitted with the data set of 1418
samples indicated above (bulk density (g ml�1) = � 0.13 carbon (%)
+ 1.4; R2 = 0.32) (Alvarez et al., 2016b). Despite the model had low
R2 its EF was 0.22 obtaining a better performance than when using
the mean bulk density. Nitrate-N was determined by colorimetric
methods, usually the Griess-Ilosvay or the cromotropic acid
method (Mulvaney, 1986). In 61% of the cases data for the 0–
60 cm soil layer were presented but in 39% of the cases only results
corresponding to the 0–100 cm soil layer were available. Because in
the Pampas nitrate-N contents at different soil layers are highly
correlated, it was possible to estimate the level of nitrate-N in a
layer using data from another (Alvarez et al., 2001). We used a local
coefficient (nitrate-N 0–60 = nitrate-N 0–100 * 0.7) (Romano et al.,
2014) to transform data from the 0–100 cm layer to 0–60 cm to
include all data in the analysis. Soil available water content was
determined by the gravimetric approach. Although not reported in
the papers, the water tensions usually used in the Pampas for
assessing plant available water are �0.033 and �1.5 MPa.
Gravimetric water content was transformed to stored water
(mm) in a soil layer using bulk density information. Plant available
stored water content in different soil depths was calculated as
the sum of the stored water of the soil layers considered. As
different papers reported water content to different sampling
depths the number of data aggregated differed between different
soil depths. Corn and soybean yield was determined by
mechanical or hand harvest the experimental plots. Yields were
presented with 14% water content in some cases. When not
specified we also assumed a 14% grain water content. Due to the
amount of experiments involved and the pairs of available data
compared in each case, our data set was especially robust for the
analysis of bulk density, structural stability, chemical soil
properties, stored available water and crop yield (Table 2). The
penetration resistance data set extracted was small but we also
analyzed it because there is a lack of information of the effect of
cover crops on this variable.



Table 2
Grouping categories of the studied soil and crop variables accounting for the number of experiments and pairs of data grouped in each case and the average values (between
brackets = standard deviation between studies) calculated for the control.

Variable Grouping categories Experiments Pairs of comparisons Control

Bulk density (g ml�1) 0-5/0–6 cm layer 7 38 1.14 (0.084)
0–20 cm layer 4 31 1.30 (0.073)

Soil penetration resistance (kPa) 0–10 cm layer 3 7 1.62 (0.71)
10–20 cm layer 3 7 2.29 (0.72)

Structural stability (%) 6 44 39.9 (21.4)

Infiltration (mm h�1) 8 22 97.5 (149)

Soil organic carbon (t ha�1) Coarse textured soils 12 58 34.1 (10)
Fine textured soils 3 35 40.7 (2.9)

Cereal rotations 7 49 35.9 (8.1)
Soybean monoculture 8 44 37.0 (9.3)

N-nitrate (kg ha�1) Legume CC 9 16 58.1 (33.1)
Biculture CC 2 5 67.4 (45.4)
Non legume CC 21 68 66.4 (39.0)

Available water (mm) 30–40 cm depth 14 44 34.3 (20.2)
60–70 cm depth 16 68 65.9 (24.9)
80–90 cm depth 14 51 91.7 (38.0)
100–120 cm depth 17 83 133.6 (34.6)
140–160 cm depth 18 67 157.5 (61.7)
180–250 cm depth 17 41 235.0 (88.6)

Yield (kg ha�1) Corn after legume CC 16 68 9740 (2550)
Corn after biculture CC 6 14 8210 (1750)
Corn after non legume CC 12 48 7020 (2020)

Soybean after legume CC 7 14 3670 (1190)
Soybean after biculture CC 5 14 3360 (1130)
Soybean after non legume CC 20 132 3630 (1010)
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2.3. Meta-analysis

Meta-analytic methods were employed for determining cover
crop effect on all the assessed variables. The meta-analysis was
performed using three different weighting functions. In the first
case, and due to the lack of a suitable variance estimator in most of
the selected studies, an unweighted meta-analysis was performed
following the criterion proposed by Gurevitch and Hedges (2001)
and Rosenberg et al. (2000), assigning a value of 1 to the variance of
both control and cover crop treatments of all the compiled studies.
In the second case, means were weighted by sample size giving
more weight (w) to means calculated with more replicates and
using the equation (Adams et al., 1997):

w ¼ nT:nc

nT þ nC
ð2Þ

where: nT is the sample size of the treatment (cover crop) and nC is
the sample size of the control. The third weighting function used
was the inverse of the pooled variance (Rosenberg et al., 2000) in
which weights are calculated as w = 1/V, where:

V ¼ VT

nTðXTÞ2
þ VC

ncðXcÞ2
ð3Þ

V is the pooled variance of each study, VTand VC are variances of the
treatment and control respectively, and XT and XC the means of
treatment and control of that study. As in most studies the pooled
variance could not be calculated, we developed a substitution
procedure using a calculated mean standard deviation (Wiebe
et al., 2006). The whole data set included 1950 means covering all
selected variables and experiments, and 232 standard deviations
could be extracted. We pooled all available standard deviations/
means ratios and calculated the sample mean and the 95%
confidence interval. The sample mean was 0.129 with a confidence
interval ranging from 0.117 to 0.142. As the confidence interval was
narrow we used the sample mean to estimate variance across the
entire data set. It was estimated that standard deviations were
equivalent to 0.129 of the means. This procedure was more
conservative than the usual assumption that standard deviations
are equal to 0.1 of the means (Gattinger et al., 2012; Luo et al., 2006;
Zhao et al., 2015). As effect size we calculated the response ratio
(RR):

RR ¼ XT

XC
ð6Þ

The RR is a unitless measure of the effect size of the treatment
calculated as a fraction of change in relation to the control (Hedges
et al., 1999). It allows combining different units of a variable and it
has been widely used in ecological research (Hedges et al., 1999). A
RR of one indicates no effect of treatment related to the control.
Values greater than one correspond to a positive treatment effect
and, conversely, values smaller than one indicate a negative effect.
The RR was used for summarizing cover crop effects on all variables
assessed by meta-analysis. When RR is subjected to statistical
analysis it is convenient to transform it to the natural logarithms
(Eq. (7)). The transformation linearizes the metric and nearer to the
normal distribution than RR (Hedges et al., 1999):

InðRRÞ ¼ InðXTÞ � InðXCÞ ð7Þ
The statistical significance of the cover crop effect was

determined using In(RR). A bias-corrected for skew 95% confidence
interval was estimated by bootstrapping resampling methods
(Adams et al., 1997) performing 1000 iterations. The overall RR
(InðRRÞ) was obtained as the mean of individual study’s RR values
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as:

InðRRÞ ¼

Xn

i¼1

InðRRiÞ � wi

Xn

i¼1

wi

ð8Þ

The InðRRÞ was considered to be significant (P < 0.05) if its
confidence interval did not overlap with one (Rosenberg et al.,
2000). When the confidence interval of two different InðRRÞ did
not overlap they were also considered significantly different
(P < 0.05). Average effect size and their corresponding confidence
intervals were calculated using MetaWin 2.0 (Rosenberg et al.,
2000). The average response ratio (RR) was transformed to percent
change for presentation of results:

Percent change ¼ ðRR � 1Þ � 100%

As we were also interested in determining possible differences
in the impact of cover crops on soil properties and grain crop yields
depending on soil type, rotations and cover crop species, we tested
if the RR presented heterogeneity between classes (i.e. different
soil types) by means of the Q values (Eq. (9)) (Hedges and Olkin,
1985):

QT ¼ QB þ QW ð9Þ
where: QT = total heterogeneity, QB = heterogeneity between

classes and QW = heterogeneity within classes. QT, QB and QW were
calculated following the procedure proposed by Hedges and Olkin
(1985) using MetaWin 2.0 and represent a partitioning of
heterogeneity similar to the partition of the sum of squares in
analysis of variance. The total heterogeneity is the sum of the
heterogeneity between classes (equivalent to treatments) and the
heterogeneity within classes (equivalent to the error). Q values had
an approximate Chi-squared distribution. If QB was greater than
the 95% Chi-squared critical value with k–1 degrees of freedom
(k = number of classes), the different classes did not share a
common effect size and the response ratio with its confidence
interval was calculated for each class separately using a random
effect model (Rosenberg et al., 2000). We assumed that a random
effect model would fit our data set better based on the hypothesis
that effect sizes were not fixed across all studies (Gurevitch and
Hedges, 1999). When the pooled variance was less than or equal to
zero a fixed effect model was used (Rosenberg et al., 2000). Classes
were defined based on 1) soil type (coarse-textured and fine-
textured soils), 2) rotation vs. soybean monoculture, 3) cover crop
type (legume, biculture or non-legume), and 4) cover crop species.
As the textural composition of soils was not reported in the most of
the studies we grouped them into: fine-textured (Argiudolls,
Paleustolls, Peluderts) and coarse-textured (Hapludolls, Haplus-
tolls, Ustisaments). A hierarchical approach was used for selection
of categorical variables with significant effect on average effect size
in a two step process (Nave et al., 2010). First, we ran a meta-
analysis on the whole data set to determine which categorical
variable had the lowest P value. Second, in cases where two
categorical variables had significant effects we divided the data set
into groups defined by the variable with the lowest P value and re-
ran the meta-analysis within each sub-set testing the second
significant categorical variables. It was not necessary to do more
than two iterations in this variance-partitioning analysis. To avoid
over-reduction of groups and to decrease the probability of
confounding factors the restriction of using no less than 10 values
integrated in a class had been proposed (Kallenbach and Grandy,
2011). We were more conservative as more than one single RR was
extracted from some experiments (i.e. different cover crop species
tested in the same experiment). For that reason we did not split the
data set into classes that included less than 20 data values
regardless of the number of experiments or 10 data generated in at
least 5 experiments. Because of this restriction, some possible
effects (classes) were not tested as time of cover crop desiccation or
nitrogen fertilization from which small sample sizes were
available. When the structure of the data did not allow splitting
into classes, but the effect size relationship with a continuous
variable (i.e. time) needed to be assessed for a meta-regression, the
latter was performed using weighted least squares (Hedges and
Olkin, 1985). A fixed effect model or a random effect model was
used (using MetaWin, Rosenberg et al., 2000), depending if the
pooled variance was less than or equal to zero in the first case or
greater than zero in the second.

3. Results

The weighting function used for the meta-analysis did not
affected results, that were similar using an unweighted meta-
analysis or a meta-analysis weighted by replication or by the
inverse of the pooled variance.

Soil physical properties generally improved when replacing a
fallow period by the inclusion of cover crops. Changes in bulk
density were very small with decreases or increases not greater
than 0.1 g ml�1. In the 0–5/0–6 cm soil layer, bulk density decreased
in 63% of cases and did not change in 8%. In the 0–20 cm layer, 49%
of cases showed lower bulk density under cover crops than under
fallow and in 35% of the cases changes were not detected. The
meta-analysis showed only a minimal impact of cover crops on
bulk density (Fig. 2). The confidence interval for the average RR of
the 0–5/0–6 cm layer was close to one and a decrease of 1% in bulk
density was calculated for the 0–20 cm layer. Soil penetration
resistance was greatly impacted by the adoption of cover crops.
Soil resistance decreased in all experiments and depths, in some
cases as much as ca. 0.5-0.6 kPa. On average, it was around 15–20%
lower under a cover crop than under fallow both in the 0–10 and
the 10–20 cm layers (Fig. 2). Structural stability was generally
greater under cover crops but it decreased in 24% of cases. The
increases ranged from 1 to 18%. The overall evaluation showed a
12% average positive and significant effect of cover crops on
stability (Fig. 2). Infiltration was also enhanced by cover crop use.
In 82% of cases infiltration increased under cover crops with half of
them exceeding 25 mm h�1. The average infiltration increase was
around 36% (Fig. 2). Neither of the soil physical variables were
correlated to time.

Soil organic carbon stocks generally improved under cover
crops. Increases ranged from 0.2 to 8.9 t ha�1 and in only 10% of
studied cases, decreases not exceeding 2–3 t C ha�1 were found.
These carbon decreases were observed always in experiments of
less than five year duration but no carbon reduction was measured
after five years. The average increase was around 7% of the carbon
content in the 0–20 cm layer (Fig. 3). Increases were not correlated
with time and a significant meta-regression could not be fitted.
When the whole data set was partitioned into experiments
performed on fine or coarse textured soils, a differential impact of
cover crops on soil carbon was detected giving rise to a significant
QB. The RR was greater in coarse soils than in fine textured ones
(change approximately 9% vs. 4%, respectively). When testing the
type of rotation (with cereal crops against soybean monoculture)
within each soil class, no significant effects were detected. Nitrate-
N decreased in almost all cases under cover crops. Only in 9% of
cases increases were measured. The decreases were very variable
ranging from �2 to �99 kg N ha�1 with an average decrease
rounding 53% (Fig. 3). The decreases were observed when cover
crops were both legumes and non-legumes. No significant QB was
detected between different types of cover crops. A significant



Fig. 2. Cover crop effect on soil physical properties. The meta-analysis results are presented as percent change (mean size effect and the 95% confidence interval). Numbers in
brackets are the number of paired data grouped in each category. u = unweighted, r = weighted by replication, v = weighted by the inverse of the pooled variance.
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meta-regression could be adjusted between the Ln(RR) and time
since initiation of experiment with a negative slope value (Ln
(RR) = �0.50–0.16 time). Coefficients were similar independently
of the weighting function used indicating a greater depleting effect
of cover crops on soil nitrate-N content along time.

The impact of cover crops on available water stored in the soils
depended on the soil depth considered. In the upper soil layers
changes produced by the introduction of cover crops in the
rotations had both positive and negative effects but in deep soil
layers this trend was clearly negative (Fig. 4). Changes were not
clearly associated to the climatic condition of the site in which the
experiment was located. Meta-regressions of the Ln(RR) against
the rainfall/potential evapotranspiration ratio were not significant
for some soil depths, showed significant positive trends in some
cases or negative in others. Time was neither correlated to the Ln
(RR). No significant effect of cover crops was detected when
available water stored in the upper meter of the soil profile was
considered. When the analysis included data from 1 to 2.5 m depth,
the stored available water decrease ranged from 15% to 30%
depending on the depth taken into account.

Corn yield was affected by the type of the previous cover crop.
The heterogeneity analysis showed a significant QB for type of
cover crop classes. With non-legume cover crops yield tended to
decrease in average ca. 8%, although this difference was not
significant (Fig. 5). Biculture cover crops did not affect corn yield
while a significant increase of around 7% was obtained with a
Fig. 3. Cover crop effect on soil chemical properties. The meta-analysis results are presen
brackets are the number of paired data grouped in each category. u = unweighted, r = w
legume cover crop. Species effects within the non-legume cover
crop type class could not be tested because of the lack of sufficient
data for species subclasses. The biculture class was the combina-
tion of oat and Vicia sp. and the legume class was Vicia sp. Yield
effects on corn were not correlated to climate or time because
significant meta-regressions could not be fitted between the RR
and the rainfall/potential evapotranspiration ratio or time since
experiment initiation. By contrast, soybean yield was minimally
affected when a fallow was replaced by a cover crop (Fig. 5). The
heterogeneity analysi s indicated that cover crop type did not
affected the RR. Climate or time since adoption neither impacted
the response of soybean to cover crops adoption.

4. Discussion

The results from our meta-analysis were generally not affected
by the weighting method used. When sample size is similar, no
great variability between studies is to be expected (Gurevitch and
Hedges, 1999) and consequently, different weighting functions can
lead to the same conclusion. This was the case in our study.
Previous comparisons of different weighting functions in soil
science studies arrived to similar results (Hungate et al., 2009; van
Groenigen et al., 2011).

Soil bulk density changes induced by cover crop use were very
small. These changes would not affect crop root development.
Accepted thresholds beyond which root growth is affected by high
ted as percent change (mean size effect and the 95% confidence interval). Numbers in
eighted by replication, v = weighted by the inverse of the pooled variance.



Fig. 4. Cover crop effect on stored soil available water content. The meta-analysis results are presented as percent change (mean size effect and the 95% confidence interval of
stored soil available water content to the indicated depth). Numbers in brackets represent the number of paired data grouped in each category. u = unweighted, r = weighted by
replication, v = weighted by the inverse of the pooled variance.
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bulk density usually vary between 1.5 and 1.8 g ml�1 depending on
soil texture (Arshad et al., 1996; USDA, 2014). Reviewed data from
the surface layer (0–15 to 0–30 cm) of 750 field plots showed that,
in the Pampas, average bulk density was 1.2-1.3 g ml�1 and <2% of
sites had values >1.5 g ml-1 (Alvarez et al., 2014c,d). In our data set,
only 2% of cases showed bulk density values reaching 1.5 g ml�1

and therefore an average decrease of around 1% (0.015 g ml-1 or
less) can be considered biologically non-significant. Bulk density
seems not to be substantially changed by cover crops in the region.
This scenario changes when considering soil penetration resis-
tance. The average decrease of 15–20% under cover crops
calculated in our analysis can lower soil resistance below root
limiting values. Root growth is restricted when resistance is greater
than 2–3 kPa (Hakansson and Lipiec, 2000; Hamza and Anderson,
2005) and in 40% of the cases included in our meta-analysis the soil
resistance of the control exceeded 2 kPa. In these cases, the
inclusion of a cover crop would generate better conditions for
roots. However, the data set used for this variable was small and
more experiments should be performed in the future. Structural
stability was enhanced in most cases under cover crops but we
could not test if this increases were associated to organic carbon
increases because carbon was not determined in most of the
samples where stability was assessed. Taking into account that
most of our stability data (79%) were generated in experiments of
less than 2 years duration, in which carbon build up was
presumably small, other mechanisms might be involved. Similarly,
improvements of soil structural stability without carbon changes
have been found by other authors, usually in short-term experi-
ments (Hermawan and Bomke, 1997; Kabir and Koide, 2002; Liu
Fig. 5. Cover crop effect on crop yield. The meta-analysis results are presented as percent
the number of paired data grouped in each category. u = unweighted, r = weighted by r
et al., 2005) but in some cases also in long-term ones (Steele et al.,
2012). The aggregation effect of fine roots seems the most probable
cause. Although the data set was small, infiltration results were
clear. Cover crops produced a greater infiltration. The increase was
especially high in soils with low infiltration, in which it doubled.
The greater infiltration under cover crops did not necessarily
increase soil water content (Lal et al., 1978). Water consumption by
the cover crops could offset infiltration increases. In some
experiments the impact of cover crops on infiltration was reported
to be time dependent (Steele et al., 2012). In most of our data,
infiltration was measured in autumn before cover crop sowing
under crop rotations managed under no-till. Further research is
needed to check if these effects would still be important during the
grain crop growing season.

We calculated the cover crop effect on soil carbon using both
measured and estimated carbon stocks. Excluding studies in which
only soil carbon concentration was reported and where we
estimated bulk density for carbon stock calculation had no impact
on the final results of the meta-analysis. An average change of 5.3%
was calculated; a very similar value to the ca. 7% increase
calculated using the whole data set. Carbon sequestration was not
correlated to time since cover crop adoption in the Pampas. A
previous meta-analysis with data from 37 experiments spread
worldwide, in which cover crop effect on soil carbon was assessed,
described a significant regression between time since adoption
and the amount of carbon sequestered in the soil (Poeplau and
Don, 2015). In this latter study, modeling carbon sequestration as a
function of time, the authors concluded that a steady state soil
organic carbon level would be attained around 150 years after the
 change (mean size effect and the 95% confidence interval). Numbers in brackets are
eplication, v = weighted by the inverse of the pooled variance.
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introduction of cover crops. As nearly all our data set was obtained
from experiments of less than 10 years duration it would be risky to
use our average carbon increase for regional estimates of steady
state conditions. The average increase of 7% in soil carbon we
calculated in our meta-analysis would represent ca. 2.6 t C ha�1 if
applied to the average carbon stock of the controls. This estimation
is around half a previous estimate for Pampean soils (Rimski-
Korsakov et al., 2015). We attributed this difference to the fact that
our dataset was 3-times larger and so giving a more realistic result.
Cover crops had more impact on soil carbon content in coarse soils
than in fine textured ones. In the Pampas, this can be attributed to
lower crop productivity in the former soil type (De Paepe and
Alvarez, 2013) and the consequent greater relative increase of
residue input.

Nitrate-N depletion after cover crops was not associated to
species type. Both, non-legume or legume cover crops generally
produced nitrate-N decreases and of the same magnitude.
However, in some cases (9%), mainly in low nitratre-N soils,
increases were measured ranging from 1 to 48 kg N ha�1, which
were also independent of type of cover crop species. Nitrogen input
to the agroecosystem as atmospheric nitrogen by Vicia sp., the
legume cover crop tested in nearly all Pampean experiments, may
range from 50 to 180 kg N ha�1 (Fageria et al., 2005; LaRue and
Patterson,1981). This input did not affected nitrate-N at the time of
grain crop sowing. The diminishing effects of non-legume cover
crops on soil nitrate-N have been previously reported (Thorup-
Kristensen et al., 2003; Valkama et al., 2015). Nitrogen not found in
the nitrate pool is usually in crop biomass (Thorup-Kristensen
et al., 2003). Some experiments also reported decreases in nitrate-
N with legume cover crops (O‘Connell et al., 2015) but a meta-
analysis carried out with data from northern Europe showed
opposite results (Valkama et al., 2015). In the Pampas, Vicia sp.
acted as a catch crop as efficient as a non-legume species, despite
its nitrogen fixation potential. In Pampean soils, cover crops
produced an average reduction of ca. 50% of the nitrate pool in
relation to a fallow. This is a strong decrease of the nitrate pool, of
similar magnitude to results obtained in meta-analyses performed
in other regions, which showed also important decreases of
nitrogen leaching (Teixeira et al., 2016; Valkama et al., 2015).
Legume species may not be effective for reducing leaching
(Valkama et al., 2015) but it does not seems to be the case in
the Pampas.

The use of cover crops produced a mean 15–30% decrease in
available water storage in the Pampas soil profile when measured
up to a depth greater than 1m. This water reduction would
represent around 20–40 mm less of available water for crops when
calculated over the mean water stored of the control treatment of
our data set. Consumptive water use of summer crops in the
region ranges from 500 to 700 mm during the growing season
(Bono and Alvarez, 2016; Dardanelli et al., 2003) and this small
restriction in water supply would possibly have no impact on crop
productivity. Different reviews showed that in arid and semiarid
environments (< 500 mm annual rainfall) water stored in soils
decreased with cover crops reducing crop yields (Cherr et al.,
2006; Reeves, 1994). This negative impact on soil water is usually
not observed in humid areas with annual rainfall higher than
800 mm (Blanco-Canqui et al., 2015). In the Pampas, because of
the large rainfall amount, cover crops would not restrict plant
water supply except during very dry years or in soils where
rooting depth is limited.

Soybean yield was minimally affected (-2%) by cover crops.
Neither reduction of soil nitrates or of available water, nor the
possible nitrogen credit of legume cover crops had great impacts
on yield. This enhances the idea that the available water content
reduction produced when fallow is replaced by a cover crop did not
have a negative effect on yield. This nitrogen fixing crop is usually
not affected by soil nitrogen levels and fertilization in the region
(Gutierrez Boehm, 2016) and the decrease of stored water under
cover crops did not affect it either. Conversely, corn yield was
significantly improved by Vicia sp. as previous cover crop. The
nitrogen credit of legume cover crops can vary commonly between
30 and 150 kg N ha�1 (Fageria et al., 2005; Reeves, 1994; Sainju and
Singh, 1997). In the Pampas, corn needs ca. 20 kg N intake to yield
one ton of grain (Alvarez and Steinbach, 2016). The average yield
increase of 7% calculated in our meta-analysis would result
approximately in 0.65 t grain ha�1 when related to the mean yield
of the control treatment of the dataset. This yield increase could be
associated to an additional 15 kg N ha�1 intake after a Vicia sp crop.
This small nitrogen credit was generated during the corn growing
cycle by the release of residue nitrogen, as nitrate-N at corn sowing
time was reduced by the cover crop. Although not significant, the
average decrease of corn yield after a non-legume cover crop seems
to be the consequence of nitrate-N depletion by the cover crops
and would be a matter of concern for farmers. A meta-analysis of
results from 37 experiments performed in USA and Canada showed
that legume and biculture cover crops increased corn yield by 21–
24%, while graminaceous species did not affect yield (Miguez and
Bollero, 2005). This result was attributed to nitrogen mineraliza-
tion of residues, as it tends to decrease with high nitrogen fertilizer
applications. Another meta-analysis of 35 experiments, most
ofthem from the USA, showed that legume cover crops did not
affect corn yield under low fertilizer application rates but
decreased 12% under high nitrogen rates (Tonitto et al., 2006).
This negative effect of replacing fertilizer application by legume
cover crop disappeared when cover crop biomass accumulated
more than 110 kg N ha�1. Under the Pampas low input agriculture
past and present scenario, in which 50 kg N ha�1 average nitrogen
rates were applied to corn (Alvarez et al., 2016a), Vicia sp. seems to
be a good option for yield increase. The cost of sowing cover crops
calculated using current prices (Márgenes Agropecuarios, 2016)
would be equivalent to ca. 0.7 t of corn yield. Our meta-analysis
indicated that if Vicia sp. is used, the cover crop cost would be
nearly compensated by the increase in corn yield with the
additional benefits of soil quality improvement. With the available
information, some matters remain unanswered such as if non-
legume cover-crop species produce benefits and if the introduction
of cover crops before soybean are profitable practices. To asses this
concerns, long term experiments should be performed.
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