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Abstract

One of the greatest challenges in the 21st century is the question of how humanity will
adapt to a changing climate to continue producing food at the production levels that
will be necessary to feed an increasing global population while conserving soil and
water resources. While there are political, social and economic factors that impact agri-
cultural development, this paper will not be focusing on those factors, instead focusing
on the potential use of cover crops as a nutrient management tool, a soil and water
conservation practice, and a good approach to adapting to a changing climate. The
potential of using cover crops for climate change adaptation and mitigation will be
reviewed. Cover crops are a key tool that could contribute to increased yields, conser-
vation of surface and groundwater quality, reduced erosion potential, sequestration of
atmospheric carbon (C), and improved soil quality and health across the tropics.
However, there are a lot of research gaps, and there is a need for additional research
about the potential use of cover crops for soil, human, and animal health, as well as
a need for an open-access data information system about research on cover crops in
the tropics. While cover crops show a lot of promise, they are not a silver bullet, and
in some circumstances, they can also contribute to reduced yields. We evaluated the
use of cover crops and we ranked the different ways that cover crops can contribute
to climate change adaptation, on a scale ranging from very low potential to contribute
to climate change adaptation to very high potential. For example, cover crops have very
high potential to reduce erosion generated by a changing climate in humid systems. On
average, cover crops appear to be a good practice for climate change adaptation and
mitigation across the tropics, and nutrient managers, agronomists, and soil and water
conservation practitioners could add them to their management toolbox for different
regions of the tropics. The 4 Rs of cover crops should be applied when using this tool
(the right cover crop, the right timing of placement, the right timing of killing, and the
right management).

1. Challenges for tropical regions

One of the most serious challenges of the 21st century is the threat of a
changing climate, and the tropics are already being affected. With an
ever-growing population in these regions, reflective of global trends
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suggesting the total world population will reach 9.5 billion by 2050, food
security will be a great challenge. The tropics comprise around 36% of
the Earth’s landmass and about a third of the global human population
(https://www.nationalgeographic.org/encyclopedia/tropics/), but they
are expected to comprise 50% of the world population by 2050 (two-thirds
of its children), suggesting that there is an urgent need to use cover crop
practices for soil and water conservation and increased productivity, to
achieve food security in the decades to come (State of the Tropics, 2017).
Tropical regions are no exception to this need, especially if these regions
are impacted significantly by higher temperatures and extreme weather
events (e.g., longer droughts), which would impact agricultural productivity
across these regions (Corlett, 2014; Lobell et al.,, 2011; Trewin, 2014;
WMO, 2019).

Recent studies have reported that climate change is already impacting
the tropics and generating high-risk environments that are exacerbating food
insecurity, impacting human and animal health in many parts of the tropics,
particularly in tropical regions of Africa that are being hit with extensive
droughts, which increase the overall risk of climate-related illness and deaths
(Ray et al., 2019; WMO, 2019). In order to have a better opportunity to
adapt to the great challenges presented by our changing climate, we will
need to understand their potential impacts on cropping systems and yields
(Corlett, 2014; Delgado et al., 2011; Lobell et al., 2011; Ray et al., 2019;
Trewin, 2014; Walthall et al., 2012; WMO, 2019). Modeling simulations
suggest that there are regions where the yields will be significantly negatively
impacted, while other regions, such as high-altitude tropical regions, may
benefit from higher temperatures (Corlett, 2014; Lobell et al., 2011;
Trewin, 2014). The bottom line is that changes in temperatures will not
be the only factor to impact yields; changing climate may affect water
availability (e.g., droughts, snowpack, evapotranspiration, etc.) and have
potential impacts on soil erosion as well, which would also impact yields
(Corlett, 2014; Delgado et al., 2013; SWCS, 2003, 2007; Trewin, 2014).
Fortunately, there is potential to use conservation practices to adapt to cli-
matic changes (Delgado et al., 2011; Walthall et al., 2012). However, in
extreme weather events where there is complete crop failure, we may
not be able to adapt, and other decisions will be have to be made (Lal
et al., 2012; Scheelbeek et al., 2018; Tigchelaar et al., 2018). In general,
there is widespread agreement that changing climate across the tropics will
have a negative impact via droughts, extreme weather events, and impacts
on water and snowpack (Corlett, 2014; Scheelbeek et al., 2018; Tigchelaar
et al., 2018; Trewin, 2014).
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Impacts from a changing climate will be variable in space and time; for
example, it has been reported that tropical highlands may benefit from higher
temperatures (Corlett, 2014). On the other hand, model simulations show
that the climatic changes that are occurring now are happening more rapidly
and abruptly than ever before in our planet’s history, so species in the tropics
may not be able to adapt to these changes effectively (Corlett, 2014). With
conservation agriculture we may be able to increase economic returns,
increase yields, reduce the potential for erosion, and potentially adapt to a
changing climate and more frequent extreme events that may lead to increased
erosion. Recent studies on conservation agriculture (no-till, crop residue
management, and cover crops, with nitrogen [N] fertilizer) have shown that
cover crops can contribute to increased yields and economic returns in tropical
highlands in an Andean region (Barrera et al., 2019; Delgado et al., 2019).

The ever-growing global population is up against serious challenges
presented by a changing climate and extreme weather events that threaten
soil quality and productivity across tropical regions. A statement by the
United Nations (UN) Secretary General about a recent special report on cli-
mate change acknowledged the severity of this challenge, noting that climate
change is occurring at a faster rate than humanity is addressing it and that it is
already impacting humanity (United Nations, 2018). Some of the challenges
that come with the growth of the human population are complex. For
example, as developing countries around the world increase in wealth,
demand increases for protein, a resource-intensive macronutrient.
Another challenge related to the need to increase agricultural production
is the overexploitation of groundwater resources for irrigation water to
increase yields (Hu et al., 2005; Marston et al., 2015).

Climate change is also impacting snowpack in some areas, with decreased
snowfall in some regions and other regions experiencing higher tempera-
tures, speeding up snow melt and increasing early runoff; these effects are
also contributing to reduced water availability during the growing season
in some regions (Corlett, 2014; Trewin, 2014; WMO, 2019). These impacts
from climate change are important, and are particularly troubling in light of
research findings that irrigated systems, on average, produce twice the yields
of non-irrigated systems (Bucks et al., 1990; Rangely, 1987; Tribe, 1994).
Other management problems related to a changing climate are impacts from
zoonotic and vector-borne diseases due to changes in extreme weather
events such as droughts, floods, and hurricanes, which also impact food secu-
rity (Watts et al., 2015).
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There is potential to use soil and water conservation practices to develop
best management practices that will contribute to efforts to adapt to a chang-
ing climate (Delgado et al., 2011; Walthall et al., 2012). Some professional
societies that work in the area of soil and water conservation have adopted
position statements that state that using best conservation/management
practices will be key to adapting to a changing climate (https:/www.
swcs.org/resources/publications/position-statement-climate-change;http: //
www.waswac.org/waswac/LatestNews/webinfo/2017/06/149639162269
3300.htmbhttps: /www.swcs.org/resources/publications/position-statement-
climate-change Delgado and Li, 2016; Delgado et al., 2011). Among the
key principles that have been developed for climate change adaptation is
the use of cover crops to reduce surface transport and erosion potential,
increase nutrient cycling, reduce losses of nutrients off site, increase
C sequestration, improve soil water retention, and achieve other potential
benefits (Delgado and Li, 2016; Delgado et al., 2011).

Only countries that implement conservation practices for climate change
adaptation will have a chance to adapt to this threat of a changing climate and
conserve their soil and water quality (Delgado et al., 2011, Fig. 1). All the
data strongly suggest that without conservation practices the survival of the
human species will be in jeopardy in the 21st century and that policies and
programs to implement conservation practices for climate change adaptation
everywhere will be critical to help maintain the productivity levels needed
for food security (Figs. 2 and 3, Delgado et al., 2011, 2013; Spiegal et al.,
2018; Walthall et al., 2012). Bakker et al. (2004) reported that depending
on the methodology used, the variability in loss of soil productivity will
range from 4.3% to 29.6% per every 10 cm of soil that is lost due to erosion.
This is deeply concerning since each subsequent loss of 10 cm of soil will
result in a much greater loss in soil productivity than the previous 10 cm,
due to the fact that the most productive soils typically reside at the soil
surface and as the surface soil is lost, the less productive subsoil is exposed.
Pruski and Nearing (2002) reported that changes in rainfall patterns due to
climate change will impact erosion rates, and that the rate of erosion will
increase by 1.7% per every 1% increase in total rainfall, assuming a tempo-
rally stationary relationship between the amount and intensity changes.
Additionally, the increased occurrence of extreme weather events that is also
expected to accompany climatic changes will increase the potential to erode
the most productive soil, and in tropical regions precipitation events carry a
lot of energy, which is projected to increase.
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Effects of best policies/practices for soil and water conservation that contribute
to climate change mitigation and adaptation

Positive impacts Increases

on water quality, productivity and

soil quality, potential to

and air quality achieve food
security

Time (years) and impacts of climate change

Review of the scientific literature shows that the size of the world population is projected to increase with time and that
climate change is likely to continue to impact soil and water resources and productivity over time.

Effects of no policies/practices for soil and water conservation and/or
poor policies/practices for soil and water conservation that do not contribute
to climate change mitigation and adaptation

Negative impacts Decreases

on water quality, productivity and

soil quality, and air potential to

quality achieve food
security

Fig. 1 There is a close relationship between climate change, limited global water and
soil resources, population growth and food security. As climate change impacts the
world’s soil and water resources, it threatens to negatively impact food production
(i.e, decrease food production and/or food production potential). As the climate
changes, conservation practices have the potential to help us achieve maximum sus-
tainable levels of food production, which will be essential to efforts to feed the world’s
growing population. Good policies/practices for soil and water conservation will con-
tribute to positive impacts on soil and water quality, soil productivity, and efforts toward
achieving and/or maintaining food security. These good policies/practices will contrib-
ute to climate change mitigation and adaptation. Poor policies/practices for soil and
water conservation (or a lack of policies/practices) will contribute to negative impacts
on soil and water quality, soil productivity, and efforts toward achieving and/or
maintaining food security. From Delgado, J. A. Groffman, P. M. Nearing, M. A,
Goddard, T., Reicosky, D., Lal, R, Kitchen, N. R., Rice, C. W., Towery, D., and Salon, P.,
2011. Conservation practices to mitigate and adapt to climate change. J. Soil Water
Conserv. 66, 118A—129A. doi:10.2489/jswc.66.4.118A.

‘We propose that cover crops will be an important tool for climate change
adaptation and mitigation across the tropics. Several authors have reviewed
the literature on cover crops in temperate regions and how cover crops can
be used as management tools, with objectives ranging from conserving soil
and water quality, to improving nutrient management (Clark, 2007; Crews
and Peoples, 2005; Dabney et al., 2001, 2010; Grant et al., 2002; Meisinger
et al., 1991; Reeder and Westermann, 2006; Reeves, 1994; Russelle
and Hargrove, 1989; Snapp et al., 2005; Thorup-Kristensen, 2001;
Thorup-Kristensen et al., 2003). There are also publications that review
the literature on cover crops in tropical regions (Buckles, 1995;
Chibarabada et al., 2017; Chikowo et al., 2010; Ganry et al., 2001).
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Fig. 2 Nutrient cycles of essential elements for crop production, showing their fate and
transport in the environment. From Delgado, J. A.,, and Follett, R. F., 2002. Carbon and

nutrient cycles. J. Soil Water Conserv. 57, 455—464.
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Fig. 3 Potential organic C contribution to nitrogen cycling (+ organic C; + N cycling;

N fertilizer); use efficiency (+ organic C; + N use efficiency); nitrogen leaching (+ organic
C; — N leaching); and nitrogen losses, under best management practices. From
Delgado, J. A., and Follett, R. F., 2002. Carbon and nutrient cycles. J. Soil Water Conserv.

57, 455—464.
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2. Improvement of nutrient cycling
2.1 Temperate regions

There is great potential for cover crops to cycle significant amounts of N to
the subsequent crop, with a higher N fertilizer equivalent, when we use
aboveground crop residues that have lower C to N ratios of 20 (Doran
and Smith, 1991). Doran and Smith (1991) assigned higher N fertilizer
equivalents to cover crops with C to N ratios lower than 20, which are capa-
ble of cycling more N from their crop residue (e.g., leguminous crops) to the
subsequent crop. The opposite has been reported for crop residues that have
C to N ratios higher than 35, which will have a significantly lower
N fertilizer equivalent and will cycle low quantities of N to the subsequent
crop or even immobilize available N (Pink et al., 1945, 1948). Examples of
studies with cover crops with low C to N ratios that significantly contributed
to the N uptake by the subsequent crop include studies conducted by
Evanylo (1991), Shipley etal. (1992), and Wagger (1989). More specifically,
several authors have reported on how species, growth stage, management,
climate, and lignin, carbohydrate, and cellulose contents affect N cycling
(Bowen et al., 1993; Delgado et al., 2010a; Quemada and Cabrera,
1995a,b).

Delgado and Follett (2002) reported that by increasing soil organic
matter (SOM), N losses could be significantly reduced and nutrient man-
agers could account for the higher amount of N sequestered in the SOM
and the higher N cycling potential, reducing N inputs. To improve
N management, it is important that C sequestration-management also be
considered in order to account for N cycling and reduce N inputs while
contributing to reduced N losses with adequate accounting of N cycling
(Delgado and Follett, 2002). One of the tools that can be used to sequester
N in the organic matter is cover crops, which can increase the
N sequestration potential and thus increase the cycling of N (Alsheikh
et al.,, 2005). We can improve N management with cover crops.
Leguminous cover crops have the potential to cycle more N to the next
cover crop than non-leguminous cover crops (Clark et al., 1997a,b,
2007a,b).

Delgado et al. (2010a) reported that in studies conducted in temperate
regions, the crop’s average recovery of the applied inorganic N fertilizer
in the aboveground compartment was about 43%, which was about three
times higher than the recovery of the N in the aboveground crop residue
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of cover crops, which was about 14%. Thus, inorganic N fertilizer is more
readily available and easily taken up by the crop than the N cycling from the
added crop residue (Delgado et al., 2010a). With that said, if we look at the
system efficiency as far as the recovery of the N in the crop and soil and how
much N is lost from the system, it is the opposite, and the readily available
inorganic N fertilizer has a lower efficiency and higher N losses from the
cropping systems than the N from crop residues (Delgado et al., 2010a).

When considering the losses from the crop-soil system, the system effi-
ciency of the N in the aboveground residues of cover crops is significantly
higher than the system efficiency of inorganic N fertilizer (Delgado et al.,
2010a). The reported N losses of inorganic fertilizer from the crop and soil
system (31%) were about three times higher than the N losses from crop res-
idues (13%). These studies conducted in temperate systems in Colorado and
Woashington show that the N cycling from crop residues to the subsequent
crops will depend on the crop residue and will be impacted significantly by
the C to N ratio (Delgado et al., 2010a).

The N losses due to nitrate leaching from inorganic N fertilizer are sig-
nificantly higher than the N leaching from cover crop residue (Delgado
et al., 2010a). By retaining the N in the crop residue, the indirect emissions
of N,O, as previously reported by the IPCC methodology, were lower
(Delgado et al., 2010a). Based on these results, Delgado et al. (2010a) rec-
ommended that the IPCC modify its methodologies since the crop coefti-
cients for N,O emissions due to direct and indirect N,O emissions needed
to be reduced. The IPCC has recently incorporated significant changes to
account for lower losses of N,O emissions from crop residues.

Using crop residue exchange plots in Colorado, Delgado et al. (2004)
reported that from the wheat (Triticum aestivum L.) residue, with an above-
ground N content of 39kgNha~', the cycling to the subsequent potato
(Solanum tuberosum L.) crop was about 6—7%. Using the same experimental
design, Collins et al. (2007) found that the N cycling from a mustard residue
with an aboveground N content of 142kgNha ™", to the potato was 29%. If
we assume N use efficiencies (NUE) of 50%, the total inorganic N fertilizer
equivalent of the N from the crop residue that was cycled to the subsequent
potato crop will be close to 60kgNha ™" in the case of the mustard residue,
which is a significant amount of N fertilizer equivalent.

Macro- and micro-nutrient cycling from cover crops to the subsequent
crop can be significant in temperate regions (Delgado et al., 2007b, 2010a).
Delgado et al. (2007a) reported that the cover crop sorghum sudangrass
(Sorghum bicolor S. sudanense) increased the macro- and micro-nutrient
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uptake in Colorado. Delgado et al. (2007a,b) estimated that about 4%, 19%
and 4% of the copper, manganese, and zinc respectively in the cover crop
were absorbed by the subsequent potato crop.

2.2 Tropical regions

2.2.1 Nitrogen

Similarly to temperate regions, in tropical systems we could use leguminous
cover crops to add nutrients (especially N), cycling atmospheric N to the
subsequent crop, which could have significant impacts in low-input tropical
systems and simultaneously add important organic matter that can contribute
to adaptation to a changing climate (Kambauwa et al., 2015). Perin et al.
(2006) reported that residue decomposition of leguminous cover crops in
the tropics is quickly releasing N to the environment. Seo et al. (2006) in
Korea found similar results to those from Delgado et al. (2004) and
Collins et al. (2007) as far as assessing the uptake of the >N by the crop being
higher from the fertilizer (32%) than the total uptake from the hairy vetch
(Vicia villosa Roth) crop residue (15%).

Perin et al. (2006) studied the release of N from the leguminous cover
crop sunn hemp (Crotalaria juncea) and non-leguminous cover crop millet
(Pennisetum glaucum) without addition of N fertilizer, and the effects on corn
(Zea mays L.) N uptake and yields in Vicosa, Brazil, north of Rio de
Janeiro. They also had a cover crop treatment of a mixture of sunn hemp
and millet. They found that if the leguminous cover crop is mixed with a
non-leguminous cover crop, the N release could be slower. Additionally,
they also studied how these two cover crop treatments affected the yield
of the corn when 90kgNha™' of N fertilizer was applied to corn. Perin
et al. (2006) used the natural N abundance technique to assess the biolog-
ical N fixation (BNF). Using this "N technique they calculated that
174kgNha~" was biologically fixed in the aboveground sunn hemp com-
partment, which was higher than the 89kgNha ™' atmospheric N in the
mixed cover crop. The total N uptake with sunn hemp of 305kgNha ™"
from atmospheric and soil N sources was higher than the total N uptake with
the sunn hemp and millet cover crop mixture of 218kgNha ™', and both of
them had higher total N uptake than the millet aboveground N content
(97kgNha™").

Perin et al. (2006) measured decay rates of 15 and 22 days to release half
of the N that was taken up from sunn hemp and sunn hemp + millet residues,
respectively. Interestingly, Perin et al. (2006) found that the corn grain yields
of 8.4Mgha™" when no N was applied following cover crop mixture plots
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(which had slower release of N from the crop residue) tended to be higher
than the corn grain yields of 6.6 Mgha ™' measured with the sunn hemp plot,
which released N faster. The corn yields of the non-fertilized sunn hemp and
cover crop mixture plots were not significantly different. However, the corn
grain yields from the sunn hemp were also not diftferent from the corn grain
yields of 4.3Mgha™ ' in the millet cover crop plots. The corn grain yields
from the cover crop mixture plots were significantly higher than the corn
grain yields in the millet cover crop plots.

Perin et al. (2006) found that the corn’s total aboveground N uptake of
285kgNha~ ' when no fertilizer N was applied in the mixed cover crop
plots was higher than the total aboveground N uptake of 173kgNha™"
in the sunn hemp. The corn’s total aboveground N in the millet cover crop
plots was 137kgNha™'. The responses in yields and aboveground N uptake
with the zero N fertilizer treatments suggest that there is a significant, rapid
release of N from the sunn hemp cover crop that is being lost to the
environment.

Perin et al. (2006) used the "°N natural abundance technique to assess
background "N to measure the uptake of N in the corn that came from
atmospheric N fixation and they reported that the >N budgets assessed that
15% and 10% of corn grain N was recovered from BNF from the sunn hemp
and mixed cover crop, respectively. Using this '>’N technique they calcu-
lated that 25.2 and 21.3kgNha™' came from the atmosphere for the sunn
hemp and mixed cover crop, respectively.

The corn’s total aboveground N uptake for the fertilizer corn plots
following the sunn hemp, the mixed, and the millet cover crops was 318,
298, and 197kgNha ', respectively. We used these numbers from Perin
et al. (2006) to calculate the total NUE by subtracting the total N uptake
for each treatment of the non-fertilized corn plots from the total above-
ground N uptake of the fertilized plots, and then dividing by the rate of
N-fertilizer applied. We calculated a fertilizer NUE of 161%, 14% and
67% for the sunn hemp, the mixed, and the millet cover crops, respectively.

The Perin et al. (2006) mineralization data showed rapid decomposition
and release; however, when we look at the recoveries using the 15N and the
NUE definition as described above that accounts for N uptake from non-
fertilized plots, the efficiencies of the N in the cover crop residue that
was added with the sunn hemp were significantly higher, so these method-
ologies are not in sync. Additionally, with N fertilizer the grain yields of corn
were 10.8 and 10.3Mgha™' for the sunn hemp and mixed cover crop
respectively, which were higher than the 6.1 Mgha™' with the millet cover
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crop. The data suggest that adding 90kgNha™' to the cover crop sunn
hemp is the most effective way to increase efficiency of N fertilizer and
the efficiency of the total recovery of N in the cover crop, either from soil
or atmospheric N, followed by the millet crop which has a higher efficiency
of the N fertilizer but a smaller yield. Although a mixed cover crop of sunn
hemp and millet has a lower NUE than the millet alone, it also increases the
yields to a greater extent than the millet cover crop alone. These studies
show that there are significant benefits to adding N fertilizer to increase
the grain yields, and that since 90kgNha ™' is not enough to maximize corn
grain yields, by using a leguminous cover crop, the yields are maximized and
the efficiencies of both atmospheric and fertilizer sources are increased.

Lehmann et al. (2000) studied the effects of leguminous cover crops as a
source of N for an agroforestry system in central Amazonian Brazil. They
also used the natural N abundance technique to assess the contribution
of a leguminous cover crop, Pueraria phaseoloides Roxb. (Benth.) (tropical
kudzu) and to assess the N cycling from the cover crop to two indigenous
fruit tree species, Theobroma grandiflorum Willd. (ex Spreng.) K. Schum.
(cupuagu) and Bactris gasipaes Kunth (peachpalm) for heart of palm produc-
tion. Lehmann et al. (2000) reported that the cover crop tropical kudzu was
important in the N cycling as far as serving as a scavenger crop because it
could recover 31% of the fertilizer, which was a higher recovery than that
by cupuagu (20%) and peachpalm (21%). However, the natural "°N abun-
dance technique did not show that a significant amount of N from the cover
crop is cycled to the trees. They suggested that the minimal transfer of N to
the trees is because the cupuagu and peachpalm fruit trees have low lateral
root activity and most of the N comes from applied fertilizer around
these trees.

Tirado-Corbala et al. (2018) measured different rates of decomposition
of two legume cover crops, lablab (Lablab purpureus cv. “Rongai”) and
Velvet bean (Mucuna pruriens), in the wet and dry seasons of an Oxisol soil
in Puerto Rico. They found that both cover crops help supply inorganic N,
but that N mineralization from Rongai was faster than Velvet bean. They
concluded that Rongai would be a better choice as a N source for fast-
growing row or vegetable crops in Puerto Rico.

2.2.2 Nutrients

Using 1-mm mesh nylon bags, Luna-Orea et al. (1996) studied the rate of
decomposition and nutrient cycling for two leguminous tropical cover
crops, Desmodium adscendens (Sw.) DCo (syn. Owvalifolium Guillemin &
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Perrottet) and tropical kudzu in two sites in Bolivia. They grew the cover
crops for 12 and 18 months. The younger, 1-year-old cover crop
decomposed faster, having just 24% remaining for Desmodium and 16%
for tropical kudzu in dry matter content after 30 weeks, which was lower
than the 53% for Desmodium and 32% for tropical kudzu in dry matter con-
tent when it was grown for 1%2 years. Similarly, growing these leguminous
cover crops for just 12 months before incorporating them released the nutri-
ents much faster than if they would have been grown for 18 months. The
average N, P, K, Ca and Mg content of the leguminous crop residue aver-
aged 32%, 13%, 3%, 28% and 26%, respectively at one of the sites. These
results show that leguminous cover crops can be managed to provide nutri-
ents relatively quickly that will potentially cycle into the next crop.

Cover crops contribute to increased cycling of macro- and micro-
nutrients in the tropics. The cover crop Palisadegrass [Urochloa brizantha
(Hochst. Ex A. Rich.) R.D. Webster| [syn. Brachiaria brizantha (Hochst.
Ex A. Rich) Stapf] grown in tropical areas of Brazil contributed to higher
SOM content and a lower pH. Similarly, N, P, K, Ca, and S increased in
both soybean (Glycine max (L.) Merr) and white oat (Avena sativa L.) leaves
following the cover crop in 2 years when the crops were harvested (Crusciol
etal., 2015). Increases in Mg in the soybean leaves were also observed in two
of the soybean crops that were harvested and for one of the white oats crops
that were harvested after the Palisadegrass cover crop.

Nutrient concentrations of N, P, K, Ca, Mg and S were also higher for
corn following the cover crop. These results suggest that the inclusion of the
palisadegrass cover crop in these cropping systems will contribute not only to
higher yields, but will also contribute to a higher quality of grain with great
nutritional value, which could potentially also have positive effects on
human and animal health. Crusciol et al. (2015) found that the concentra-
tions of K, Ca, Mg, and S also increased across the soil surface (0—40 cm) with
the palisadegrass cover crop. The data suggested that the crop residue and
increase in SOM may have contributed to increases in N and P in the sub-
sequent crops even if a significant increase in the soil was not detected.

Chikowo et al. (2010) conducted a review of literature about how man-
agement practices affect N and phosphorus (P) capture and recovery effi-
ciencies in sub-Saharan Africa. One of the best management practices
reviewed was the use of improved fallows, cover crops and cereal sequences.
Chikowo et al. (2010) reported that the total N availability from 86 N and
P fertilizer studies for sub-Saharan Africa ranged from 13 to 191kgNha™ ',
with a mean of 94kgNha ™' (standard deviation of 49), which was lower
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than the N availability in 64 improved fallow/cover crops studies, where it
ranged from 13 to 400kgNha ™' with a mean of 146kgNha™" (standard
deviation of 86).

Chikowo et al. (2010) reported that the N uptake from 85N and
P fertilizer studies for this region ranged from 6 to 136kgNha™' with a
mean of 53kgNha™" (standard deviation of 32), which was similar to the
N uptake from 68 improved fallow/cover crop studies, which ranged from
8 to 149kgNha™ ' with a mean of 48kgNha ™' (standard deviation of 29).
However, Chikowo et al. (2010) found a low correlation between
N availability from cover crops and N uptake (r*=0.16), while the corre-
lation between the N fertilizer and N uptake was higher (*=0.61). The
maximum projected N uptake with the regression line is around
60kgNha ™" with the cover crops, which was much lower (about 60%) than
the maximum projected N uptake with the regression line with the
N fertilizer of about 100kgNha~'. These results from sub-Saharan Africa
are in agreement with findings in Brazil that the fertilizer N increases the
uptake of N.

3. Improvement of yields
3.1 Temperate regions

Across temperate regions cover crop mixtures such as a legume as an
intercrop with switchgrass (Panicum virgatum L.) can contribute to increased
forage quality and yields, contributing to reduced need for fertilizer and
potentially lower nitrate leaching potential (Ashworth et al., 2015). Crop
quality and yields can be increased with cover crops (Delgado et al.,
2007a; Essah et al., 2012). Positive impacts on yields have also been reported
by other scientists (Clark, 2007; Dabney et al., 2001, 2010; Delgado et al.,
2007a; Essah et al., 2012; Marcillo and Miguez, 2017; Thorup-Kristensen
et al., 2003). Reviews of literature on the impacts of cover crops on yields
have been conducted by several authors (Clark, 2007; Dabney et al., 2001,
2010; Marcillo and Miguez, 2017).

Instances of higher potato tuber yields following cover crops have been
reported. For example, in Washington yields were 17% higher following
rapeseed (Brassica napus subsp. napus) (Boydston and Hang, 1995). In
Colorado, yields were reported to range from 12% to 30% higher following
the summer cover crop sorghum sudangrass (Delgado et al., 2007b). Cover
crops have also contributed to higher yields of other vegetable crops. In
California, although there were some reports of mixed results when using
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Brassica spp. cover crops in tomato (Solanum lycopersicum L.) cropping
systems, a mixture of a legume with these Brassica cover crops can be used
without impacting the marketable tomato yields (Hartz et al., 2005).

3.2 Tropical regions

In the tropics cover crops have the potential to contribute to increased yields
of different crops. Lal et al. (1978) studied the potential to use perennial pas-
ture leguminous cover crops and non-leguminous grasses cover crops in
tropical cropping systems in Nigeria. They found that the molasses grass
(Melinis minutiflora), perennial pasture legume Glycine wightii, perennial pas-
ture legume centro (a.k.a. butterfly pea) (Centrosema pubescens), and perennial
pasture legume tropical kudzu cover crops improved the properties of trop-
ical soils by increasing organic C, total N, and cation exchange capacity
(CECQC) to a greater extent than not having a cover crop or than other cover
crops that were studied. They also found that killing the cover crop to create
a mulch increased soil water content and cooled the soil relative to the
control.

Lal etal. (1978) also found that the fauna was affected, with the activity of
earthworms being correlated with the amount of mulch produced and the
persistence of the mulch residue. These changes in soil properties from the
cover crops and most likely other factors that were not measured contributed
to positive eftects on the yields of corn, cowpeas (Vigna unguiculate L.),
pigeon peas (Cajanus cajan L.), soybeans, and cassava (Manihot esculenta
Crantz). They found that although there was variability in the cover crops’
effects on the yields of these crops and some of the cover crops did not con-
tribute to increased yields and in some cases may even have reduced the yield
of a given crop, such as the negative eftects on corn yield with the Guinea
grass (a.k.a green panic grass) (Panicum maximum). Lal et al. (1978) found that
centro, tropical kudzu, perennial pasture legume Stylosanthes guianensis, and
congo grass (Brachiaria ruziziensis), increased the yields of these crops
significantly.

Crusciol etal. (2015) conducted research studies with the cover crop pal-
isadegrass in grain cropping systems of tropical areas of Brazil. They tested
the effects of adding this palisadegrass on soil fertility, corn nutrient uptake
and yield by comparing continuous corn vs corn with the use of this cover
crop. For the cover crop study with palisadegrass the rotation in this area that
was treated with the cover crops was as follows: corn inter-seeded with
palisadegrass, and then only palisadegrass; and one more year of corn
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inter-seeded with palisadegrass, and then only palisadegrass. In the contin-
uous corn rotation without the cover crop, the rotation was just one crop a
year with corn; corn. After the cover crop palisadegrass, the rotation for the
whole site went to two crops per year: soybean, white oat; soybean—white
oat; and finally, corn. After 2 years of study they also monitored the areas
where the palisade cover crop was planted with corn vs the continuous corn
but they just grew for two additional years monitoring a rotation with soy-
bean, white oat and back to corn. They found that the cover crop increased
soybean, white oat, and corn yields and all have higher concentrations of
macronutrients in the leaf.

Traill et al. (2018) conducted studies in Australia about the potential to
integrate tropical forage legumes into cropping systems. The legumes stud-
ied were lablab, centro, butterfly pea (Clitoria ternatea), burgundy bean
(Macroptilium bracteatum) and grain legume soybean. The rotation was forage
legumes, oat cover crop, and then a corn grain crop. Similarly, in the same
study a rotation of corn, oat cover crop and then a corn grain crop was mon-
itored. The effects that a leguminous cover crop vs corn were having on the
corn grain were monitored. The leguminous forage cover crops also had
the treatments of harvested aboveground matter of the legume vs leaving
all the aboveground biomass as a cover crop. Additionally, for the corn grain
study, after the oat, the plots were split in four N rates, ranging from zero
N fertilizer to 150kgNha™".

Traill et al. (2018) found that the eftect of leaving the aboveground bio-
mass of the leguminous forage butterfly pea, centro and lablab in the field
was significant, since the corn grain yields were increased by 6-8 Mgha ™
and N uptake was increased by 95-200kgNha ™' over the non-fertilized
corn. In contrast, if the forage legume aboveground biomass was harvested,
there was not any effect on the yield of corn. The only legume that had an
effect when the aboveground biomass was harvested was centro, which
increased the N uptake by 33kgNha ™.

The worst performer of all the leguminous cover crops was Burgundy
bean, which did not have an effect on corn grain yields or N uptake with
residue unincorporated or removed. Trail et al. (2018) concluded that in
general for leguminous cover crops, when the aboveground biomass is
incorporated the forage legume could contribute to higher yields, but since
removing the aboveground forage diminishes the beneficial effects signifi-
cantly, study of the grazing site of the forage cover crop and other new stud-
ies should be conducted.



Potential use of cover crops 191

We propose that these studies suggest that the effect of the centro cover
crop was due to significant N cycling from the belowground compartment
and/or potential positive impacts on soil biological functions that contrib-
uted to higher yields of the following corn crop. For this tropical region in
Australia, the addition of the C and N with the aboveground components of
these cover crops contributed to N uptake as well as yields, which may have
been increased not only by the cycling of N, but most likely also by other
positive effects from C additions on soil functions. However, the fact that
the Burgundy bean cover crop did not have an effect on corn grain yields
or N uptake with residue unincorporated or removed suggests that these
cover crops also have effects on some biological functions that end up affect-
ing the soil functions. This study shows that there are interactions between
the types of cover crops, and some are more effective in increasing yields and
N cycling than other cover crops. These results from Australia are another
example of how important it is to apply the 4 Rs of cover crops when using
them to adapt to a changing climate and to manage cropping systems by
using the right cover crop, the right timing of placement, the right timing
of killing, and the right management.

Tian etal. (1999) studied cover crop-fallow systems in the forest-savanna
zone of southwestern Nigeria from 1992 to 1996. Tian et al. (1999) mon-
itored the effects of corn-cassava intercrop every year (continuous cropping)
and the effects of a corn-cassava-intercrop followed by second-year fallow
with the natural growth, primarily christmas bush (a.k.a. siam weed, devil
weed, common floss flower) (Chromolaena odorata), after the corn-cassava
intercrop. They also monitored the effects of an improved system that will
have a leguminous tropical kudzu cover crop. The leguminous cover crop
was planted with a corn-cassava intercrop and then grown as a cover crop
after harvesting the corn and cassava. No fertilizer was applied throughout
the study.

Tian et al. (1999) found that the improved leguminous Pueraria cover
crop residue fixed more atmospheric N, adding 253kgNha™"', compared
to the 109kgNha~' fixed by the christmas bush. The 1992-96 studies
results found that the natural fallow, primarily christmas bush, increased
the average corn yield by 75% to 350%, and the cassava yield by 9% to
130% compared to continuous corn-cassava yields. The rotation with the
improved leguminous cover crop tropical kudzu further increased the yields
of corn by 22% to 72%, which was higher than the natural fallow treatment
with christmas bush. The effects of tropical kudzu on the intercropping
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cassava were mixed since the yields from 1992 to 1994 were lower but in
1996 the cassava yields were 41% higher. They also concluded that the legu-
minous cover crop tropical kudzu maintained the soil organic C better than
the other treatments. They concluded that this improved leguminous cover
crop could be a better management practice than a natural fallow crop.

The quantity of N fixed by the improved leguminous cover crop tropical
kudzu in the forest-savanna zone of southwestern Nigeria was 253kg Nha ™'
(Tian et al., 1999). The high N content of the leguminous cover crops in this
region of Africa were similar to those observed for regions in Brazil. Perin et al.
(2006) reported an N uptake with the leguminous cover crop sunn hemp of
305kgNha™' from atmospheric and soil N sources in Vicosa, Brazil. In both
studies, leguminous cover crops contributed to increased corn yields in a
tropical region.

Velvet bean was introduced in Mesoamerica (Mexico, El Salvador, Costa
Rica, Guatemala, Belize, Honduras, Nicaragua, Panama, Jamaica, Cuba,
Haiti, Dominican Republic and Puerto Rico) in the 1920s and has been
used with intercropping with corn as a cover crop and N source since then
(Buckles, 1995). In some regions the cover crop velvet bean was planted
during the rainy season, killed with a machete after 8 months, and followed
with corn planted during the dry season with a stick used to make holes
where the corn seed was planted (Buckles, 1995). The velvet bean would
regrow and continue to supply atmospheric N to the corn with the inter-
cropping of a leguminous crop and corn. A review of literature shows that
in this region velvet bean could increase the yields of corn compared to fields
that were not fertilized, and could potentially reach the yields of the fertilized
corn grain (Buckles, 1995). Buckles (1995) found from interviews with local
farmers in the region that velvet bean contributed to the improvement of soil
properties by increasing soil fertility and reducing weeds.

Sotomayor-Ramirez et al. (2012) found that the leguminous cover crops
velvet bean or cowpea (“Iron Clay”) increased corn yields in the southern
semiarid coast of Puerto Rico. The corn grain yield with the velvet bean
cover crop (2.9Mgha™') was higher than with the non-cover crop
(2.2Mgha™"). Since the grain yield with the cowpea crop of 2.5Mgha ™'
was not significantly different from the yield with the velvet bean or with
corn after fall, Sotomayor-Ramirez et al. (2012) concluded that the legumi-
nous cover crops in the southern semiarid coast of Puerto Rico contributed
to higher yields.

Fofana et al. (2004) conducted studies with cover crops in southern
Togo, located in west Africa. They studied the leguminous cover crop,



Potential use of cover crops 193

velvet bean as a best management practice and they found that continuous
corn in this region of west Africa will lead to lower yields and that cover
crops are an alternative management practice for a more sustainable system.
This corn—velvet bean intercropping system is established by planting corn at
the onset of the rainy season (late April to mid-May) and 6 weeks later the
macuna is planted in alternate rows between the corn plants. The study was
conducted with different N rates (0, 50 and 100 nghaf] and 0, 20 and
40kgPha ") and with and without cover crop. Farmers in this region apply
low N rates or do not apply N at all. The 100kgNha ™' increased grain yields
from 3.2 t0 9.5Mgha ™" in 1999, and from 8.6 to 13.9 in 2000. The response
to N fertilizer was higher than the response to the leguminous cover crop,
but the leguminous cover crop shifted the response to N and contributed to
higher NUE. Although the average yields increased with P, there was not a
significant response to P fertilizer. Fofana et al. (2004) proposed that those
shifts in higher yields with the cover crops are due to other benefits that the
leguminous cover crop is contributing, and not just the N added with the
cover crop.

Ile et al. (1996) studied the effects of velvet bean (var. utilis) and
N fertilizer on corn plant parameters and grain yields in Nigeria. At the
beginning of the study the natural grass was mowed and the velvet bean
was planted on the grass; in another set of plots the natural grass was allowed
to regrow and some of the plots received 40kgNha ™' and another set was
not fertilized. The corn was planted in the leguminous velvet bean, non-
fertilized natural grass and the fertilized natural grass plots. Ile et al. (1996)
found that the leguminous cover crop velvet bean increased the corn grain
yields over the corn grown in the unfertilized natural grass. The corn grain
yields were significantly higher in the fertilized natural grass. All grain yields
were lower than 1 Mgha™". Ile et al. (1996) concluded that the velvet bean
cover crops contributed to increased corn yields in the tropical acidic ultisol,
but N fertilizer increased the yields to higher levels, though still below
1Mgha ™', showing that there is potential to apply other best management
practices to increase the yields above 1Mgha™'.

Baijukya et al. (2005) conducted studies on the effects of the leguminous
cover crops rattlepod (Crotalaria grahamiana Wight & Arn), white hoarypea
(Tephrosia candida DC.), and velvet bean on corn grain yields in Tanzania.
The leguminous cover crops were compared to plots that received
50kgNha~" and to a control plot without cover crops or N fertilizer.
Baijukya et al. (2005) established plots adding differing amounts of residue
of the white hoarypea crop residue (2, 4, 6 and 8 Mgha '), creating a rate of



194 Jorge A. Delgado et al.

N addition to the plots of 50, 100, 150 and 200kgNha™". Baijukya et al.
(2005) found that in the rainy and dry zones higher yields were obtained
with the application of N fertilizer at a rate of 50kgNha™"', even though
the N content of the leguminous cover crop residue was higher at an above-
ground crop residue N content of up to 200kgNha™".

These studies with leguminous cover crops in Tanzania are similar to the
leguminous cover crop studies in Brazil and other regions. Leguminous
cover crops can increase the yields of corn significantly across these regions.
However, higher yield tended to be achieved when corn following the legu-
minous cover crop was supplemented with inorganic N fertilizer.

The readily available N fertilizer (at a rate of 25% of the N returned to the
soil with the cover crop residue) was applied in a split application of
25kgNha~! four and 7 weeks after corn emergence (Baijukya et al,
2005). The com grain yields were 3.2 and 3.1 Mgha™' with 50kgNha™"
inorganic N fertilizer for the rainy and dry zones. The yields from the different
rates of the white hoarypea leguminous crop residue (2, 4, 6 and 8 Mgha™ '),
which were applied at an approximate N rate of 50-200kgNha™ ' with the
crop residue, ranged from 1.4 to 3.3Mgha ™' and from 2.0 to 2.8 Mgha ™' for
the rainy and dry regions, respectively. The applications of 2Mgha ™" of cover
crops had no significant effects on corn grain yields, while applications of 4, 6
and 8Mgha ' provided comparable yields to those of the 50kgNha™'
tertilizer. The apparent recovery of N from the white hoarypea cover crop
residue was estimated at 27% and 13% for the high and low rainfall zones,
respectively. Bajukya et al. (2005) found that mulching with velvet bean
improved weed control by 49% and 68%, increasing corn yields compared
to weedy fallow. Baijukya et al. (2005) concluded that for degraded soils there
is potential to manage cover crops to increase corn grain yields.

Chikowo et al. (2010) reported that the corn yields from 84 fertilizer
studies in sub-Saharan Africa ranged from 0.3 to 7.7 Mgha ™', with a mean
2.6Mgha™' (standard deviation of 1.7), which was lower than the corn
yields from 69 improved fallow/cover crops, which ranged from 0.3 to
8.2Mgha ' with a mean of 2.1Mgha~' (standard deviation of 1.5).
The average corn yields for this region were low, and the average
N availability with the cover crops (146kgNha™') was higher than with
the fertilizer N inputs (94kgNha™'); however, the N uptake appears to
be higher for the inorganic N fertilizer than the cover crop, which were
53 and 48kgNha ™', respectively. Similarly, the average yields were higher
with the inorganic fertilizer than the cover crops, which were 2.6 and
2.1Mgha ™', respectively.
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Chikowo et al. (2010) found that these yields are low, probably due to
the fact that, as the authors reported, the studies were carried out in a system
that has been degraded due to years of low fertility and lack of management
practices to improve the fertility of these soils where the nutrients have been
mined. Although there was not a statistical analysis presented of this meta-
data, the averages were most likely not significant due to such high variabil-
ity and coefticients of variation of over 50%. They found that there was poor
correlation between yields and the availability of nutrients such as N and P,
most likely because there are many other factors that are limiting yield.

Chikowo et al. (2010) found a low correlation between N availability
from cover crops and grain yield (r*=0.16), while the correlation between
the grain yield and N availability from fertilizer was higher (r*=0.58). The
maximum projected yield with the regression line was around 2Mgha ™'
with the cover crops, which was about three times lower than the maximum
projected grain yield with the regression line with the N fertilizer of about
6Mgha '. Both of these regression lines (N fertilizer line and cover crop
line) ranged from low N availability (close to zero) to the same maximum
N availability (close to 200kgNha ") of inorganic N fertilizer and improved
fallows/ cover crops N. These results from analysis of the metadata from sub-
Saharan Africa shows similar responses to other humid regions of Africa and
in Latin America where leguminous cover crops increased yields but
N fertilizer increased the yields to a greater degree. Occasionally, grain yields
following cover crops without N fertilizer could reach the grain yields
obtained with applied N fertilizer alone. However, responses across all these
regions tended to be higher when grain crops followed a leguminous cover
crop, or a mixture of leguminous and non-leguminous cover crops (or even
on occasion, a non-leguminous cover crop) that was supplemented by inor-
ganic N fertilizer. Thus, the literature suggests that the best practices for
tropical regions that are not receiving excessive applications of
N fertilizer, is to add N fertilizer to supplement the leguminous cover crop
or selected cover crop at the site to increase the probability of higher yields.

4. Not a silver bullet

The eftects of different winter cover crops (rye (Secale cereal L.) [7],
triticale (a hybrid of wheat and rye; X Triticosecale) [2], and wheat [3]) on
corn yields from a soybean—corn system in lowa was studied by Kaspar
and Bakker (2015). They reported that there were difterences in corn cul-
tivars’ yields due to the winter cover crops and that in two of the 4 years the
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cover crop reduced the yields due to weather or environmental factors.
Kaspar and Bakker (2015) found that there was a cover crop—cultivar inter-
action that is important to understand in these temperate soils of lowa. We
suggest that these interactions may be due to different impacts of cover crops
on the soil biology that could potentially interact difterently with the culti-
vars, and not just the change in soil chemistry alone (e.g., cycling of N and
other nutrients) or soil physics (e.g., water availability). Findings by Kaspar
and Bakker (2015) that cover crops can increase yields but can also contrib-
ute to lower yields also agree with findings by other scientists that cover
crops have lowered yields due to different eftects such as allelopathic eftects
or nutrient and water availability (Clark, 2007; Essah et al., 2012; Thorup-
Kristensen et al., 2003; Unger and Vigil, 1998).

Several studies have shown that cover crops can reduce yields due to
effects from crop residue with high C that can potentially reduce the
availability of N. Cover crops with high C to N ratios can contribute to
immobilization of N for the subsequent crop, or use of water by the cover
crop, which can reduce water availability in the soil profile, and in semi-arid
and arid systems could potentially contribute to lower yield of the subse-
quent crop, or allelopathic eftects (Kessavalou and Walters, 1997; Wagger
and Mengel, 1993). However, using the 4 Rs of cover crops and manage-
ment could help reduce the risk of decreasing the yields of the following
crop (Delgado and Gantzer, 2015). As Delgado and Gantzer reported,
“There is a need to use the right cover crop or cover crop mixture, select
the right time to plant and harvest (or kill) the cover crop, and apply the right
cover crop management practices at the right location, to increase the
benefits of cover crops (the 4 Rs for cover crops).”

Managing the time of killing the cover crop could help keep the C to
N ratios low. Using different cover crops with different times of killing
the cover crop may also provide a management solution (Johnson et al.,
1998). Growing mixtures of cover crops that have high C to N ratios such
as growing non-leguminous grasses with leguminous cover crop grasses that
have low C to N ratios will contribute to fixation of atmospheric N and
cycling this N to the subsequent crop, reducing the potential for
N immobilization. Additionally, the negative effects due to a high C to
N ratio can be reduced with N fertilizer at planting (Vyn et al., 2000).

Kessavalou and Walters (1997) studied the effects of winter cover rye in
Nebraska and assessed the effects of a rotation of corn following soybean
with a winter rye cover crop, corn following soybean without rye and corn
following corn, on corn grain yields. They observed reduction in yields in 1
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of 3 years due to the effects of the winter cover rye, but concluded that in
general it was beneficial to include the winter cover rye in a comn-bean
(Phaseolus vulgaris) rotation. The corn grain yields with the bean cover rye-
corn or bean-corn were significantly higher for 3 years than the yields with
the continuous corn. Only in one of the years did they observe a reduction
due to the winter cover rye when the corn grain yields of the bean-winter
cover rye-corn were lower than the bean-corn grain yields. They suggest that
this could be due to an allelopathic effect from the winter cover rye.

Management decisions such as early killing of the cover crop (2—3 weeks
before planting) has contributed to increased yields of corn for no-till and cul-
tivated systems in Ontario, especially in drier years in no-till systems (Wagner-
Riddle et al., 1994). In Ontario, yields had been increased by killing the
winter cover crop rye 2—3 weeks before planting, which could help in the
decomposition of the crop residue. Several authors had reported that killing
cover crops a couple of weeks before (or 1 week before) planting did not reduce
the yields of a soybean crop in Illinois (Liebl et al., 1992; Rufto et al., 2004),
Canada (Wagner-Riddle et al., 1994), and Minnesota (De Bruin et al.,
2005). Delgado and Follett (2002) reported that incorporation of organic
sources such as crop residue and cover crops several weeks before planting
can be used as a management tool to time and coordinate the release of nutri-
ents, which can contribute to higher nutrient uptake and higher yields in the
following crops (see Delgado and Follett, 2002; Figs. 2 and 3).

In arid and semiarid systems, the addition of cover crops to traditional
wheat and fallow systems has the potential to reduce yields because the cover
crop will use water resources that are needed in this semiarid system (Unger
and Vigil, 1998). A potential management approach could be to use no-till
and increase crop residue in the surface to increase the potential to reduce
evapotranspiration (Farahani et al., 1998; Peterson et al., 1996 and Unger
and Vigil, 1998).

Similarly to temperate regions, in tropical regions cover crops could also
contribute to reduced yields, and management of cover crops needs to be
considered when deciding how to use this tool. For example, Martinez-
Mera et al. (2016) conducted cover crop studies in Puerto Rico in an
Oxisol studying the eftects of dwarf velvet bean and sunn hemp (“Tropic
Sun”) used for mulch in a no-till corn system vs a cultivated corn system.
The cultivated system was fertilized with 56kgNha ™' while corn grown
after the cover crops received zero N fertilizer. The average N input with
the cover crop residue was 23kgNha ™" with velvet bean and 22kgNha ™"
with sunn hemp.
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Martinez-Mera et al. (2016) found that the corn grain yields were 3, 2.5
and 3.7Mgha ™' for the cultivated site with fertilizer for the first, second and
third harvest, respectively. The leguminous cover crop did not increase the
grain yields in the first 2 Mgha™") and second (2.3Mgha ") corn harvest,
and even reduced the grain yields in the third (2.4 Mgha™"). This study sug-
gests that dwarf velvet bean and the leguminous cover crop sunn hemp used
as a mulch in no-till and used as the only source of N for corn grain produc-
tion under an Oxisol does not maintain the productivity that can be
achieved with inorganic N fertilizer in a cultivated Oxisol.

Chikowo et al. (2010) also found in a review of literature that in studies
in sub-Saharan Africa, cover crops had average lower yields than the yields
achieved with N fertilizer. They concluded that the yields were low because
the studies were probably conducted in degraded systems. Similarly, Ile et al.
(1996) studied the effects of Velvet bean (var. utilis) and N fertilizer on corn
plant parameters and grain yields in Nigeria and found that the responses
from fertilizer were also higher than the responses from the cover crop.

Afandi et al. (2002) reported that cover crops reduced erosion in coffee
plantations in Indonesia, but at the expense of reduced yields. Afandi et al.
(2002) reported that the tree coffee (Coffea arabica L.) yields as measured by
Sriyani et al. (2000) were also reduced by 40%. Afandi et al. (2002) reported
there is a need for additional research on how to use cover crop management
to reduce erosion while minimizing negative impacts on the coffee plant
yields. They suggested that using cover crops in strips around the trees
may be a potential alternative management practice to avoid the yield reduc-
tion caused by the cover crop, and that more research is needed on this
potential management practice.

5. Reduction of erosion and offsite transport
of nutrients

Montgomery (2007) reported that soil erosion is an important prob-
lem worldwide and that we need better agricultural methods to conserve
soil. We could use cover crops to reduce soil erosion, improving soil quality
and health in the face of a changing climate (Delgado et al., 2011; Lal et al.,
2011). Cover crops can protect soil by reducing energy impacts at the soil
surface from water flow and/or wind, as well as the kinetic energy from
precipitation events (Bilbro, 1991; Decker et al., 1994; Frye et al., 1985;
Holderbaum et al., 1990; Langdale et al., 1991; Woodruft and Siddoway,
1965). For intensive cropping systems in the arid and semiarid regions across
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North Dakota, Nebraska, Kansas, Colorado and Texas, no-till cover crops
could be used to increase crop residue, water storage and C sequestration
compared to the traditional wheat and fallow system (Peterson et al.,
1996, 1998). Carbon sequestration can be increased with more intensive
cropping systems than the traditional wheat and fallow (Black and
Tanaka, 1997; Lyon et al., 1996). Merrill et al. (2006) reported that because
this region is so susceptible to wind erosion, even with no till, a cover crop
with high residue production could contribute to reduced erosion across this
arid region.

Cover crops are a good tool to reduce erosion (Delgado et al., 1999;
Kaspar et al., 2001; Lal et al., 1991; Langdale et al., 1991; Mutchler and
McDowell, 1990; Wendt and Burwell, 1985; Zhu et al., 1989). For exam-
ple, surface erosion due to precipitation events was reduced in Mississippi
with winter cover crops in cultivated sites from 74 to 20Mgha™'y™',
and reduced the no-till erosion to less than 11Mgha 'y~ (Mutchler
and McDowell, 1990). Reducing erosion significantly reduces the offsite
transport of N and other nutrients.

Cover crops are a good tool to reduce wind erosion, especially in semi-
arid systems, which are especially susceptible to wind erosion, particularly
when early-planted or even late-planted winter cover crops are planted
under vegetable systems such as lettuce (Lactuca sativa L.), or potato, which
leaves significantly lower amounts of crop residue (Alsheikh et al., 2005;
Delgado et al., 1999). One of the benefits of reducing long-term erosion
is that the losses of soil organic carbon (SOC), N, and macro- and micro-
nutrients are significantly reduced (Alsheikh et al., 2005). Studies conducted
in the Great Plains by Bilbro (1991) showed a significant reduction of wind
erosion when winter rye was used.

Cover crops are a good tool for use across tropical regions with intensive
precipitation to reduce water erosion. Studies conducted in West Java,
Indonesia measured erosion rates as high as 94Mgha ™' yr~ ' for bare soil
and 80 Mgha ™' yr ! for clean-weeded cassava (van Dijk, 2002). The results
of the studies show that these high rates of erosion could be reduced to
15Mgha~" yr ' with mixed crops. The mixed intercropped systems studied
were cassava, corn-rice (Oryza sativa) or cassava-corn and a legume (peanut).
Rice and peanuts (Arachis hypogaea L.) were being used as cover crops when
mixed with the corn and cassava, and although corn also provided some pro-
tection, the cassava did not. They also studied the use of mulch for these
systems with high precipitation and found that mulch application at the start
of the season could reduce the splash transport by 46% during the first couple
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of weeks (van Dijk, 2002). Mulch eftectiveness was reduced significantly and
they even found a higher rate of splash transport in the mulch treatment plots
after 2 months, suggesting that live cover crops were a better system for
protecting the soil.

van Dijk (2002) reported from some local old records that that had been
collected, that the average rainfall for this region is above 2000 mm, with
some reported averages of 2947 and 2369mm for two different sites.
However, they had a drier season where average monthly rainfall was mea-
sured at less than 180mm from July until September, and 1 year with
2650mm fall in 176 days, which will contribute to high erosion potential.
They reported that even under these extreme events, the use of cover crops
was a good practice to reduce the offsite transport of soil via erosion.

Afandi et al. (2002) studied the potential to use cover crops in coffee
plantations in Indonesia to reduce erosion. The rate of erosion was measured
in coffee plantations without weeds, coffee with weeds, and coffee with
carabao grass (a.k.a. hilo grass) (Paspalum conjugatum sp.) as the cover crop.
Afandi et al. (2002) reported that the highest erosion rate was in the
clean-weeded coffee plots, with an erosion rate of 22.4Mgha ' during
the second year of the study. The weed plots achieved minimal erosion loss
(close to zero erosion loss) during the fourth year while the cover crop cara-
bao grass achieved minimal erosion (zero) by the third year when all of the
area was covered. Although it was reported that these cover crops or weeds
will minimize soil erosion, this would be at a cost since the yields were sig-
nificantly reduced. Afandi et al. (2002) reported that the yields as measured
by Sriyani et al. (2000) were reduced by 70% in the weed plots and by 40% in
the carabao grass cover crop plots. Cover crops used without any manage-
ment will grow to compete with the coftee trees and will significantly reduce
the yields, so there is a need to study how to manage these cover crops.
Afandi etal. (2002) recommended that a potential alternative may be to plant
the carabao grass cover crop in strips or around the coffee tree.

Schroth et al. (2001) reported that in large plantations the best manage-
ment practice to minimize erosion during establishment of young trees is the
use of a leguminous cover crop such as tropical kudzu or centro.
Management of the cover crops will be required to avoid the cover crop
climbing the trees if they are climbing legumes; they may also compete with
the trees for water and nutrients and will need to be managed for establish-
ment. Small farmers may plant food crops between the trees such as bananas
(Musa sp.), rice, cassava or other crops. Schroth et al. (2001) concluded that
in the humid tropics maintenance of soil fertility is better achieved in
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multistrata agroforestry systems than annual cropping systems because they
have a lower erosion rate, and an environment that promotes soil biology
processes because of the high rates of litter, yet degradation of soils in these
multistrata agroforestry systems is observed repeatedly across tropical land-
scapes. Schroth etal. (2001) reported that to make these tree plantations eco-
nomical, after a few years they can be replaced with permanent leguminous
cover crops. In later years even timber trees can be incorporated to diversify
the outputs from the land. In these systems Schroth et al. (2001) reported
that leguminous crops could be a key management tool of these potential
sustainable systems.

6. Contribution to soil quality/soil health
and sustainability

Franzluebbers and Stuedemann (2015) studied cover crops in crop-
livestock systems in the southeastern United States and they found that cover
crops can have a significant positive impact by serving as a key source of high
quality forage between the short periods of cash crop, contributing to the
sustainability of these systems. They reported that although the no-tillage
cropping was the most effective way to preserve biologically active soil
C and N fractions the biologically active fractions of C and N of the tillage
systems were similar to those of the no-tillage systems at the surface 30 cm.
These studies are in agreement with several authors that had reported that
use of cover crops in temperate and sub-tropical systems had increased
the soil quality of the surface soils with higher C sequestration (Sainju
et al., 2002, 2015).

One of the important components of soil health and soil quality is
C sequestration, which contributes to feeding the soil microbial biomass.
Six et al. (2006) found that cover crops and no till in a rotation can
potentially impact soil biology and shift the soil microbial population to
one dominated by fungus, which can potentially enhance the microbial-
derived C. Soil sustainability can be increased with cover crops, which help
protect and improve the soil quality and the health of the soil resources
(Bilbro, 1991; Dabney et al., 2001; Decker et al., 1994; Delgado et al.,
2007a; Frye et al., 1985; Holderbaum et al., 1990; Langdale et al.,
1991; Reeves, 1994; Thorup-Kristensen et al., 2003; Woodruff and
Siddoway, 1965).

Sanginga et al. (1992) identified that soil organisms and cover crops were
very important for maintaining the sustainability of cropping systems in the
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tropics. They reported that we could use management practices to control
quantity, quality and timing of crop residues to manage soil biological
processes that impact soil fertility. Sanginga et al. (1992) reported that soil
biology is important for sustainability since it can contribute to
N fixation, adding N to the system and helping take up other nutrients
through mycorrhiza associations, and contributing to a better soil physical
structure. A diversity of crops in the rotation with minimum tillage distur-
bance will benefit the soil fauna and microbial communities, helping achieve
sustainability. Sanginga et al. (1992) reported on the importance of correlat-
ing biological factors such as microbial biomass, soil respiration, urease,
phosphatase, glucosidase, dehydrogenase, mineralization potentials, lytic
activities, earthworm castings, organic matter decomposition and important
soil organisms with yields/productivity in tropical systems.

There is potential to use cover crops to increase crop intensity and diver-
sity and add additional sources of C to the soils and improve soil health and
soil biochemical properties (Dinesh et al., 2004). Dinesh et al. (2004) studied
the potential to grow cover crops in 19-year old plantations of coconut
(Cocos nucifera L.) in India. The study was assessed after the end of 10 years
of using this practice, evaluating the potential to use the Atylosia scarabaeoides
(L.) Benth. (a.k.a. Cajanus scarabaeoides (L.) Thouars), centro, a pasture
legume Calopo (Calopogonium mucunoides) and tropical kudzu cover crops.
They found that tropical kudzu, and Atylosia scarabaeoides were the cover
crops with higher aboveground production. By using these cover crops,
the soil fertility of the surface soils was significantly increased since for all
the cover crops the phosphorus (P) Bray concentrations, soil organic
C and total N as well as potassium (K) concentrations were increased in
the soil surface (0-30 cm) when compared to not using cover crops for these
coconut plantations.

Dinesh et al. (2004) found that using these cover crops significantly
contributed to improved soil health. The microbial biomass C and microbial
biomass N were significantly increased by all the cover crops. Dinesh et al.
(2004) conducted several soil health measurements and found that cover
crops significantly increased all the biochemical variables that were used
to assess microbial activity. For example, the microbial biomass C and N,
the N flush, the evolution of CO,, the ¢qCO, and ATP, as well as
N mineralization, were increased. Additionally, the activities of enzymes
such as dehydrogenase and catalase, were all higher with the cover crop
treatments than the non-cover-crop treatments for these coconut systems.
All kinds of enzymes (e.g., phosphomonoesterase, phosphodiesterase,
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arylsulfatase, beta-glucosidase, casein-protease, BAA-protease, urease,
CM-cellulase, and invertase) were much higher under the cover crop treat-
ments than the treatments not using cover crops.

Wang et al. (2008) studied the effect of sunn hemp “Tropic Sun” and
cowpea “Iron Clay” as summer cover crops for nematode management
in Hawaii. They found that sunn hemp did not enhance beneficial free-
living nematodes, but it was able to enhance bacterial-feeding nematode
population densities that contributed to the suppression of root-knot nem-
atodes in turnip, which is a host less susceptible to nematodes. Sunn hemp
was not able to suppress nematode effects in the susceptible lima bean. These
effects of cover crops show the potential to use these management practices
as a soil health management tool that could control some of the soil biology
to generate some positive effects with the turnip crop. In another study,
Wang et al. (2003) found that the “Iron Clay” cowpea cover crop in
Hawaii increased the yields of turnip (Brassica rapa) and basil (Ocimum
basilicum), with this increase being partly due to suppression of the root-knot
nematode, Meloidogyne incognita. The benefit of controlling the cover crop
did not last long; it was only effective in one season of a vegetable crop,
and the population of the nematode increased afterwards.

In the Cerrado of Brazil, Sarto et al. (2020) studied the effects of inte-
grated crop-livestock systems (ICLS) in mitigating increased atmospheric
CO,. One of the tools of the ICLS is the use of cover crops. They conducted
studies on the effects of an 8-year-old ICLS where two species of Eucalypt
(Eucalyptus ~ grancam and Eucalyptus urograndis) were introduced into
palisadegrass, a monoculture palisadegrass pasture, and a native savanna
(Cerrado), to study the eftects on soil biology. Planting Eucalyptus in the
grass system increased the C and N content, similar to the native Cerrado
savanna system and the monoculture pasture, increasing the sequestration
of atmospheric C and recovering N.

Sarto et al. (2020) found that there were some difterences in soil biology
such as a reduced microbial community composition and enzymatic activity
(B—glucosidase, acid phosphatase, and N-—acetyl glucosidase) near the
Eucalyptus, which was increased in the pasture, probably due to lower water
soil content because of the Eucalyptus. The Eucalyptus and monoculture
grass had lower soil microbial biomass, actinomycete, gram-positive bacte-
ria, AMF, and fungi abundance than the native Cerrado. This study shows
that although there are some benefits due to increased C sequestration with a
silvopastoral system, these practices could also have impacts on aspects of soil
biology.
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7. Conservation of water quality

Cover crops have been reported to function as scavenger crops capable
of recovering nitrate from the soil profile and reducing the leaching of nitrate
(Delgado, 1998, 2001; Delgado et al., 2001a,b; Kladivko et al., 2014;
Meisinger and Delgado, 2002). Cover crops can be used to control weeds
and reduce agrochemical use, improving water quality (Dabney et al.,
2001). For temperate systems the time of planting and time of killing will
affect the capacity of the cover crop to scavenge residual nitrate in the soil
profile and the potential to reduce nitrate leaching. N uptake of non-
leguminous cover crops can be significantly affected by the residual soil
nitrate in the soil profile and time of planting (Dabney et al., 2001;
Delgado et al., 1999). Cover crops are excellent tools to reduce nitrate
leaching; their deep-rooted systems serve as biofilters that scavenge nitrate
from groundwater that is used for irrigation, from the whole profile and/or
recover nitrate as it moves in the soil profile, contributing to improved water
quality (Delgado, 1998, 2001; Delgado et al., 2001a,b).

In Colorado, the effectiveness of cover crops in recovering nitrate from
the soil profile has been correlated with time of planting in the fall, with sig-
nificant differences between early and late planting (Delgado, 1998). In these
studies with winter wheat and winter rye, the N uptake of early planting was
observed to be as high as 178 to 300kgNha ™', several times higher than the
N uptake when the winter cover crop was planted late, which was about
ZOngh;f1 (Dabney et al., 2001; Delgado, 1998, 2001; Delgado et al,,
1999, 2001a,b).

Komatsuzaki and Wagger (2015) reported that in a North Carolina
Coastal Plain sandy loam soil cover crops planted after corn were signifi-
cantly impacted by time of planting and termination. The N uptake for
the early-planted (October) and early-terminated (mid-March) rye and
black oat (Avena strigosa L.) was significantly higher than for the late-planted
(November or December) and early-terminated (March) rye and black oat.
For the early-planted (October) and late-terminated (late April/early May)
wheat, a significantly higher N uptake of about 78kgNha ' was observed.

The effectiveness in scavenging nitrate through the whole soil profile and
reducing nitrate leaching has also been reported as being more dependent on
soil depth than on root density (Delgado, 2001; Thorup-Kristensen, 2001).
Thorup-Kristensen and Rasmussen (2015) reported differences in root
depth among 20 different cover crops, as deep as 2.4m measured
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(1.6-2.4m) for dyer’s woad (Isatis tinctoria L.) and viper’s bugloss (Echium
vulgare L.). The non-leguminous crops had greater root depths compared
to leguminous cover crops. However, the N content of the legumes
white clover (Trifolium repens L.), kidney vetch (Anthyllis vulneraria L.),
and black medic (Medicago Ilupulina L.), which ranged from 170 to
202kgNha~', was almost double that observed in the non-leguminous
cover crop (105kgNha™").

Shipley et al. (1992) conducted studies with >N labeled N fertilizer and
found that non-leguminous cover crops rye and annual ryegrass (Lolium
multiflorum Lam.) recovered four to six times more N fertilizer (40—-60%)
than the leguminous cover crops crimson clover (Trifolium incarnatum L.)
and hairy vetch, which recovered only 10%. Previous reviews of literature
have reported that grasses can recover and scavenge more residual soil
N than leguminous cover crops (Dabney et al., 2001, 2010; Meisinger
etal., 1991). These reviews reported that the average nitrate leaching reduc-
tion for non-leguminous cover crops was about 70%, more than three times
the average 23% reduction in nitrate leaching with the leguminous cover
crop (Dabney et al., 2001, 2010; Meisinger et al., 1991). Across the USA
cover crops are powerful tools to reduce nitrate leaching. For example, in
the Midwest cover crops can significantly reduce nitrate leaching and the
leaching of water below the root zone (Kaspar et al., 2007; Rasse et al.,
2000; Strock et al., 2004).

Several scientists have used models to evaluate the effects of winter cover
crops on N use efficiencies and reduction of nitrate leaching. For example,
Meisinger et al. (1991) used the Erosion Productivity Impact Calculator
(EPIC) model to evaluate 10 sites across the USA and found that for the
Midwest nitrate leaching can be reduced by close to 70%. Malone et al.
(2007) simulated a winter wheat cover crop in a corn-soybean rotation
and found the nitrate leaching could be reduced by 38% in tillage systems.
Lietal. (2008) used the model RZWQM-DSSAT to evaluate the effects of a
rye winter cover crop and the nitrate leaching was reduced by 65-75%.

In drier cropping systems that have higher evapotranspiration than pre-
cipitation and are semiarid, the potential for nitrate leaching in areas such as
the northern Great Plains is minimal (Westfall et al., 1996; Williams and
Kissel, 1991). Some of the irrigated systems of the western United States
receive a lot of N when they are irrigated with groundwater that has already
been contaminated with nitrate, and the background NO3-N in the irriga-
tion water has been reported to range from 17 to 72kg NO3-Nha 'y~
(Delgado and Follett, 2002). For these high-risk management-landscape
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systems, especially if they are irrigated systems under coarse-textured soils
with high susceptibility, cover crops are a great tool to protect underground
water resources (Delgado, 1998, 2001; Delgado et al., 1999, 2001a,b, 2006,
2007a,b, 2008).

There is significant potential for this background NO;-N from ground-
water that 1s applied with irrigation water to be recovered, reducing the net
NO3-N that is leaching from a system. For example, Mauch et al. (2008)
found that most of the irrigation water when applied with a simulated center
pivot irrigation system will go to the soil and will not be intercepted by the
crop. Using "N to trace fertigation of N, Westermann et al. (1988) mea-
sured a recovery of 60—-80%, suggesting that as the crops develop their root
systems they have the potential for higher potato uptake recoveries. Thus,
crops with deeper root systems such as cover crops or other deep-rooted
crops should respond similarly to the potato crop, with higher potential
recoveries.

Cover crops are a useful tool to protect and improve groundwater quality
since they can be used to prevent nitrate leaching and can also be used as filter
strips to reduce the net nitrate leaching when the cropping systems are used
with groundwater that contains high nitrate, having a net effect of mining
nitrate from groundwater (Delgado, 1998, 2001; Delgado et al., 1999,
2007a). They end up increasing the N use efficiencies of these irrigated sys-
tems (Delgado, 1998, 2001; Delgado et al., 1999, 2001a,b, 2007a,b). Spatial
variability in leaching, residual soil nitrate and N uptake was reported by
Delgado (1998, 2001), who reported that these cover crops are an excellent
tool to manage spatial and temporal variability of these irrigated systems,
protecting groundwater quality (Delgado, 1998, 2001; Delgado et al.,
2020). The use of cover crops and rotations of deep-rooted crops with
shallower-rooted vegetable crops in south-central Colorado contributed
to protection of groundwater quality with an estimated mining (extraction)
of 11.1 metric tons of NO5-N from groundwater since 2001, and an esti-
mated increase in yields and higher N use efficiencies worth over $109 mil-
lion (Delgado et al., 2020).

Another management alternative to reduce nitrate leaching is using lim-
ited irrigation. Cover crops with limited irrigation are a viable potential
alternative to produce environmental benefits, by scavenging residual soil
nitrate, reducing erosion, contributing to C sequestration and even increas-
ing yields and cycling N and macro- and micro-nutrients to the following
crop while minimizing the use of valuable irrigation water that could be used
for the crops (Delgado et al., 2007a). Requiring 50-75% less water to
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produce a viable summer cover crop than the water needed for other crops
could provide biomass to feed animals or use as a green cover crop; either
way, such an approach would contribute to environmental benefits via sig-
nificant scavenging of nitrate available to leach, while still contributing to
increased yields in the subsequent crop (Delgado et al., 2007a).

8. Management and challenges
8.1 Water challenges

Dabney et al. (2010) reported that optimal cover crop management varies by
region and cropping system. It is clear that the management of cover crops
requires the right approach, i.e., to “use the right cover crop or cover crop
mixture with the right time of planting and harvesting (killing), with the
right management practices, and at the right location to maximize the ben-
efits of cover crops (the 4 Rs for cover crops)” (Delgado and Gantzer, 2015).

Although it has been reported that the history of cover crops originated
in China and goes back over 3000 years (Lal, 2015), to increase the use of
cover crops today, Lal (2015) recommended that we use payments for eco-
system services. Cover crops could be an important practice to help mitigate
and adapt to climate change and increase C sequestration (Delgado et al.,
2011; Lal et al., 2011). They can be used in trading ecosystem services such
as reductions of direct and indirect N,O emissions, reductions of NO3-N
leaching, and increases in C sequestration in water quality and air quality
markets (Delgado et al., 2008, 2010a,b, 2011; Lal et al., 2011).

Independent of all these reports about the benefits of using cover crops at
a farm level, Wallander (2013) reported that cover crop use was very low
across U.S. cropland, with only 3—7% of farms incorporating these systems
in their rotations. Recent research suggests the use of cover crops depends
on farmers’ perceptions about the use of cover crops. Arbuckle and Roesch-
McNally (2015) reported that if farmers believe that there are benefits from
using cover crops, this is positively correlated with cover crop use, while if
farmers believe that there is a risk of using cover crops they will not adopt
this practice. Thus, perceptions of the effects of cover crops on water bal-
ances and cost of the water resource are very important.

One of the factors in making management decisions about using cover
crops and what cover crop to use and when to plant and kill a given cover
crop is the water balance at a given site, especially for arid and semiarid sys-
tems. Cover crops can positively impact water availability because they can
contribute to C sequestration, improving aggregation and water holding
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capacity as well as percolation, which can positively impact the water bal-
ance, especially if the cover crops are used with no till, and the crop residue
mulch also contributes to reduced evapotranspiration. However, when they
use available water that is stored in the soil profile, that could come at the
expense of reduced yields of the subsequent crop, especially in arid and semi-
arid systems. The 4 Rs for cover crops (the right cover crop [or mixture], at
the right planting and killing time, with the right management and at the
right location) are therefore of key importance.

Various scientists have reported on the effects of cover crops on soil
water balances in the soil profile. Mitchell et al. (2015) conducted long-
term studies (15 years) in the San Joaquin Valley of California and reported
that cover crops will significantly reduce the water balance in the top 90 cm
of the soil surface. They also reported that given the weather variability in
this semiarid region vulnerable to drought, the aboveground biomass of
the cover crop will significantly be affected by the weather, with signifi-
cantly lower production in drier years, noting that although there will
be some environmental benefits they will come at the cost of low water
balances.

Mitchell et al. (2015) reported that even though there are some environ-
mental benefits of using the cover crops, the fact that they are used in these
drought-impacted, semiarid systems means its use comes at a high cost, since
the next irrigated cash crop in these systems will need more water to replen-
ish the dry soil profile after the cover crop and this will have a cost. Similarly,
it has also been reported that in the Great Plains of the USA, cover crops use
can potentially also deplete water resources and contribute to lower yields in
the subsequent crop (Unger and Vigil, 1998).

Cover crops can have a positive impact on soil quality with respect to soil
water storage, and several studies in California have found that cover crops
can increase the soil water content and permeability in the soil system,
increasing the water storage capacity of the soil (Colla et al., 2000; Joyce
et al., 2002). Management of water could also become an issue when using
furrow irrigation since the permeability of water in the soil profile may
increase due to the use of cover crops, so drip irrigation systems may be bet-
ter management options to improve the water quality in management sys-
tems that use cover crops since drip irrigation will contribute to a lower
nitrate leaching potential (Colla et al., 2000; Islam et al., 2006; Joyce
et al., 2002). This is also another example showing that managing cover
crops is complex and should consider the 4 Rs of cover crops, as well as
improved water management, to reduce environmental impacts.
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8.2 Weeds and nematode management

Abdul-Baki et al. (2005) conducted cover crop studies in nematode-infested
fields in southern Florida. They studied the effect of cover crops (cowpea
“Iron Clay”), velvet bean and sunn hemp (cv. Tropic Sun) on a tomato crop.
Abdul-Baki et al. (2005) conducted an economic analysis of the use of these
cover crops for tomato production in this region of Florida. Their economic
analysis found that all cover crops achieved net economic returns in all years,
with sunn hemp having the highest yields and highest economic returns.

Chikoye et al. (2005) studied the potential to use the cover crop velvet
bean to control weeds in Nigeria. Chikoye et al. (2005) found that dry bio-
mass (shoot_rhizome) of the congo grass was significantly reduced with the
use of the leguminous cover crop alone compared to the control with no
tillage, no glyphosate, and no velvet bean. However, the eftect of the legu-
minous cover crop was to reduce the yield compared to the control with no
cover crop use.

8.3 Salinity and grazing challenges

Mitchell et al. (1999) reported that when salinity is a problem brassica species
and triticale are cover crops with salinity resistance and they can produce
significant amounts of biomass under these conditions, suggesting they
can be potential management tools in saline systems. Cover crops can be
used for grazing, but when these crops are grown in soils with high residual
soil nitrate, there is potential to increase the nitrate concentrations to levels
that could be potentially toxic to animals (Delgado etal., 1999; Tucker etal.,
1961). Stanton (1994) reported that dry weight NO3-N concentrations of
1150-2300 ppm are mildly toxic to livestock, and above 2300 ppm the for-
age presents a danger to them. Concentrations of winter cover rye grown
after spinach that left large concentrations of NO3-N in the soil profile were
measured as high as 3500 ppm in dry weight NO3-N concentrations.

8.4 Social challenges to adoption

The tropics have some social challenges with respect to adoption of cover
crop use similar to those of temperate regions. For example, Erenstein
(2003) reported that the adoption of cover crops mulching by smallholders
in the tropics is affected by several social factors that will significantly impact
the degree to which these customers will incorporate this practice and will
depend on, among other factors, farmers’ perceptions. Highlighting several
promising experiences for smallholders across the tropics, particularly in
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sub-humid regions, Erenstein (2003) reported that crop residue mulching
can contribute to higher income due to savings with reduced tillage, and that
it could generate other benefits due to water conservation and reduced time
needed for land preparation and crop establishment. The economic impact
will not only depend on the cost savings from not needing to use planting
equipment, but also on the cost of new, adapted seeding equipment, and the
cost of controlling weeds, pests and diseases with a new, no-till system.
Erenstein (2003) reported that it will also require other changes, including
investments and institutional change. It also appears to be viable in humid
tropics where land availability is low, and where the farmer has property
rights over residual crop biomass and land (Erenstein, 2003).

Cover crop mulching can help smallholder farmers address soil fertility
and weed management constraints, but the benefits of cover crop mulching
seem to be limited to sub-humid zones and to cases where there is relatively
low opportunity cost from using land to grow cover crops. Nonetheless,
there is potential to use it in agricultural systems with limited external input
use and/or periodic fallowing. The investment required for cover crop mul-
ching is a barrier to entry. The viability of mulching cover crops relies
heavily on, among other factors, retention of property rights over residual
crop biomass. Erenstein (2003) reported that in order for smallholders to
get to used to this practice of mulching cover crops, an integrated approach
with a practical orientation, farmer participation, as well as an involvement
of the community is needed. Smallholder farmers will need to approach this
change with a long-term perspective and be flexible as the conservation
practice is incorporated into routine operations (Erenstein 2003).

Ganry etal. (2001) conducted a review of literature of management prac-
tices that have been used to manage SOM in semiarid Africa. They con-
cluded in their review of literature that there is a need to improve the
management of all types of SOM input into the soils of semiarid Africa.
Among the best management practices that they reviewed was improved fal-
lows and use of cover crops. They reported that biomass for improved sys-
tems could be achieved with agroforestry and use of cover crops but that
management of cover crops was not well understood in relation to precip-
itation and soil type (Ganry etal., 2001). Examples of the drier regions where
cover crops have been used successfully were Mali, northern Nigeria,
Burkina-Faso and Senegal (Ganry et al., 2001).

Examples for grassing systems were using lablab and Stylosanthes hamata
for improved quality. Grassing systems have also been improved by control-
ling witchweed (Striga spp.) with porcupine jointvetch (Aeschinomene
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histrix), which also improves the quality of grassing (Ganry et al., 2001).
There were more research needs identified as far as the potential use of cover
crops for human and animal feed. For this region of Africa with soils that
have been degraded, the establishment, use and management of cover crops
have not been mastered, and additional research is needed to understand the
interactions of weather, rotations, soil type and other parameters.

Schroth et al. (2001) noted that among the research questions that
needed to be answered were: (a) how will social aspects of limited markets
and credits impact the potential to develop these multi-strata systems under
infertile soils; (b) how the severity of extreme climate impacts such as
droughts will be managed in space and time; and (c) how the management
practices could contribute to optimization of the effects of biological pro-
cesses in increasing organic matter fauna and microflora.

Chibarabada et al. (2017) concluded that there is a large prevalence of
food and nutrition insecurity across the semi-arid and arid tropics and addi-
tional research is needed to improve the understanding of the value chain
and use of these leguminous crops to identify what is limiting the potential
benefits of these cover crops. Chibarabada et al. (2017) reviewed the liter-
ature about the potential value of grain legumes for the semi-arid and arid
tropics. They reported there is a need for additional research, development,
and innovation related to minor grain legumes, especially of those that may
have shown that they are adapted to local conditions even when they are
stressed with droughts and may have better responses than other, more fre-
quently used legumes. They also reported that farmers face large constraints
due to the low fertility of the soils in these regions and that there is a lack of
and need for research on how to make viable recommendations to farmers in
these degraded soils to optimize the crop water productivity. There is a need
to expand the portfolio of options for local farmers and to conduct research
that is lacking on the minor indigenous legumes that are currently being used
and that have already been shown are adapted to drought events that
occurred across these semi-arid and arid tropical regions.

These challenges of food security for the arid and semiarid tropics as well
as periods of droughts could also be applied to other humid regions that are
being impacted by a changing climate and droughts. For example,
Alvarez-Berrios et al. (2018) reported that the droughts of the first two
decades of the 21st century throughout the Caribbean region show the vul-
nerability of this region to changes in climate and the increasing need in this
region for practices that could contribute to climate change adaptation to
maintain the needed agricultural production. In their concluding remarks
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they reported that one of the major challenges faced by tropical farming sys-
tems is the occurrence of agricultural droughts. Alvarez-Berrios et al. (2018)
reported that since droughts are projected to increase in Puerto Rico, it will
be necessary to adapt to these projected changes and the island needs to
implement more conservation practices in these areas that will be aftected
by drought intensification and exposure.

9. Carbon sequestration

In temperate systems cover crops can be used as a tool to increase
C sequestration and improve soil quality and health (Alsheikh et al.,
2005; Clark, 2007; Sainju et al., 2002; Sarrantonio, 2007). Sainju et al.
(2015) reported that a combination of hairy vetch/rye increased the
C sequestration and storage of N in bioenergy sorghum systems of the south-
eastern United States. We could use cover crop systems to maintain or even
increase C sequestration (Alsheikh et al., 2005; Clark, 2007; Lal, 2002;
Sainju et al., 2002; Sarrantonio, 2007).

Similarly, in tropical systems cover crops have been reported to contrib-
ute to increased C sequestration and improved soil health and soil quality
(Lal, 2002). Zhou et al. (2011) studied the short-term effects of wheat
and Saia oat cover crops in Australia. They found there was rapid decom-
position of the crop residue and that cover crops increased soil labile organic
C pools. Dinesh et al. (2009) studied the eftects of the Atylosia scarabaeoides
(L.) Benth., centro and tropical kudzu cover crops on microbial activity in a
coconut farm in India. They found that the cover crops increased the total
N (TN), organic C (OC), dissolved organic C (DOC) and N (DON), and
labile organic N (LON). They concluded that cover crops, especially trop-
ical kudzu or Atylosia scarabaeoides (L.) Benth, significantly enhanced the
levels of OC, N and microbial activity down to the top 50cm of soils.
Another study from India conducted by Pandey and Begum (2010) found
that cover crops should be used as a management tool for coconut planta-
tions and other similar agroecosystems in the humid tropics to increase min-
eralization of soil N and enhance soil C sequestration.

Barthés et al. (2004) used *C natural abundance to assess the potential of
C sequestration of a leguminous cover crop (velvet bean var. utilis) in Benin.
Using the "°C natural abundance technique, they were able to account for
the sources of C residue that were contributing to C sequestration in a no-till
continuous corn rotation, and a continuous corn rotation with association
with a leguminous cover crop (velvet bean var. utilis with corn). Another
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rotation that was monitored in this study was a continuous cultivated rota-
tion fertilized with N, P, and K (200 kg ha ' ofa compound fertilizer N-P-K
[15-15-15], and 100kgha™" of urea).

Barthés et al. (2004) found that with the '’C natural abundance the
contribution from the high residue cover crop to C sequestration was at a
rate of 1.3MgCha~ 'y~ over the 12-year period. Barthés et al. (2004)
concluded that leguminous cover crops are a great management practice
to sequester atmospheric C at higher rates than was observed for the corn
(0.2MgCha™ 'y~ over the 12 years) or with the fertilized and cultivated
corn that was losing soil organic C derived from corn at a rate of
0.2MgCha™ 'y~ ! over the 12 years. The average crop residue C derived
from aboveground and belowground plant compartments of corn, weeds
and/or leguminous cover crop returned to the soil was 3.5, 6.4 and
10.0MgCha™ "y~ ! over the 12 years for the traditional corn without fer-
tilizer and no till, tilled and fertilized corn, and the no-till corn in association
with the leguminous cover crop, respectively. The soil C that was derived
from corn in the study was less than 40% C of the new corn residue added,
which was much lower than the greater-than-50% C from the crop residue
of the leguminous cover crop. The conclusion was that although the
N fertilizer contributed to a greater amount of corn biomass returned to
the soil, the loss is attributed to a greater mineralization of the crop residue
due to the stimulus that N will have to increase mineralization.

10. Case scenario from the Ecuadorian Andes

10.1 New cover crops, residue management and no-till
system

The Andean region of South America is a region impacted by cultivation,
which is increasing the potential for soil erosion since large areas of the
cultivated soils are under slopes that have high erosion potential (Barrera
et al., 2019; Delgado et al., 2019; Monar et al., 2013; Figs. 4 and 5). This
high erosion potential is decreasing the sustainability of these systems and
diminishing the potential to achieve food security, especially when farm
areas are eroded to the point that the subsoil is exposed or the gravelly parent
material may be exposed, significantly reducing soil health and soil quality
(Barrera et al., 2019; Chela, 2008; Delgado et al., 2019; Dourojeanni and
Jouravlev, 2001; Monar et al., 2013). Fig. 4 shows exposed subsoil areas
impacted by erosion in Andean regions of Ecuador and Bolivia.
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Fig. 4 Soil erosion is an obvious problem across the traditional cropping systems of
Andean regions in Ecuador. This erosion in these high slopes is contributing to large
losses of soil, which are exposing the less productive subsoil (whiter areas in the picture).
See the formation of ephemeral gullies from the higher to lower areas due to high ero-
sion rates across the cropping systems. Note: Photo by Jorge A. Delgado, USDA
Agricultural Research Service.

Fig. 5 Example of mechanical plowing down the hill in high-altitude soils of the
Ecuadorian Andean region. Notice that the plowing is down the slope, increasing the
potential for soil erosion. Plowing increases the loss of the surface soil, exposing the less
productive subsoil. Note: Photo by Jorge A. Delgado, USDA Agricultural Research Service.
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Barrera et al. (2010, 2012) reported that for this Andean region of
Ecuador the majority of the rural population is living in extreme poverty,
lacking access to loans, banking systems, and agricultural technologies, as
well as the support of extension services that could help increase agricultural
productivity and their economic status. Agriculture in this region continues
to rely on plowing by animals and machinery on slopes up to 50 degrees,
which have high erosion potential, especially after plowing when the soil
is uncovered and exposed (see Fig. 5). Erosion for these regions has been
reported at rates up to 150 Mgha ™', which can contribute to rapid degrada-
tion of these valuable resources, contributing to lower yields and degraded
soil health, even exposing the parent material and/or subsoil (Figs. 4 and 5)
(Chela, 2008; Dourojeanni and Jouravlev, 2001).

INIAP has been conducting research on conservation agriculture for
over a decade, assessing the potential for using conservation agriculture,
reduced tillage, decreased crop residue removal, cover crops, and other
conservation practices to improve yields while minimizing erosion and
increasing sustainability and potential for climate change adaptation
(Barrera etal., 2012; Escudero et al., 2014). The studies conducted and some
of the unpublished data presented in this article cover some of these efforts
by INIAP in cooperation with SANREM, Virginia Tech, USDA-ARS,
USAID and Penn State and other U.S. and Ecuadorean institutions. The
practices have been conducted in three watersheds in the Andean region
of Ecuador, and have the potential to impact 200,000 farmers.

Delgado et al. (2019) conducted a 5-year study to assess the eftects of till-
age, crop residue management, and N fertilization on yields and economic
returns. For Phase 2, they found that for five out of the five crops when the
crop residue was left at the surface, the yields were higher than those when
the crop residue was harvested, but only two were significant. The plots
treated with N fertilizer had significantly higher yields in four out of
five crops.

Adding N fertilizer significantly increased the economic returns com-
pared to not adding N fertilizer (Delgado et al., 2019). In these studies,
adding N fertilizer in the first year significantly increased the yields of the
corn (2012), bringing them to 4.1 Mgha™', which is higher than the
3.9Mgha ' yields of the non-fertilizer corn plots. The corn was followed
by an oat/vetch (2013), bean (2013), oat/vetch (2014) and corn (2014) rota-
tion. The fertilized corn plots received 80kgNha ™', while the N-fertilized
bean plots received an N application rate of 40kgNha™'. Both oats/vetch
crops were not fertilized. Although Delgado et al. (2019) found a corn grain
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yield response to N fertilizer in 2012, the fertilized plot yields (4.3 Mgha™")
were not significantly different from the non-fertilized corn grain yields
(4.2Mgha™") in 2014.

These studies by Delgado et al. (2019) suggest that a significant amount
of the aboveground and belowground crop residue N in the oat/vetch and
bean and oat/vetch was cycled to the 2014 non-fertilized corn crop. The
2012 fertilized corn crop responded to the N application, even though it
was following a 2012 oat/vetch crop. This suggests that with time the
oat/vetch could be increasing the N pools in the soil, or that there is a poten-
tial year—crop residue interaction that generated enough N in 2014 that
there was no difference between the fertilizer and non-fertilizer corn yields.
Although soil N was not measured, we propose that conservation agriculture
with no-till and minimum till, and rotations of oat/vetch cover crops and
leguminous crops could be increasing the SOM N pools, and the cycling
in 2014 was equivalent to the positive effects of the 80 kgN fertilizer when
there was no difference between the fertilized and non-fertilized corn plots.

An additional finding by Delgado et al. (2019) supporting the concept of
N cycling from these cover crops is that the 2012 corn grain yields
(4.2Mgha ") in the plots with no crop residue harvested were higher than
the corn grain yields (3.8 Mgha™") in the plots with crop residue harvested,
suggesting that keeping all the aboveground oat/vetch (2011 and 2012) crop
in the field significantly increased the corn grain yields. In 2014 the corn
grain yields (4.3 Mgha ") in the plots with no crop residue harvested were
not significantly different than the corn grain yields (4.2Mgha ') in the
plots with crop residue harvested. Since there was not a response to
80kgNha ' of N fertilizer, this suggests that after 4 years the belowground
N material from these cover crops with minimum tillage and zero tillage
was enough to increase the yields significantly, to levels equivalent to
80kgNha ' of N fertilizer. Additionally, the average corn grain yields in
the plots in 2010 were 3.1 Mgha ™', and by 2012 the yields were increased
to 4.1Mgha™' with conservation agriculture and 4.3Mgha™' in 2014,
suggesting that conservation agricultural practices with these cover crops
can contribute to increasing the corn yields by 25%. Similar positive
responses to conservation agriculture and cover crops were also measured
for potato. Yields were increased by an average of 37% across the Paute
and Sicalpa watersheds from 2015 to 2018 (Tables 1 and 2). Such responses
show the potential for these practices to adapt to a changing climate. With
that said, there is a need to establish long-term studies to monitor how yields
may change over a longer period of one or two decades.
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Table 1 Treatments that were monitored at three different watersheds in the Andean
region of Ecuador, 2011-19°,
Conservation agriculture

Watershed Crop rotation treatments
Illangama” Potato (2011)—oat/vetch Conservation practice of water
(2011-14) (2011)—Dbarley (2012)—faba  deviation ditches (with ditches

bean (2013)—forage (2014) and without ditches); tillage
(conventional tillage and
minimum tillage); residue
management (residue harvested
and no residue harvested);
nitrogen management (with
nitrogen fertilizer and no
nitrogen applied)

Sicalpa Potato (2015)—oat/vetch Conservation practice of water

(2015-19) (2016)—Dbarley (2016)—faba  deviation ditches (with ditches
bean (2017)—oat/vetch and without ditches); tillage
(2017)—potato (2018)— (conventional tillage and
forage (2018-19) minimum tillage); residue

management (residue harvested
and no residue harvested)

Upper Basin of Potato (2015)—oat/vetch Tillage (conventional tillage

the Paute River (2016)—arveja (2016)—sweet and minimum tillage); residue

(2015-19) corn (2017)—potato (2018)— management (residue harvested
forage (2018-19) and no residue harvested)

“For the treatments with residue (no residue harvested), the product was harvested, and the crop residue
was left on the ground, including whole forage that was left in the field (oat—vetch and forage crops with
residue). In treatments without residue (residue harvested), the product was harvested and the remaining
residue was removed from the plots. For the oat—vetch, forage was cut and removed from the plot for
animal feeding. For barley, the whole plant was cut and removed for threshing. The faba bean crop was
harvested and the residue was left in the field. Finally, in the case of pasture, forage was cut on all parcels
and withdrawn for animal feeding.

Barrera et al. (2019).

The economic analysis conducted by Delgado et al. (2019) of the five-
crop rotation reflects an advantage to fertilizing the corn and bean crops. The
net income of adding N fertilizer was 500.00 US dollars ha™'. However,
harvesting crop residue provides an advantage of 900.00 US dollars ha™",
while zero tillage provided an advantage of 300 US dollars ha~' vs minimum
tillage. These studies found that zero tillage and crop residue removal with
N fertilizer were the most economical, but the data also suggested that there
is some recycling of N or other benefits of the cover crops in non-fertilized
corn systems and that implementation of these practices with improved
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Table 2 Effect of crop residue management® on average yields (Mgha ') for the
different crops, including cover crops grown in the lllangama, Sicalpa and Paute
watersheds in Andean regions of Ecuador®.

Average yields (Mgha™") in lllangama watershed*

Potato Oat/vetch Barley Faba Bean Forage

Treatment 2011 2011 2012 2013 2014
No residue 15.2 a 43.4 a 2.0 2.6a 12.0
harvested
Residue 129b 41.2b 1.9 24b 12.0
harvested

Average yields (Mgha™") in Sicalpa watershed

Potato Oat/vetch Barley Faba Bean Oat/vetch Potato Forage

2015 2016 2016 2017 2017 2018 2018-19
No 16.9 25.6 a 30a 12.1a 213 a 262a 28.4a
residue
harvested

Residue 17.7 23.8 b 27b 105b 18.7 b 240b 25.8b
harvested

Average yields (Mgha™") in Paute watershed

Potato Oat/vetch Arveja Sweet Corn Potato Forage

2015 2016 2016 2017 2018 2018-19
No residue 17.9 47.6 6.7 21.6 24.0a 420a
harvested
Residue 16.4 45.4 6.0 20.8 20.1b 37.7b
harvested

“For the treatments with residue (no residue harvested), the product was harvested, and the crop residue
was left on the ground, including whole forage that was left in the field (oat—vetch and forage crops
with residue). In treatments without residue (residue harvested), the product was harvested and the
remaining residue was removed from the plots. For the oat—vetch, forage was cut and removed from
the plot for animal feeding. For barley, the whole plant was cut and removed for threshing. The faba
bean crop was harvested and the residue was left in the field. Finally, in the case of pasture, forage
was cut on all parcels and withdrawn for animal feeding.

*Within a column for a given watershed (crop residue harvesting vs no crop residue harvesting), numbers
with different letters are significantly different (LSD) at P <0.05.
“Barrera et al. (2019).

forage systems of oat/vetch with conservation agriculture could provide an
advantage to 200,000 farmers in this region.

Barrera etal. (2019) conducted a 4-year study to assess the effects of water
deviation ditches, reduced tillage, residue retention, and application of
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N and economic returns in the Andean region of Ecuador. They found for
these Andean highlands that conservation agriculture increases crop produc-
tivity and net economic benefits by as much as 25% and 24%, respectively,
when compared to the conventional practices. N fertilizer increased yields in
fertilized barley (Hordeum vulgare L.) and pasture crops. There was no signif-
icant difference between faba beans (Vicia faba L.) that were not fertilized but
were planted following the fertilized barley plots, vs faba beans that were not
fertilized and were planted after non-fertilized barley plots.

Leaving crop residue at the site had a significant positive impact. Leaving
potato residue increased the yields of oat/vetch and leaving barley residue
increased the yields of faba beans, but yields of barley were not aftected
by leaving oat/vetch residue, and pasture residue was not affected by leaving
faba bean residue. Although the yields with water deviation ditches were
higher, they were not significantly different if the ditches were not installed.
The study was monitored for just 4 years, which was not long enough to
observe an effect from the water deviation ditches on erosion. We proposed
that in order to see effects in these no-till and cultivated systems, a longer
period of using water deviation ditches at this site may be needed, especially
since some of the crops in the rotation were cover crops such as oat/vetch
and pasture and a small-grain barley that also has a significant amount of
cover and residue.

The data suggested that the residue of the oat/vetch did not contribute
enough N to the barley since the barely yields were not significantly different
with oat/vetch residue vs no oat/vetch residue, and the barley grain
responded to a N fertilizer application of 50kgNha™'. These studies by
Barrera etal. (2019) were conducted at the Illagama River watershed, which
has an elevation ranging from 2500 and 4500 m above sea level. The average
temperatures for site ranged from 10.3°C to 13.8 °C. Conservation studies
were conducted by Delgado et al. (2019) with a oat/vetch cover crop at the
Rio Alumbre micro-watershed at a lower altitude ranging from 1800 to
2500m, with a warmer average temperature ranging from 15°C to 19°
C. Delgado et al. (2019) studied the effect of N fertilizer and no
N fertilizer. Delgado et al. (2019) found that the first N-fertilized study with
corn responded to an application of 80kgNha ™' with higher corn grain
production in the fertilized plots than the non-fertilized plots, even though
they were planted after the oat/vetch crop. In contrast, the second corn
grain did not respond to the 80kgNha ™', and grain yields from fertilized
and non-fertilized corn were not significantly different, suggesting that
the oat/vetch crop residue aboveground and belowground supplied enough
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N to the corn at an equivalent rate of 80kgNha~'. We propose that this
response to the cover crop oat/vetch, suggests that at the lower altitude
and warmer climate the mineralization of the oat/vetch residue could
potentially provide enough N, equivalent to the 80kgNha ' fertilizer
application.

Studies conducted by Barrera et al. (2019) in the Illangama watershed
found that N fertilizer increases economic returns by 659 US dollars ha ™'
(P<0.05). They also found that the net income of the no-residue-harvested
plots (plots with residue returned to the plots) was higher than the residue-
harvested plots by about 200 US dollars ha™ ', but this higher net income was
not significantly different. Reduced tillage increased the economic returns
by 425 US dollars ha™' (P< 0.05). There is potential to implement conser-
vation agriculture, including the use of cover crops in combination with
no-till, crop residue management and N fertilizer, and potentially increase
the net income of farmers in the region.

10.2 New cover crop studies in the Andean region

We started similar conservation agriculture studies in two additional water-
sheds of the Andean region and monitored the crop rotations described in
Table 1 from 2015 to 2019 in the Sicalpa watershed, ranging from 3000 to
4000m in elevation, and also in the Paute watershed, ranging from 2500 to
3500m in elevation. The crop rotations are described in Table 1. For
detailed methods on how the crop residues were handled and the yields were
collected, see Delgado et al. (2019) and Barrera et al. (2019). The different
management practices studied at these sites are described in Table 1. For this
paper we only presented the published data from the Illangama site (Barrera
etal., 2019) and the new unpublished data from crop residue management at
the Sicalpa and Paute watersheds.

At Sicalpa there was a significant increase in yields in oat/vetch, barley,
faba bean, oat/vetch, potato, and forage by leaving the crop residue at the
plots (Table 2). It was clear that leaving the system covered had improved
either chemical, physical or biological properties at these sites.
Unfortunately, due to the distance to the laboratory and where these plots
were established, these properties were not monitored. We suggest that
cycling of the N from leguminous crops was not the only function driving
these higher yields since crops following non-legumes also had higher yields.
Thus, either nutrient cycling (other than cycling of N), water balance due to
reduced evapotranspiration of a covered mulched soil, or other positive
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impacts on soil biology may have contributed to the higher yields in plots
with crop residue, since six of six crops had higher yields. Cover crops sig-
nificantly increased yields in this Andean watershed (P <0.5).

The effects of crop residue at the Pauta watershed were different, how-
ever. Harvesting of residue did not aftect the yields during the first 2 years
from 2016 to 2017, but in the long term, the yields of the plots with crop
residue in 2018 and 2019 had higher yields when the residue was not
harvested than when the residue was harvested (Table 2). This suggests that
the response in this site was not directly related to N, and may be related to a
longer response from the soil, that could also be an improvement in nutrient
availability at the surface soil or other biological and/or physical responses to
recycling higher levels of SOM. These studies at the Pauta and Sicalpa
watersheds show that cover crops can potentially benefit cropping systems
of the Andes by increasing N cycling ([llangama) and having long-term pos-
itive effects on soils. Keeping the soil covered and adding and recycling large
amounts of C back into the soil generates conditions in the Andean region
that contribute to higher yields.

The cost analysis of cover crops and leaving residue at these three water-
sheds (Illangama, Paute and Sicalpa; Table 3) show higher net economic

Table 3 Effect of crop residue management® on average gross and net income
and average cost for the different crops, including cover crops grown in the lllangama,
Sicalpa and Paute watersheds in Andean regions of Ecuador®.

lllangama
watershed® Sicalpa watershed Paute watershed
(thousands USD ha™")

Treatment Gl TC NI Gl TC NI Gl TC NI
No residue 11.1a 5.0 6.1a 23.0a 10.1b 129a 275a 105 17.0a
harvested
Residue 10.1b 5.0 50b 21.6b 10.4a 11.2b 249b 10.8 14.1b
harvested

“For the treatments with residue (no residue harvested), the product was harvested, and the crop residue
was left on the ground, including whole forage that was left in the field (oat—vetch and forage crops with
residue). In treatments without residue (residue harvested), the product was harvested and the remaining
residue was removed from the plots. For the oat—vetch, forage was cut and removed from the plot for
animal feeding. For barley, the whole plant was cut and removed for threshing. The faba bean crop was
harvested and the residue was left in the field. Finally, in the case of pasture, forage was cut on all parcels
and withdrawn for animal feeding.

"Within a column for a given watershed (crop residue harvesting vs no crop residue harvesting), numbers
with different letters are significantly different (LSD) at P <0.05.

“Barrera et al., 2019.

GI, gross income; TC, total cost; NI, net income.



222 Jorge A. Delgado et al.

returns. The results from Delgado et al. (2019) in the Rio Alumbre also
showed benefits, as discussed previously. However, the benefits of using
cover crops as described by Delgado et al. (2019) and Barrera et al.
(2019) also prove that there are other benefits if the farmers use
N fertilizer to increase yields, use no-till and deviation ditches, and add cover
crops to the rotations. Studies conducted in four different watersheds found
that leaving the crop residue on the plots contributes to higher yields. The
effects of the crop residue are more significant in watersheds such as Sicalpa
where crop residue increased yields immediately and four crops grown con-
stantly over 3 years. In other watersheds the effects of the crop residue took a
longer time to impact agricultural productivity, not having an immediate
effect in the first and second years, but increasing yields after leaving the crop
residue for a third year in watersheds like Rio Alumbre and Rio Pauta.

One analysis that was not conducted in these studies was an assessment of
the economic benefits at the whole-farm level for these small farms. We did
not assess what benefits there may be if the farmers use their produced
aboveground forage hay from oats/vetch and forage to feed the animals
vs leaving the forage hay at the farm. Most farmers have an animal at their
farms; a horse, a cow, or other animal that may use the forage. For example,
Delgado et al. (2019) found that the most economically beneficial approach
was when forage was harvested since the forage has an economic value.
Additionally, improved forages like oats/vetch may increase the protein
quality of the forage, potentially increasing milk production, but these
factors were not studied.

The studies conducted in this case scenario from Ecuador, from the
previous studies by Delgado et al. (2019) and Barrera et al. (2019), to the
new data presented here, show that there is potential to use cover crops with
no-till, N fertilizer, water deviation ditches and other conservation practices
to increase economic benefits for farmers. Unfortunately, all the potential
ecosystem services of these practices have not been assessed in terms of what
will be the total potential of these farmers to get a payment for incorporation
of the crop residue. Additional research measuring the impacts on soil
C sequestration and nutrient cycling from these practices are needed, as well
as assessment of greenhouse gas emissions from these systems and the poten-
tial for ecosystem services to be sold in future ecosystem markets. These
studies show that additional research studies are needed in this region that
measure more intensively the changes in chemical and physical properties
due to the use of cover crops. However, there are potential immediate pos-
itive responses from conservation agriculture, including positive effects on
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yields and economic returns, and there is potential to use these practices to
adapt to a changing climate by increasing the sustainability of these systems.

10.3 Economic benefits of cover crops

In the steep slopes of the Andes in central Ecuador, the use of cover crops can
provide several economic benefits while reducing negative environmental
externalities. These economic benefits will accrue in the form of costs sav-
ings, as cover crops use is primarily related to a potential reduction in the
application of fertilizers, herbicides, and pesticides as well as mechanical
operations. These benefits will have a direct impact on farm profits.
Society will also benefit as cover crops can help increase SOM, reduce soil
erosion and achieve sustainability, the monetary value of which is difficult to
evaluate. Although these potential benefits sound promising, it should be
noted that they do not necessarily indicate a positive causal impact of cover
crops on farm profitability, as it may be that farmers with higher incomes are
more likely to adopt cover crops (Bergtold et al., 2017).

10.4 Opportunity costs

While Andean Andisols store large amounts of C, tillage practices used to
plant potatoes on steep slopes have disrupted soil structures and left soils
exposed to wind and rain erosion, which imposes additional costs to farmers
and society. On the farm, soil health degradation and erosion of productive
soils, both associated with conventional tillage (e.g., without groundcover),
lower the productive potential of the land (Delgado et al., 2019; Quintero
and Comerford, 2013). Although these are real costs incurred by the farmer,
they may become evident only after a long gestation period, or may be
unobserved by the farmer during year-to-year farming operations
(Alwang and Sowell, 2010; Barrowclough and Alwang, 2017). Off the farm,
costs are felt by others; release of organic matter stored in soil contributes to
atmospheric C loading and soil erosion leads to steep economic costs to soci-
ety due to siltation-related flooding in the Guayas watershed, the largest and
most economically important in western Ecuador (Harden, 1993).

10.5 Policy implications

Policies in Ecuador aimed at increasing the use of cover crops in this country
should focus on the economic barriers to their adoption. These include:
(1) relatively slow crop response to enhanced soil health (Barrowclough
and Alwang, 2017); (i) high costs of herbicides which are needed to
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terminate the cover crop (Bergtold et al., 2017); (iii) lack of soil moisture
during the cover crop establishment period; and (iv) economic competition
with use of cover crops for livestock feed. Moreover, the relatively poor
farmers who grow potatoes in steep slopes of the Andes in central
Ecuador may heavily discount the future or be unaware of the long-term
benefits of maintaining soil cover.

In addition, institutional mechanisms in Ecuador should focus on trans-
mitting to farmers the costs of erosion (Echeverria, 2002a,b), as well as
helping them capture any of the benefits to cover crop use from reducing
damages. At the end of the day, without cost-share mechanisms such as
those that exist in the U.S. and other developed countries, the decision
to use cover crops is one farmers make based on an economic calculus
of costs and benefits to themselves. While relatively modest positive
returns have been found from use of cover crops (Delgado et al., 2019)
and the economic margins are razor-thin, they have not had a negative
economic impact.

However, if we consider what will be the final effects of the business-as-
usual practices of traditional agriculture that disturb the soils, productivity
significantly declines with the loss of surface soils due to erosion. When
research plots are established in already-degraded systems, it is difficult to
assess what the productivity was decades earlier, when the soils surface soils
were deeper. Since there are no long-term research plots that are being
monitored over 20 or 30 years, it is difficult to assess the long-term eftects
of traditional, business-as-usual practices. Recent studies have shown that
these cover crops will maintain productivity and sustainability without
economic losses, or even with positive economic returns, albeit razor-thin
(Barrera et al., 2019; Delgado et al., 2019).

The Delgado et al. (2019) long-term research data (4 years) suggest that
cover crops and conservation agriculture can contribute to increased poten-
tial yields and net economic returns across high-altitude systems in the
Andean region of Ecuador (Tables 1-3; Delgado et al.,, 2019; Barrera
et al., 2019). In three different watersheds, we found that yields of potato
and/or corn were increased by 25% or more after 2—4 years of implementing
conservation agriculture with cover crops. Although these results were
found in relatively long-term research (4 years), there is a need to conduct
studies over longer periods, such as a decade or two decades, to see the effects
of multiple rotations and how they may affect yields and potentially contrib-
ute to climate change adaptation.
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11. Cover crops for climate change adaptation

Changing global climate is a reality, and it is impacting cropping
systems throughout the world. One key question is how cropping systems
are going to adapt to these changes, which could not only impact crop
productivity, but also impact soil and water quality as well as soil health.
Implementation of conservation practices, including the use of cover
crops, is going to be key across agricultural systems to adapt to a changing
climate. The benefits of using cover crops are numerous; they can be used to
improve the soil structure to improve water retention by soils; they can also
improve drainage; and they can protect against wind and water forces that
contribute to erosion, which is especially important in instances of extreme
events, where the energy of these forces increases, contributing to higher
potential erosion rates (Delgado et al., 2011; Walthall et al., 2012). In order
to adapt to a changing climate that has been projected will increase the
occurrence of extreme events, use of conservation practices will be essential,
and cover crops are a key tool in the toolbox to adapt to a changing climate.

The following are potential ways cover crops can contribute to climate
change adaptation. The potential for cover crops to serve as a tool for
climate change adaptation via each of the following categories is ranked
along a scale of + to +++++, from a positive impact that is minimally likely
to contribute to climate change adaptation (+), to something that is very
likely to contribute to climate change adaptation (+++++). In other words,
the rankings of the positive impacts for climate change adaptation were as
follows: Very high (VH), +++++; High (H), ++++; Medium (M), +++;
Low (L), ++; Very low (VL), +.

11.1 Potential of cover crop impacts to contribute to climate
change adaptation
Cover crops can:
1. Contribute to reduced surface erosion, protecting soil health and pro-
ductivity: VH, +++++
2. Contribute to reduced wind erosion: H, ++++
Contribute surface residue that will protect the soil: VH, +++++
4. Contribute to increased synergism among conservation practices such

w

as using cover crops with no-till, or using cover crops with residue
management by leaving residue behind to protect soil surfaces, or using
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10.

11.

12.

13.

14.

15.

cover crops in buffers and riparian zones, which will increase the effec-
tiveness of conservation efforts: VH, +++++

Be used with precision conservation to target those areas of the fields
that, due to spatial and temporal variability, will be more affected by
a changing climate, especially via extreme weather events. Cover crops
could be used with precision conservation to target the most risky
landscape-cropping system combinations to increase the effective-
ness of conservation practices at these hot spots in the field and
outside of the field (e.g., buffer areas, riparian zones, and other areas):
VH, +++++

Contribute to cycling of N to the subsequent crop, increasing yields:
VH, +++++

Contribute to cycling of other nutrients to the subsequent crop,
increasing yields: H, ++++

Contribute to production of forage for animals: VH (+++++) for
humid, sub-humid, and irrigated tropical systems; VH (+++++),
and M (+++) for arid and semiarid tropical systems

Contribute to improved soil health: VH, +++++

Contribute to improved soil function, biogeochemical cycles, and soil
biology, adding organic matter and providing other benefits needed for
climate change adaptation: VH (+++++)

Contribute to improved diversity in the crop rotations, which
could have a positive effect on soil biology and beneficial insects:
VH (+++++)

Be used with off-the field conservation practices, protecting the envi-
ronment, for precision conservation to reduce water flows across the
farm and to enhance wildlife in buffers and riparian areas that contribute
to climate change adaptation and mitigation: VH (+++++)
Contribute to reduced runoff, which could increase the storage of
water in the soil profile: H, VH (++++)

Increase availability of water for the next crop: M (+++) for humid sys-
tems and arid and semiarid systems if the cover crop is managed with
agrochemicals and is killed before the cover crop decreases the water in
the soil profile, potentially impacting the subsequent crop; VL (+) for
arid and semiarid systems if the cover crop uses the water stored in the
soil before the next crop, potentially reducing the yields of the subse-
quent crop in these arid and semiarid systems

Contribute to reduced evapotranspiration in the subsequent crop:
H (++++) if used as mulch
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16. Contribute to increased water storage capacity of the soil: L (++) for
cultivated tillage systems; H (++++) for no-till and minimum tillage
systems

17. Contribute to weed control: M (+++)

18. Contribute to control of pathogens: L (++)

19. Contribute to nematode control: H (++++)

20. Potentially protect surface water quality: VH (+++++)

21. Potentially protect groundwater quality: VH (+++++)

22. Potentially increase crop quality and to contribute higher quality nutri-
tion in crops or forages, potentially improving human or animal health:
(H++++)

23. Potentially contribute to higher net incomes: H (++++) if crop resi-
dues are harvested or grassed; M (+++) or L (++) if crop residues are
not harvested

24. Potentially contribute to long-term sustainability of cropping systems:
VH (+++++)

25. Potentially contribute to long-term sustainable systems that will main-
tain higher productivity and higher net incomes: On a long term basis,
VH (+++++) if crop residues are harvested or grazed, M (+++) to
H (++++) if crop residues are not harvested

26. Potentially contribute to reduced net greenhouse gas emissions if using
right cover crops at the site; H (++++)

27. Potentially contribute to higher C sequestration: H (++++) for no-till
and conservation agriculture, L (++) for cultivated tillage systems

It is important to use cover crops to adapt to a changing climate considering

the 4 Rs of cover crops. Cover crops should be used at each site considering

the spatial and temporal variability of a given site across the tropics to
increase the potential for positive economic impacts as well as greater envi-
ronmental protection and improved soil and water conservation. When
using cover crops across the tropics, agronomists, nutrient managers, ecol-
ogists, farm managers and other users should consider using the 4 Rs of man-
aging cover crops by using the right cover crop, the right timing of
placement, the right timing of killing, and the right management at each

tropical site (Delgado and Gantzer, 2015).

There is a vast amount of information available about the use and man-
agement of cover crops across the tropics. This chapter has reviewed a large
number of success stories, as well as other studies where there have been fail-
ures when using cover crops. Cover crops are not a silver bullet that will be
successful at each site. It is important to use the 4 Rs of cover crops (the right
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cover crop, the right timing of placement, the right timing ofkilling, and the
right management) at each tropical site. Cover crops are a management tool
that are most beneficial when used together with fertilizer application to the
subsequent crop. Nitrogen is particularly important because the majority of
tropical soil systems are deficient in this nutrient.

There is alarge body of literature showing that the benefits of cover crops
are amplified when used with N fertilizer applications. Yet there are still a
large number of research gaps, and additional research will be needed in
order to fully take advantage of these key tools for climate change adaptation.
The art and science of using cover crops will benefit from additional research
to provide the information needed to make better decisions on how to use
cover crops across the tropics. The following section presents some of the
research gaps with respect to cover crops. While it is not intended to be
an exhaustive or all-inclusive list of every important research gap in this area,
it identifies a few areas of research that would definitely contribute to
improving the body of knowledge needed to make decisions of when,
where and how to use cover crops across the tropics.

12. Research gaps

There is enormous potential to use cover crops across the tropics.
These crops can be used as nutrient and cropping system management tools
to increase yields and/or improve soil and water conservation and sustain-
ability. They can be used to improve the health of tropical soil, by improving
biological, chemical and physical soil properties that could contribute to
increased nutrient cycling and higher water availability as well as improved
infiltration. In general, cover crops could be used to increase crop yields and
crop quality, which could have positive impacts on animal and human
health. With that said, cover crops are not a panacea and if the wrong cover
crop is used, or the cover crops are not managed correctly for the site-
specific conditions, this could contribute to a yield hit in the subsequent
crop. Furthermore, if the wrong cover crop and/or the wrong management
practices are used, this could contribute to increased weeds, reduced water
availability for the subsequent crop, and/or other negative impacts. Still,
with the right management and the right cover crop planted and killed at
the right time, cover crops can contribute to increased yields; improved crop
quality, which could potentially have positive impacts on human and animal
health; forages with higher protein content, which could help increase the
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productivity of the livestock; and improved soil health, soil and water con-
servation and sustainability of tropical systems.

There are many research gaps that need to be filled. The following list
does not include all of the research gaps but provides the reader with a sense
of key research that is needed across the tropics to improve our knowledge
about how to use cover crops and transfer the needed information to farmers
and ranchers across tropical regions. Challenges related to social factors
include the question of how to increase dissemination of the needed infor-
mation to use the right cover crops. A better understanding is needed of
what factors are driving the decisions of farmers across the tropics to use
or not use cover crops. There are also economic questions such as the poten-
tial viability of ecosystem markets that could contribute to payments to
farmers for implementing conservation practices, such as what is available
in some temperate areas. There is a need for extension services across the
tropics to help disseminate information to farmers and ranchers. There is also
alack of soil and water conservation support programs that may help farmers
apply these practices. Following are some of the research gaps.

12.1 List of research gaps

1. Since there is, to the best of our knowledge, a lack of long-term cover
crop research plots in the tropics that are being monitored over 20 or
30 years where the long-term effects of erosion on high slopes have
been monitored, it is difficult to assess the long-term effects of tradi-
tional, business-as-usual practices vs long-term use of cover crops in
tropical areas. There is a need for long-term research studies about
use of cover crops to assess how N and other nutrient cycling is affected,
as well as SOM, C sequestration, greenhouse gas emissions, and impacts
on yield of subsequent crops after two or three decades.

2. Research gap # 1 needs to consider regional crops as well as high-
altitude systems of the tropics vs medium- and low-altitude cropping
systems.

3. Research gaps #1 and #2 need to consider humid as well as semiarid
and arid systems.

4. Although long-term cover crop research is needed, short-term cover crop
research that could contribute to transfer of conservation practices using
cover crops that accounts for differences in regions, weather, soil type,
tillage management and effects on soil C sequestration, nutrient cycling,
greenhouse gas emissions, yields and economic returns, is also needed.
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10.

11.

12.

13.

14.

15.

16.

There is a need for an open-access data information system about cover
crops in the tropics where research data is uploaded.

There is a need for software tools to help implement the right cover
crops, at the right time, and to help plant and kill the cover crop at
the right times, and to help identify how to handle spatial and temporal
variability when using cover crops.

Research on advanced models (improvement of current models and
development of new models as needed), machine learning, and artificial
intelligence systems for better application of cover crops across the tro-
pics is also needed.

There is a need for additional research about how to use cover crop
management to reduce erosion while minimizing the negative impacts
on vyields of trees (e.g., coffee).

Additional social research is needed on perceptions of the use of cover
crops in the tropics.

Additional research is needed on the potential use of cover crops for
human and animal feed, and its potential impacts on human and animal
health.

Additional research is needed to improve our understanding of the
interactions of weather, rotations, soil type and other parameters and
their effects on cover crops and yields of the subsequent crops in the
tropics.

There is a need for additional research on how social aspects and limited
markets and credits impact the potential to use cover crops under
degraded tropical soils.

There is a need to improve understanding of how the use of cover crops
impacts fauna and soil biology in the tropics.

Additional research that considers local, already adopted tropical cover
crops and their potential to be used in other tropical regions, is
also needed.

Research on how to make viable recommendations to farmers in
degraded tropical soils to optimize the crop water productivity in
low-fertility soils 1s needed.

There is a need for research on how cover crops could be used under
extreme drought conditions. There is a need to expand the portfolio of
options for local farmers and to conduct research on the minor indig-
enous legumes that are currently being used and that have already been
shown to be adapted to drought events that occurred across these semi-
arid and arid tropical regions.
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17. Additional research on how to use cover crops to suppress and/or con-
trol weeds, nematodes and soil pathogens across the tropics is needed.

13. Summary

Soil productivity will be one of the most important environmental
factors (perhaps even the most important factor) for ensuring the survival
of humanity during the 21st century. This key factor will likely be more
important than ever before as the expanding global human population faces
the unprecedented challenges of a rapidly changing climate. More than ever,
it is of critical importance to conserve the world’s soil resources so that the
needed increases in agricultural production to feed 9—10 billion people can
be achieved.

Soil resources are so important for a myriad of reasons. It has been reported
that most of the productive agricultural land is already in cultivation. Another
challenge that is impacting agricultural land is desertification, which is
increased by poor land management practices such as deforestation, over-
grazing, improper irrigation practices, over-cropping or other factors where
soil health and soil biology is significantly impacted, and soils are degraded.
Salinization also affects cultivated areas when salts are built up to levels that
are harmful to crops and reduce productivity, or when saline water is used
for irrigation. Improper management of water resources could also contribute
to salinization of aquifers, which could negatively impact irrigated areas.
Urban sprawl will also have an adverse impact on global agricultural produc-
tivity levels, as on average, land used for development tends to be highly
productive land, and it is no longer available for agricultural use when diverted
to urban development.

Another challenge is water scarcity. Aquifers are being depleted world-
wide, from the USA (Ogallala Aquifer), to Mexico, to the North China
Plain and elsewhere, and in some regions snow caps are being impacted
by climate change with lower snow accumulation. Urban expansion and
global human population also require water resources that are used by agri-
culture. All of this exacerbates overall water scarcity, and translates to
reduced water availability for irrigation—and irrigated land produces on
average, two or three times that of non-irrigated land, especially in arid
and semiarid regions. These are just a few examples of the challenges human-
ity faces with respect to increasing global agricultural production. Although
yields may increase in some regions with climate change because of a warmer
climate, there are other factors that influence crop productivity, such as the
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increases in evapotranspiration as climatic changes increase average tempera-
tures, and the higher potential loss of soil productivity due to erosion if
precipitation events increase and no conservation practices are implemented.

Finally, there is the challenge of a changing climate, which poses a severe
threat to soil productivity and efforts to increase soil productivity to meet the
increased food demand that accompanies a global population expected to
grow by several billion more people in the next 30 years. The earth’s
already-changing climate and the increased occurrence and intensity of
extreme events are among the greatest threats to soil health and soil produc-
tivity. The potential for increased erosion due to higher precipitation events
(i.e., water erosion) or extreme droughts (i.e., wind erosion) caused by cli-
mate change is significant, and erosion can compromise soil health and
reduce soil productivity. It has been reported that soil productivity gets
reduced by 4-30% per every 10 cm of soil lost, and that the loss of produc-
tivity from the next 10 cm of soils that is then lost, will be much higher since
the most productive and healthy soils are at the surface (Bakker et al., 2004).
On average, soil productivity is reduced with depth, since the lower soil
layers have lower soil organic matter and nutrient content.

Soil management during the 21st century will be key for the survival of
humanity. Conservation practices, including the use of cover crops, will be a
critical and societies that do not implement conservation practices across the
tropics or even temperate or sub-tropical regions will be negatively impacted
(Fig. 6). Policies for soil and water conservation and climate change adap-
tation will be essential if societies are to have an opportunity to adapt to a
changing climate while maintaining food security (Fig. 1). Professional soci-
eties such as the Soil and Water Conservation Society (SWCS) and World
Association of Soil and Water Conservation (WASWAC) have adopted
position statements that state conservation practices for climate change
adaptation are necessary, including the use of cover crops.

One of the key management practices and tools available for climate
change adaptation across the tropics will be cover crops. We could use cover
crops across the tropics to protect the soil surface and reduce erosion,
improve soil health, and contribute to carbon sequestration, which will
improve soil biological functions and cycle essential nutrients to increase
yields. Cover crops can be used to increase yields across tropical areas in
Africa, Asia, Latin America, Australia and other regions. Cover crops can
also contribute large quantities of nitrogen fertilizer equivalent, especially
when leguminous cover crops are used to fix atmospheric nitrogen and cycle
nitrogen to the next crop, on occasion up to 300kgNha~'. A large number
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Fig. 6 Improved use of cover crops with conservation agriculture in high slope areas
of Ecuador where they can contribute to reduced erosion. Note: Photo by Yamil
Cartagena, INIAP.

of other macro- and micro-nutrients are also cycled to the next crop,
improving the nutritional value and protein content of the subsequent crop,
which could potentially have significant positive impacts on human and
animal nutrition.

Cover crops could potentially be used across the tropics to increase the
soil health of these systems, and on occasion, could even increase the soil
health of low-quality, degraded tropical systems, which could respond sig-
nificantly to the improvement in soil biological functions and nutrient
cycling to the subsequent crop resulting from cover crop use. Such improve-
ments in soil biological functions and soil biology would make the soils more
resilient and improve their ability to adapt to a changing climate. Although
in some cases tropical grain production following cover crops without
N fertilizer could achieve similar grain yields to those achieved with applied
N fertilizer alone, responses across all tropical regions tended to be higher
with grains such as corn that were grown after a leguminous cover crop with
additional nitrogen fertilizer applied to the grain crop. On occasion, a mix-
ture of tropical leguminous and non-leguminous cover crops, or even a non-
leguminous cover crop, such as a grass, could also contribute to significantly
higher yields when the grain crop is supplemented with nitrogen fertilizer.
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With that said, it must be noted that on occasion cover crops could
contribute to lower yields, and this is especially the case in arid and semiarid
systems when growing the cover crop also requires the use of valuable water
that the subsequent crop could have used to produce higher yields.
However, intensification of fallow systems with cover crops has been
reported to work in some instances, if implemented with conservation agri-
culture (no-till/minimum tillage) and use of mulch systems that could
reduce evapotranspiration in the next cropping system. In cropping systems
throughout the world, but particularly in arid and semiarid systems, the
management of cover crops necessitates the use of the 4 Rs of cover crops.
The 4 Rs of cover crops should be applied when using this tool (the right
cover crop, the right timing of placement, the right timing of killing, and the
right management).

Conservation agriculture with cover crops could have an immediate pos-
itive impact on the yields of the next crop in some cases. Sometimes it takes 2
or 3 years to increase the yields with significant nitrogen fertilizer equiva-
lency. Although there is an extensive body of literature about productivity
responses to cover crops across the tropics, there is a need for additional
research, especially since there are so many combinations of cropping sys-
tems (e.g., forages, trees, vegetables), soil types, weather, and high and
low elevations across the tropics. When using cover crops, decisions regard-
ing how to manage weeds, diseases, and pests (i.e., nematodes) are also
important and should be considered, as well as the potential to use cover
crops for grazing. Cover crop management decisions will need to integrate
a large amount of information. There are large research gaps that still need to
be addressed across the tropics, and the need for long-term research bears
repeating.

Management decisions such as when to plant a cover crop and when to
kill a cover crop can impact (positively or negatively) the yield of the sub-
sequent crop, so it is important to take site-specific conditions into consid-
eration. Sometimes killing a cover crop earlier will increase the release and
transfer of nutrients to the crop that follows, improving the synchronization
between the release of the nutrients from the cover crop and the nutrient
uptake demands of the subsequent crop. If the goal is to use the cover crop
to increase carbon sequestration, then no-till or minimum tillage systems
with mulching (crop residue returned/not harvesting aboveground stalks
and leaves) could be a viable option. However, several scientists, working
in either temperate (Figs. 7 and 8) or tropical regions have found that despite
harvesting the aboveground residue (stalks and leaves), there are still
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Fig. 7 Irrigated potatoes (left) and recently planted summer cover crop with limited irri-
gation (right). Note: Photo by Juan Herrera, formerly at the USDA Agricultural Research
Service, now at the University of Buenos Aires, Argentina. From Delgado, J. A,
Dillon, M. A., Sparks, R. T., and Essah, S. Y. C, 2007a. A decade of advances in cover crops:
cover crops with limited irrigation can increase yields, crop quality, and nutrient and water
use efficiencies while protecting the environment. J. Soil Water Conserv. 62 (5), 110A—117A.

potential increases in yields of the subsequent crops, suggesting that the bio-
logical effects on soil functions as well as nutrient cycling are still happening,
and thus that the belowground materials and some of the leaf residue still
have a positive impact on the soil health and crop responses of the
subsequent crop.

Cover crops are tools that can be used for diftferent purposes. In tropical
systems that receive more nitrogen than needed, a non-leguminous cover
crop can be used to protect surface and groundwater by acting as scavenger
crops to recover the excess applied nitrogen from the soil profile. In areas
where there are deficiencies in nitrogen applications and low rates of
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Fig. 8 The tuber production yield and quality for the potato following sorghum-sudan
plots were significantly higher (tubers on the right side) than the production following a
wet fallow plot (tubers on the left side). Note: Photo by Jorge A. Delgado, USDA
Agricultural Research Service. From Delgado, J. A. Dillon, M. A., Sparks, R. T, and
Essah, S. Y. C, 2007a. A decade of advances in cover crops: cover crops with limited irriga-
tion can increase yields, crop quality, and nutrient and water use efficiencies while
protecting the environment. J. Soil Water Conserv. 62 (5), 110A—117A.

nitrogen are being applied, leguminous cover crops can be used to add sig-
nificant amounts of nitrogen to the system that has low amounts of nitrogen
to increase yields. Cover crops will be a key tool during the 21st century for
climate change adaptation across the tropics.

Glossary

(Atylosia scarabaeoides L. Benth). (a.k.a. Cajanus scarabaeoides (L.) Thouars) Bananas
(Musa sp.) Barley (Hordeum wvulgare L.) Basil (Ocimum basilicum) Bean (Phaseolus
vulgaris) Black medic (Medicago lupulina L.) Black oat (Avena strigosa L.) Burgundy bean
(Macroptilium  bracteatum) Butterfly pea (Clitoria  ternatea) Calopo (Calopogonium
mucunoides) Canola (a.k.a rapeseed) (Brassica napus subsp. napus) Carabao grass (a.k.a.
hilo grass) (Paspalum conjugatum sp.) Cassava (Manihot esculenta Crantz) Centro
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(a.k.a. butterfly pea) (Centrosema pubescens) Christmas bush (a.k.a. siam weed, devil weed,
common floss flower) (Chromolaena odorata) Coconut (Cocos nucifera L.) Coftee (Coffea
arabica L.) Congo grass (Brachiaria ruziziensis) Corn (Zea mays L.) Cowpeas (Vigna
unguiculate L.) Crimson clover (Trifolium incarnatum L.) Cupuagu (Theobroma grandiflorum
Willd. (ex Spreng.) K. Schum) (Desmodium adscendens (Sw.) DCo (syn. Owalifolium
Guillemin & Perrottet)) Dyer’s woad (Isatis tinctoria L.) Eucalypt (Eucalyptus grancam
and Eucalyptus urograndis) Faba bean (Vicia faba L.) (Glycine wightii) Guinea grass (a.k.a
green panic grass) (Panicum maximum) Hairy vetch (Vida villosa Roth) Kidney vetch
(Anthyllis - vulneraria L.) Lablab (Lablab purpureus) (a.k.a  Dolichos lablab, Dolichos
purpureus) Lablab (Lablab purpureus) cv. “Rongai” Lettuce (Lactuca sativa L.) Millet
(Pennisetum glaucum) Molasses grass (Melinis minutiflora) Oat—white oat (Avena sativa
L.) Palisadegrass ([Urochloa brizantha (Hochst. Ex A. Rich.)) R.D. Webster] [syn.
Brachiaria  brizantha (Hochst. Ex A. Rich) Stapf]) Peachpalm (Bactris gasipaes
Kunth) Peanuts (Arachis hypogaeaL.) Pigeon peas (Cajanus cajanL.) Porcupine jointvetch
(Aeschinomene histrix) Potato (Solanum  tuberosum L.) Rapeseed (Brassica napus subsp.
napus) Rattlepod (Crotalaria grahamiana Wight & Arn) Rice (Oryza sativa) Root-knot
nematode (Meloidogyne incognita) Rye (Secale cereal L.) Ryegrass (Lolium multiflorum
Lam.) Sorghum sudangrass (Sorghum bicolor S. sudanense) Soybean (Glycine max (L.)
Merr) (Stylosanthes — guianensis) (Stylosanthes  hamata) Sunn ~ hemp  (Crotalaria
Jjuncea) Switchgrass (Panicum virgatum L.) Tomato (Solanum lycopersicum L.) Triticale
(a hybrid of wheat and rye; X Triticosecale) Tropical kudzu (Pueraria phaseoloides Rooxb.
Benth.) Turnip (Brassica rapa) Velvet bean (Mucuna pruriens) Vetch (Vicia villosa Roth)
(a.k.a hairy Vetch) Viper’s bugloss (Echium wvulgare L.) Wheat (Triticum aestivum
L) White clover (Trifolium repens L.) White hoarypea (Tephrosia candida
DC.) Witchweed (Striga spp.)

Note: The authors referred to Wikipedia as a resource for the scientific and common
names for the many tropical cover crops discussed in this paper.
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