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Abstract: Declining biodiversity (BD) is affecting food security, agricultural sustainability,
and environmental quality. Agroforestry (AF) is recognized as a possible partial solution for
BD conservation and improvement. This manuscript uses published peer-reviewed manuscripts,
reviews, meta-analysis, and federal and state agency documents to evaluate relationships between
AF and BD and how AF can be used to conserve BD. The review revealed that floral, faunal, and soil
microbial diversity were significantly greater in AF as compared to monocropping, adjacent crop
lands, and within crop alleys and some forests. Among the soil organisms, arbuscular mycorrhizae
fungi (AMF), bacteria, and enzyme activities were significantly greater in AF than crop and livestock
practices. Agroforestry also creates spatially concentrated high-density BD near trees due to favorable
soil-plant-water-microclimate conditions. The greater BD was attributed to heterogeneous vegetation,
organic carbon, microclimate, soil conditions, and spatial distribution of trees. Differences in BD
between AF and other management types diminished with time. Evenly distributed leaves, litter,
roots, dead/live biological material, and microclimate improve soil and microclimate in adjacent
crop and pasture areas as the system matures. Results of the study prove that integration of AF
can improve BD in agricultural lands. Selection of site suitable tree/shrub/grass-crop combinations
can be used to help address soil nutrient deficiencies or environmental conditions. Future studies
with standardized management protocols may be needed for all regions to further strengthen these
findings and to develop AF establishment criteria for BD conservation and agricultural sustainability.
Keywords: faunal diversity; floral diversity; soil health

1. Introduction
Despite numerous benefits of biodiversity (BD), the global BD is changing at an unprecedented
and alarming rate [1,2]. The continued population growth increased per capita consumption and
improved dietary patterns with increasing prosperity have resulted in unsustainable exploitation of
Earth’s biological diversity. These trends will continue as human population is expected to reach
9.5 billion by 2050. Climate change, ocean acidification, other anthropogenic, and environmental
impacts also contribute to further decline of floral and faunal richness, habitat, and BD [3–6].
Agricultural intensification and deforestation are major contributors for loss of BD, ecosystem functions,
and economies depend on natural resources [7,8]. For example, domestication of crops from wild
relative plants has reduced the number of plant species and varieties cultivated thus reducing BD
worldwide [9]. Planting one or two crops continuously on the same land further erodes agricultural
BD and impacts food security, human nutrition, and other ecosystem services [10,11].
Although modern agriculture is largely blamed for declining BD, agricultural lands can
support BD provided better management plans are implemented to support their survival [12,13].
For example, in Europe ~50% of plant and animal species depend on agricultural habitats [14].
Therefore, agricultural practices that favor BD can be used to conserve and improve BD.
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The widening focus from the traditional tree-based land use practice to more advanced landscape
scale agroforestry (AF) approach creates a stronger link between AF and BD conservation [15].
Adoption of AF as a measure for BD conservation has received increased attention during the last two
decades [15–23]. Agroforestry has been identified as a tool to preserve rich species diversity around the
world [24–26] because AF plays five major roles in BD conservation [2]. These include: (1) agroforestry
provides habitat for species that can tolerate a certain level of disturbance; (2) agroforestry helps
preserve germplasm of sensitive species; (3) agroforestry helps reduce the rates of conversion of natural
habitat by providing a more productive, sustainable alternative to traditional agricultural systems that
may involve clearing natural habitats; (4) agroforestry provides connectivity by creating corridors
between habitat remnants which may support the integrity of these remnants and the conservation of
area-sensitive floral and faunal species; and (5) agroforestry helps conserve biological diversity by
providing other ecosystem services such as erosion control and water recharge, thereby preventing the
degradation and loss of surrounding habitat. Likewise, AF can be used as a tool in conjunction with
appropriate conservation practices to buffer BD loss because some AF practices have 50–80% of the
diversity of comparable natural forests and this can contribute to further preservation of BD.
Agroforestry induced BD improvements have been reported in both temperate and tropical
regions [22,27–29]. Some studies have indicated significantly greater diversity in AF compared to
forests and tree monoculture management (Figure 1) [7,11,22]. In a meta-analysis Bhagwat et al. [30]
reported 60% greater mean richness of taxa in AF as compared to forests. Another meta-analysis in
Europe showed an overall positive effect of AF on BD [31]. Conversion of AF to monocultures has
reduced BD [32–34]. In spite of greater BD in AF as compared to adjacent forests and agricultural
systems, AF usually have lower number of endemic species due to intensive management [27,30].
Recently, studies have indicated a strong connection between BD and ecosystem services and
strongly emphasize the importance of BD conservation for enhanced ecosystem services [4,35,36].
Biodiversity provides many essential services to the society including material and non-material benefits
and regulating environmental functions [4,37]. Biodiversity improves human physical and mental
health [38], positively contributes to agriculture via pest control and pollination, and provides long-term
resilience to disturbances and environmental changes [35], substantially contribute to economic and
social development [36], provides valuable ecosystem services and functions for agricultural production
at genetic, species, and farming system levels [10]. Loss of BD reduces ecosystem functions, crop yields,
and income from wildlife and plants while increasing health risks and malnutrition [39].
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Figure 1. Mean species abundance (MSA) for forests, pastures, agroforestry, and agricultural land
management practices Source: [37].

A significant number of studies have identified positive relationships between AF and ecosystem
services of AF [2,7,31]. Agroforestry can increase land productivity as combinations of trees with crops
and pasture could utilize resources more efficiently (solar radiation, water, soil volume etc.) than mono
cropping or trees [31,40]. Agroforestry improves regulatory ecosystem services including erosion
control, nutrient retention, water quality, soil health, air quality, pollination, pest control, and fire
retardation as well as cultural services such as improvements in recreational, aesthetic, and cultural
values [31,41–43]. Agroforestry has been recognized as a tool for carbon sequestration in the Kyoto
Protocol for mitigation of the climate change. These benefits can be related to BD of AF. For example,
multi-species riparian buffers with trees, shrubs, and grasses improve water and soil quality by
retaining soil and nutrients on the land and reducing losses to water bodies.
Although AF enhances BD, the role of AF for BD is misunderstood and understated [44]. It is
therefore, imperative to appraise multiple links between AF and BD, and how AF can be used to
improve BD. This review addresses AF’s potential for reversing the negative impacts of domesticating
crops and adoption of monoculture systems, and the role of AF with the hypothesis that AF practices
increase the species variability and species richness thus help conserve the global BD and possibly
contributing to enhance ecosystem services.
2. Materials and Methods
A literature search was conducted on the Google Scholar, Science.gov (USA), and ScienceDirect,
using ‘agroforestry biodiversity’ as keywords for three time periods (Figure 2). The Google Scholar
showed a marked increase in publications from ~33 during 1991–2000 to over 110 after 2000. Science.gov
showed over 110 publications during the entire search period. The number of publications found using
ScienceDirect was <5 during the two initial search periods. During the 2011–2019 period, the search
located 17 publications. We have used selected publications from these search activities and other
related articles to develop the review.
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Figure 2. Development of scientific data base during the last 30 years on relationships between
agroforestry and biodiversity.

These selected manuscripts or reviews were published in peer-reviewed journals or books and
consisted of experimental designs with replications and controls. Among these publications, about 75%
of the results and data were on floral and soil BD comparisons with monoculture management practices
with either crops or forestry. Only a few publications were available on faunal BD and AF. Although the
number of publications are limited for the temperate region, more and more publications have surfaced
during the last 20 years.
3. Agroforestry and Diversity
3.1. Agroforestry and Floral Diversity
Modern agricultural farming methods focus on providing just one ecosystem service:
food production, which is achieved by reducing environmental complexity and growing large
areas of monocultures for better economies of scale [45]. This lower species diversity can lead to
lower functional diversity, which eventually results in reduced ecosystem functions [46]. In contrast,
integration of AF into farming systems increase BD [45], as AF can harbor a much higher species
richness and diversity compared to monoculture cropping systems [2]. Numerous studies and reviews
from tropical and temperate regions have reported increased plant diversity due to AF (Figure 3).
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Figure 3. Floral diversity of different agroforestry practices, Iberian Dehesa system in Extremadura,
Spain (A), Silvopsature system in southeastern US (B), Alley cropping in UK (C), Forest farming
with medicinal herbs (D), Silvoarable agroforestry system in UK (E), Alley cropping in Kenya (F),
Cocoa based agroforest in Talamanca, Costa Rica (G) and Kandian Home Gardens in Sri Lanka (H).

Alley cropping, forest farming, riparian buffers, silvopasture, and windbreaks are the five main
AF practices in North America. In the temperate zone the most commonly used alley cropping trees
were dominated by Juglans (walnut) or Populus (poplar) genera and those were found in 55% of the
publications used for a review on floral diversity of AF [47]. Pecan (Carya illinoensis (Wanganh.) K. Koch),
walnut (Juglan Negra), chesnut (Castanea spp.), oaks (Quercus spp.), ashes (Fraxinus spp.), and basswood
(Tilia spp.) can be used in alley cropping [48]. Forage crops, cereal, vegetable, specialty crops,
and biomass crops can be grown in alley until light, water, and nutrient become limiting.
In forest farming for edible products such as fruits, nuts, berries, greens, mushrooms, and wild
vegetable; medicines and herbal supplements such as ginseng, echinacea, goldenseal, black cohosh,
and witch hazel; decorative products such as flowers, Spanish moss, vines, stems, seedheads, leaves,
and fruiting structures used in floral arrangements; handicrafts and specialty woods such as grape
vines and branches are also commonly used [49].
Riparian buffers also contribute to greater diversity. In Appalachian headwater catchments,
herbaceous species density varied from 4 to 17 m−2 and woody species density varied from 3 to
8 m−2 , in a four years study [50]. The diversity in riparian corridors vary along longitudinal, lateral,
and vertical dimensions [51].
Silvopasture is the most prevalent AF practice found in USA and Canada [52,53]. Both hardwood
and evergreens are used with warm and cold season grass species. In addition, N-fixing species are also
integrated within silvopasture. Many tree species found in forests and trees planted within pastures
can increase floral diversity in silvopasture.
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Tree planting for windbreaks has been promoted in USA and Canada and these systems
created some form of AF in both countries. The Timber Culture Act of 1873 provided the title
to the land if a homesteader would plant trees on a 10–40 acre until the offer was repealed
in 1891. In 19300 s Prairie States Forestry Project was implemented to establish windbreaks to
protect soils from wind erosion after the Dust bowl. About 217 million trees were planted in
a 1150- by 100-mile zone from Canada border to Texas in six states. Windbreaks established
in the US for farmstead use, field use, livestock shelter, living snow fence, wildlife habitat,
and screening usually consist of several tree species including a combination of evergreens and
deciduous as well as shrubs. Commonly used species include Arizona cypress (Cupressus arizonica),
Austrian pine (Pinus nigra), Bur oak (Quercus macrocarpa), Eastern red cedar (Juniperus virginiana
L.), Green ash (Fraxinus pennsylvanica), Ponderosa pine (Pinus ponderosa), Poplar (Populus tremula L.),
Redbud (Cercis canadensis L.), Sycamore (Platanus occidentalis L.), Walnut (Juglans regia), White ash
(Fraxinus americana L.), Willow species (Salix alba L.), and White spruce (Picea glauca). The Prairie Farm
Rehabilitation Administrative under Agriculture and Agrifood Canada has initiated windbreaks and
planted >610 million shelterbelt trees in Canada. Agriculture Canada has estimated >218 mega tons of
C and over $600 million worth other goods and services from these shelterbelts.
The selection of these species for each practice varied by regions, climate conditions, and plant
hardiness [54–57]. Biomass crops, specialty crops, N-fixing species, and medicinal plants can
be incorporated in alley cropping, windbreaks, and riparian buffers for additional income and
wildlife habitat.
Several studies in Central and South America also have reported increased diversity with AF
integration [11,23,57]. In a plant species diversity study in Nicaragua Sistla et al. [11] reported that
AF and secondary forests shared 38 species, secondary forest and pasture shared 15 species, AF and
pasture shared 28 species. In their study, species richness per m2 was 8.14 ± 0.15, 7.97 ± 0.15 and
6.18 ± 0.6 for secondary forest, AF, and pasture. Additionally, secondary forest and AF had greater
food and medicinal value than the pasture.
The species richness of tropical home gardens varied from 27 (Sri Lanka) to 602 (West Java) [58].
In another study using 402 home gardens from six regions, Kabir and Webb [59] found that 59% species
were native out of 419 across southwestern Bangladesh. In a study conducted to identify plant diversity
and multi-use, Kumari et al. [60] evaluated randomly selected 106 suburban home gardens in Sri Lanka
and reported a total of 289 species of which 51% were ornamental plants, 36% were food plants and
12% were medicinal plants and 6% generated income whereas the rest was used for domestic usage.
According to Bardhan et al. [61], home garden AF can function as an “intermediary” for conserving
tree species diversity in Bangladesh. Home gardens and natural forests shared 30% of the species and
the species richness in home gardens increased as the size of home gardens increased. In Jambi area in
central Sumatra, Murdiyarso et al. [62] observed 15 species per 1.5-ha plot in continuously cultivated
cassava, 25 species per plot in oil palm plantations, 90 species per plot in rubber AF, and 120 species
per plot in primary forests. Neo tropical and old-world tropical home gardens are considered as AF
systems with high floristic diversity [63] and many ecologists consider such systems mimic the natural
forests to the closest level, both structurally and functionally [64].
Diversity of tree species in AF were much greater than previously reported in Cameron, Kenya,
and Uganda [65]. Greater level of tree diversity has been reported in complex and shaded AF
systems in West Africa, Central America, and Asia [66–69]. In Cameroon and Nigeria, cocoa AF
play a major role in their agriculture than monocrop cocoa. In Nigeria, tree species including
Cola nitida, Persea Americana, Mangifera indica, Citrus sisnensis, Elaeis guinensis, Millicia excelsa,
Irvingia gabonensis, Terminalia superba, Garcinia kola, Triplochiton scleroxylon, Dacryodes edulis,
Khaya ivorensis, and Cola acuminate are generally associated with cocoa [70,71]. In Ghana,
Rauvolfia vomitoria, Milicia excelsa, Sterculia tragacantha, Alstonia boonei, Milicia excelsa, Terminalia ivorensis,
T. superba, Triplochiton scleroxylon, Ceiba pentandra, Pycnanthus angolensis, Entandrophragma angolense,
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Funtumia elastica, Ricinodendron heudelotti, Tetrapleura tetraptera, Citrus sinensis, Persea americana,
Mangifera indica, and Elaeis guinensis are commonly found on cocoa farms [71,72].
Studying plant diversity in Southeast Asia, the Congo Basin, and the Amazon basin,
Tomich et al. [73,74] stated that diversity of multistrata AF systems was between primary forests and
monocrop perennials or field crops. A review using 89 published data sets, Alkemade et al. [37]
showed that AF had diversity similar to lightly used forests, secondary forests, and forest plantations
(Figure 1). The same review showed that primary forest contained greater diversity and agriculture
contained lower diversity than AF. Another review evaluated global floral diversity in alley cropping
AF and found that alley cropping used 410 tree species from 192 genera [47]. Globally, 276 species
from 181 genera were found in alleys, but were dominated by a few species (Figure 4). Findings from
studies across the world suggest that AF has greater diversity as compared to monocropping practices
and perhaps greater than forests in some regions.

Figure 4. Occurrence of genus in alley cropping Agroforestry (AF) of temperate, subtropical, and tropical
zones. Source: [47].

3.2. Agroforestry and Faunal Diversity
AF systems with higher floristic and structural diversity have been shown to support greater
faunal diversity compared to monoculture systems because the faunal diversity is closely linked
with floral diversity [2]. Agroforestry induced faunal diversity in small and large farms as well as
for temperate and tropical regions have shown many direct and indirect benefit on sustainability,
land productivity, and environmental services. For instance, AF can be used to increase pollinator
diversity, which is essential for food production as well as maintenance of population levels of
wild plants [45]. The pollinator service is invaluable as ~90% of flowering plants are pollinated by
insects and over 75% of world’s most important crops and 35% of food production depend on animal
pollination [75,76].
The Nature Conservancy and the Americas Bird Conservation Program commenced an initiation
in 1997 to enhance the environmental conservation of a biological corridor connecting the Talamanca
region in Costa Rica using shaded cocoa (Theobroma cacao) as an AF system [77]. Shade coffee and
multistrata cocoa AF systems provide habitat for avian, mammalian, and other species and thereby
enhance faunal diversity [2]. Gibbs et al. [78] observed an almost doubled (increased from 17 to
32 species) avian species richness between 1995 and 2014 in a tree-based intercropping system in
Canada. Their study also reported the highest species richness of birds in the tree-based system among
studied systems for both time periods. Another study in southern Canada also found greater bird
species richness in tree-based systems compared to adjacent soybean fields [79]. Agroforestry systems
favor greater diversity due to greater species richness [80].
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A review by Buck et al. [23] showed greater bird diversity in cocoa and coffee AF in Southeast
Asia and Central America as compared to monocrop. Tree density and the distance to intact forest had
the greatest impact on number of forest bird species in intact primary forest, regenerated secondary
forest, and agricultural fields in and around Mabira forest in Uganda [81]. Studying bird diversity in
Chagga home gardens of Kilimanjaro, Tanzania, Soini [82] reported that the diversity and richness
were determined by the size of the land parcel and human pressure. Assessing bird biodiversity during
the fires of 1998 in two AF farms in the buffer zone of the Maya Biosphere Reserve in Guatemala,
Griffith [83] found high numbers of bird species in AF areas, including forest specialists and forest
generalists. These sites provided fruit, nectar, nesting sites, protection from predators, and refuge both
in AF and forestry patches.
The integration of trees provides connectivity, nesting sites, protection against predators, low risk
areas, breeding areas, food sources, landscape complexity, and heterogeneity, and thereby integrating
aquatic systems, pollinators, and beneficial species into the landscape. For example, in Makalu
Barun National Park and Conservation Area of Nepal, AF with Alnus nepalensis and cardamom
(Elettaria cardamomum) have contributed to integrity of riparian corridors for wildlife conservation [84].
Only windbreaks and riparian buffers offer woody habitat for wildlife in many agricultures dominated
and monocropping landscapes thus leading to improved wild life habitats [85] and species richness of
birds [86].
As compared to forests, the pollinator decrease was 40% under monocrops and 15% under
mixed-tree AF [87]. Furthermore, the authors [87] have noticed a 15% increase of less important
pollinators in the mixed-tree AF and no increase in the monocrop. The mixed-tree AF had 93% of the
pollinators found in forests and maintained 85% of the pollinators found in forests. Increased vegetation
cover provided by perennial vegetation, microclimate, flowers, and nesting sites, associated with
diversity of plants have been identified as major contributors for increased pollinator BD [88–92].
According to Barroios et al. [87], the multiple tree species were more beneficial than a single tree species
for greater pollinator BD. Insects in AF also provides indirect benefits such as pest and disease control.
In West Africa, coffee berry borer infestation was 69% lower in AF coffee practices due to natural
enemies of ants, parasitiods, [32] and birds [91], as compared to monocrops [87].
Various tree-crop combinations and spatial arrangements in AF systems have been reported to
affect insect population density and species diversity [63]. Greater density and diversity of insect
populations have been reported in windbreaks and tree areas within pastures than monocrop areas
Figure 5; [92,93]. In Iberian Dehesas, bees and spider species richness were greater with wooded
pastures than open pastures [93]. The insect species richness increased with the increasing plant
species richness.
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Figure 5. Measured species richness (95% CI) of bee species (A), plant species (B), spider species (C),
and earth worm species (D) in Iberian Dehesas, central western Spain [93].

In southern Ontario, Canada, earthworm populations were greater in AF as compared to
conventional cropping systems and the population density was greater near the trees [94]. The density
ranged from 71 m−2 in silver maple (Acer saccharinum L.) to 90 m−2 for white ash (Fraxinus Americana L.)
to 182 m−2 for poplar (Populus spp.). In the extensive silvopastural systems of Iberian dehesas,
earthworm species numbers and richness were greater for wooded pastures than open pastures [93].
Another study in Canada showed greater population numbers of arthropods and detritivores in AF
than conventional cropping [28]. The spatial distribution of earthworm casts was closely related to the
distribution of trees Figure 6 [95], indicating the favorable conditions provided by trees and spatially
heterogeneous soil properties even within a small area.
These larger organisms like birds, earth worms, and insects also help reduce parasites and improve
soil properties and soil fertility (Figures 6 and 7). A survey of 13 AF practices in France showed that
soil tillage and inorganic fertilization significantly increased total earthworm abundance and biomass
in tree rows due to increased soil organic carbon and lack of disturbance relative to alleys and treeless
control plots [96]. These studies emphasize the importance of strategies planning of trees and more
than one species of trees/shrubs for maximum BD and other benefits.
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Figure 6. Relationships between weight of earthworm casts (black filled circles, g), number of pruned
trees (light gray), and canopy size (open circles) of a tree-based agroforesty practice in Quesungual
Slash-and-Mulch, western Honduras [95].

Figure 7. Relationship between earthworm density and saturated hydraulic conductivity of soil
confidence limits [97].
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In a review of BD in tropical AF, Bhadwat et al. [30] found 112–139% richness of bats and lower
plants (bryophytes and ferns) than the neighboring forests. The AF showed 91% of mammals, 98% of
insects, and 100% of trees found in the forest. Current literature supports that integration of AF helps
improve faunal diversity, although literature is limited for selected individual species. Only a few
studies have reported relationships between BD for medium to small animals. The smaller parcel size
and lack of research studies may have contributed to lack of data on BD and AF for medium to small
size fauna.
3.3. Agroforestry and Soil Microbial Diversity
A large portion of Earth’s BD resides belowground; one m2 may contain ~20,000 species of
fungi, bacteria, virus, protozoa, nematodes, and many other species [98]. Soil microbial communities
play a vital role in most biogeochemical processes and they are important for biogeochemical cycles,
nutrient cycling, mineralization, and nutrient supply, degradation of chemicals, aboveground BD,
soil formation, and soil health. These soil microbial communities live within the soil, rhizosphere,
and other materials to carryout various processes that can even help decontaminate soils and control
of plant, animal, and human pests and diseases. Their functions also help improve the quality of water
and soil and climate regulation.
Differences in fungi densities and community structures have been found between AF and
monocropping practices for temperate and tropical regions. A study at the University of Guelph
Research Station, Canada has shown greater arbuscular mycorrhizal fungi (AMF) richness in a tree-based
cropping system and several taxa that were not present in a monocrop system [99]. In their study,
AMF composition was significantly different between the monocrop and tree-based cropping systems.
AMF communities growing on corn roots were influenced by the tree species and communities were
significantly different for Norway spruce and silver maple.
In Germany, a greater abundance of saprotrophic fungi and ectomycorrhizal fungi, as well as
a greater fungalC:bacterialC ratio were found in tree rows of the silvopasture [100]. In Canada,
phospholipid fatty acid (PLFA) measured fungal abundance was greater in a tree-based system
compared to adjacent cropping systems [101]. In another study, Chifflot et al. [102] observed
significantly greater spatial differences and diversity of fungi pores on tree based intercropping sites
compared to a monoculture. As the system matures shifting towards saprotrophic and ectomycorrhizal
fungi occurs and this shift was attributed to more complex and diverse organic material, reduced soil
disturbance, and soil pore geometry [100]. Studying three AF systems using molecular techniques,
Zhang et al. [103] mentioned that fungal diversity was greater in the rhizosphere compared to bulk
soil, but differences were not significant among systems.
Another Canadian study using phospholipid fatty acid (PLFA) profiling found significantly greater
AMF in a tree-based AF system compared to an adjacent conventional monocropping system [101].
A long-term fruit tree AF practice with perennial native vegetation also increased AMF compared to
tree fruit and single-species alleys of tall fescue [104]. Using molecular analysis, Tomich et al. [73,74]
found greater richness in AMF communities with the tree-based cropping systems in Southeast Asia,
the Congo Basin, and the Amazon basin. Significantly greater fungal diversity and spores near trees of
tree-based alley cropping than monocrop and forests have been noticed for many regions [99,102,104].
According to a review by Bainard et al. [99], integration of AF increases fungal diversity and abundance
than monocrop systems.
Numerous benefits can occur as AMF can increase soil structure, nutrient status,
microbial community structure, and suppress weed populations [99]. This in turn will help enhance
soil microbial components (bacteria and protozoa) within AF systems. Because of the high density of
roots of multiple vegetation including trees, shrubs, grass, and crops as well as contributions from
livestock, inevitable belowground interactions occur within the soil [40,63]. Researchers have found
a higher level of root colonization and greater spore densities in the rhizosphere of crops growing in
close proximity to trees than away from trees [1,105,106].

Sustainability 2019, 11, 2879

12 of 22

Greater bacterial abundance and species richness have been observed in AF as compared to
monocrop in Canada [107]. They have concluded that soil carbon and pH were the major determinants
of bacterial communities. In an AF alley-cropping with fruit trees with alleys of native grasses and
forbs in Missouri, Kremer and Hezel [108] observed higher total soil microbial biomass and more
robust microbial community compositions especially more gram-negative bacteria in AF compared
with alleys of tall fescue and adjacent unmanaged pasture and row-cropped fields.
A study using 16S rRNA gene copies, Banarjee et al. [107] found significantly greater
bacterial abundance and species richness in hedgerows and woodlands compared to agricultural
lands across a 270-km soil climate gradient in Alberta, Canada. Similarly, Zak et al. [109]
observed an increasing microbial abundance with an increasing number of plants. Field and
laboratory studies show these diverse groups are more resilient due to diversity of the litter and
rhizodeposition products of trees [110,111]. Due to plant diversity and favorable conditions higher
microbial biomass and N mineralization rates are reported in temperate windbreaks compared to
conventional agriculture [112,113]. These benefits have been attributed to quantity and quality of
litter, complex organic compounds, rhizodeposition products, and soil physio-chemical properties,
aggregate stability, thermal parameters, microclimate, and absence of disturbance [99,114–120].
The spatial distribution of crops, pasture, shrubs, and trees in AF is different from monocrop
management and these factors influence quality and quantity of organic matter, soil properties,
and microclimate thus influencing soil biological activities such as enzymes [63,107]. Plot and
field studies have shown that AF relatively has diverse and greater microbial communities and
functions than monoculture crop and grazing areas [99,107,116,121–124]. Individual findings as well
as meta-analysis have reported greater mean richness of taxa in AF as compared to forests [30].
The meta-analysis estimated 60% greater richness in AF than cropping systems. In alley cropping
AF practices, soil enzymes were significantly higher in both grass and grass plus tree strips than in
continuously cropped alleys [116,118,125]. On the same watershed, Weerasekera et al. [126] noticed
significantly greater enzyme activities between AF and conventional crop areas 10 years after the
establishment of buffers. Paudel et al. [123,124] observed greater enzyme activities in a silvopatsure
site with eastern cottonwood trees (Populus deltoides) plus tall fescue grass (Festuca arundinacea) buffers,
tall fescue grass buffers, and permanent pasture alleys of tall fescue plus forage legumes, compared with
a row-cropping (corn-soybean rotation) system. Similar findings of greater enzyme activities can be
found in the literature for AF cropping systems and silvopasture from the temperate and tropical
regions [104,116]. Enzymes degrade and convert complex molecules to simple molecules and also
synthesize compounds and molecules for their needs thus greater enzyme activities indicate enhanced
potential to degrade cellulose, hemicellulose, chitin, peptidoglycan and proteins which leads to
improved mineralization and nutrient cycling.
The influence of AF on microbial parameters are inconsistent [96,116,118,123,124,127,128].
Greater biological activity and microbiological properties, decreasing differences with time, or no
difference between AF and monocrop managements also have been reported in the literature.
Bambrick et al. [127] found no significant differences in C and microbiological properties between 4-,
8-, and 21-year old tree-based oat (Avena sativa L.)-maize-maize rotational system in Canada. At the
Greenley paired watersheds, Weerasekera et al. [126] also observed no differences in enzyme activities
at 30-, 90-, and 150-cm from the tree base. In Germany, Nii-Annang et al. [129] found no significant
difference for microbial indicators at 0–3 and 3–10 cm soil depths nine years after tree establishment.
These findings may imply uniform influence of AF as a system matures such as better distribution of
leave, branches, litter, roots, and other improvements in soil-plant-water relationships thus diminishing
differences between AF and cropping systems. For example, Mungai et al. [116] and Bardhan et al. [128]
reported no difference between silver maple (Acer saccharinum) tree rows and alley cropped soils for
a 21-year old AF system at two different time intervals since establishment.
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4. Practical Implication of Agroforestry on Biodiversity
Since crop land and pasture lands represent 40% of the global terrestrial land area [130] and
more than 43% of the global crop lands contain at least 10% tree cover [84], AF has a greater potential
to conserve and improve BD. Agroforestry can be used for BD conservation as AF naturally has
significantly greater BD compared with monocrop management practices [28,31,61,131,132]. The plant
diversity is one of the main reasons for increased BD in AF. For example, AF in tropics resemble
natural forests and therefore those have been suggested as promising wildlife friendly practices [7].
Adoption of AF with diverse trees/shrubs/grasses and crops may mimic natural forest conditions and
may enhance BD while providing additional income and aesthetic value. This also helps preserve
natural forests as firewood, bee honey, nuts, and other products will satisfy daily needs. There are
several approaches that AF can implement for BD conservation and improvements.
Recent reviews have highlighted that AF contributes to conservation and protection of BD [23,133]
and abundant benefits arising from the BD conservation. Research shows that diverse aboveground
vegetation and their dynamics strongly influence BD of the system and the interactions between the
above- and below-ground determines below ground communities. For example, alley cropping
and silvopasture have better soil properties and thus improved soil porosity, water dynamics,
and nutrient cycling efficiency, better plant growth, as well as minimum leaching losses compared to
monocropping practices of row crops or pasture alone management [11,118,123,134,135]. Removal of
shade trees increase the surface soil temperature and thereby affects humidity-moisture conditions,
decomposition rates, nutrient status, and soil communities. In Missouri, AF buffers have shown better
soil thermal properties and better buffering against extreme temperature conditions as compared to
monocrop areas [120]. Microclimate properties were also different between crop and buffer areas
with favorable soil temperature, humidity, and wind speeds were found in the buffers than the
crop areas [136]. Studies from other parts of the world also have shown favorable soil properties,
microclimate, and nutrient status and thus supporting greater diversity of AF management practices.
These findings imply that selected species combinations at proper spacing and configurations can help
improve and conserve BD through creating favorable microclimate and soil conditions.
Diverse vegetation and/or livestock provides a more complex system that can support a wide range
of organisms. For example, leguminous trees and shrubs can affect the BD in unique ways although
the number of species are limited in the temperate regions relative to the tropics. According to a recent
study [137], plant diversity is positively correlated with microbial beta diversity which indicates greater
microbial diversity with greater species communities [107]. Furthermore, the correct composition of
leguminous trees at strategic locations can help promote BD, soil fertility, and the quality of water and
soil. Integration of trees that can provide additional benefits such as fodder, nutrients, and biomass
and may serve BD conservation.
Since AF reduces disturbance, synthetic chemical use, and mono cropping, strategical planning and
implementation can help further improve BD. Fertilizers, pesticides, herbicides, and other chemicals
exert a strong impact on BD [138]. The use of synthetic inorganic fertilizers reduces soil BD [119,138]
while reduced or no-tillage favors greater diversity as tillage destroys fungal mycelial networks [139,140].
These impacts can cause shifts within soil and affect all functions. According to Thiele-Bruhn et al. [141]
agricultural system with less input may promote higher BD. Fertilizer application and the use of
other chemical can be minimized as AF naturally improves soil C, nutrients, and other physical
properties. This approach can help especially, for rapidly developing tropics, as small and diversified
AF is a viable land use strategy for biodiversity conservation, sustainable agriculture, and ecosystem
services [11,142].
Agroforestry also serves as a corridor between the forest and the other lands and thus serves
as a habitat outside of protected forests. In Nicaragua, coffee AF has served as a wildlife habitat
corridor for mantled howling monkeys, Alouatta palliate [143]. In Khao Luang Mountains, Thailand,
Round et al. [144] found 38–48% of bird species inhabiting neighboring forests in mixed fruit orchards.
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Establishment and maintenance of AF adjacent to forest can help conserve BD while improving the
aesthetic values of the landscape.
Agroforestry causes spatially heterogeneous and/or concentrated communities due to spatial
arrangement of trees, shrubs, and grasses [123,145]. For instance, the richness of bacteria was greater
with white ash and poplar than Norway spruce in Canada [146]. Another study reported specific AMF
communities in corn roots growing in Norway spruce AF compared to silver maple in Canada [145].
In Iberian Dehesas, high BD can be partly explained by the existence of scattered trees that create
disproportionate differences in above- and below-ground in AF are the key features for niche densities
and high BD [147]. Supporting the above observation, Fischer et al. [148], in an Australian livestock
grazing landscape, found a strong relationship between number of trees, birds, and bats. In their study,
bird richness doubled with one tree as compared to treeless landscapes. Furthermore, the study found
three times more bats with 3–5 trees as compared to no tree and bat activity increased by a factor of
100. These findings may imply that proper selection of specific tree/crop combinations can be used for
further enrich soil and nutrients and/or decontaminate soil and water for environmental benefits by
AF induced BD.
Although diversity and abundance are beneficial within the AF, Barrios et al. [149] have cautioned
about making generalizations. For instance, Sileshi and Mafongoya [150] reported an abundance of
earthworms and beetles with legumes producing high quality biomass and increases of millipedes
and beetles with legumes producing low quality biomass. Organisms obtain energy from carbon with
a few exceptions and thus changes in plant communities, plant litter, litter composition and forms,
as well as dead and live soil fauna can manipulate soil functions such as energy source and affecting
their functions. Agroforestry’s diverse plant communities and structures can modify the important
soil functions and with possible feedback to the above- and below-ground components of the AF itself
and accompanying commodity crops.
Conversion of AF to monocultures reduce BD and conversion of monoculture to AF increases
BD as AF harbors greater species richness and diversity [2,32–34,45]. However, due to intensive
management, AF supports lower number of species as compared to adjacent undisturbed forests [27,30].
Despite numerous benefits of AF on BD, conservation there are some negative consequences of AF
adoption. Agroforestry can promote undesirable species including invasive species if proper measures
were not implemented. For example, a large number of biomass/fuel wood projects introduced in
1970s and 1980s in developing countries have impacted wildlife, water availability, and soil nutrient
status [44]. In Kenya and India, ground water level has dropped in tea plantations with Eucalyptus
trees and now both countries are trying to stop new eucalyptus plantings.
The role of AF has been controversial in regions with forest expansion for agriculture and
settlements [151]. The conversion of forests for cocoa or palm oil plantations have reduced the forest
cover and BD. Secondary, management practices such as shade-grown cocoa and palm plants with other
trees have enhanced the BD as compared to the monocrop [66]. A comparison between the shade-grown
crop and the monocrop implied BD enhancement with both cocoa and coffee. However, monocrop and
the shade-grown systems had reduced diversity as compared to the original forest plantations.
Proper planning and strategic placement of soil-site-climate appropriate species combinations
can help reduce negative impacts to the environment and landscapes while improving numerous
ecosystem benefits including BD. For example, establishment of tall fescue (Festuca arundinacea) on
AF buffers and other strategic locations within a watershed can help degradation of herbicides and
antibiotics by soil communities and retention of these chemicals without further damaging water
bodies [152,153]. In AF, strategic tree/shrub/plant selection and arrangements can enhance certain soil
activities as some AMF preferentially select host plant [154]. It is also important to consider societal
interest and needs when proposing new tree species and long-term impacts of those trees on the
landscape. A good understanding of ecosystem services, society needs, and AF knowledge could also
facilitate improvements in policies and support services.
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5. Conclusions
Global scale agricultural intensification, population growth, dietary patterns, industrialization,
and climate change are major causes of the degradation of BD and ecosystem functions at an exponential
rate. Adoption of AF could help reverse both types of damages and improve BD and ecosystem
services. Numerous studies have reported increased BD by AF. Agroforestry induced BD can be
attributed to food, shelter, habitat, protection, refuge, favorable microclimate, improved soil-plant-water
relationships, and other resources provided by multi-species vegetation of AF. The review also
emphasizes the importance of multi-species integration for greater heterogeneity and for creation of
spatially heterogeneous patched that could help enhance specific soil-plant communities. The selection
of site-climate suitable combinations can be used to further enhance BD and services provided by
the enhanced BD. However, proper planning must be conducted before the practices are adopted.
These include selection of soil-site-climate suitable species and consideration of social and local needs.
Newer molecular techniques including DNA analysis, PLFA, metagenomics, and metabolomics
can be used to improve our knowledge and benefits of AF induced BD. These may include
understanding morphological and genetic diversity and their specific contributions for ecosystem
services. Simulation of appropriate models may enhance our understanding and to predict changes
for short- and long-term benefits of adopted practices. For example, Agricultural Production Systems
sIMulator (APSIM) and HiSAFE could be used to understand and quantify various benefits and
interactions. Long-term impacts of benefits should be evaluated for proposing new management
strategies for enhancement of BD and ecosystem services including environmental, production,
and economic benefits.
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