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ABSTRACT

Interest in forestation is rising with increasing recognition that global changes can
negatively affect plant diversity and ecosystem function. It is known that forests influence
climate through physical, chemical, and biological processes and ecohydrology need
substantially more research. Functional interactions among vegetation, soils, and
hydrologic processes permit the trees to maintain their symbioses in the soil. However,
global change affects forests and soil health, influencing the population, diversity and
activities of soil microbes, including symbiotic fungal populations. Although plants are
sessile organisms, selected agroforestry tree species (mycorrhizal dependent plants) can
be employed in forestation to encompass environmental stresses increased by global
changes. This review was done to explore current information on forest for mitigating
climate change, with respect to the research results on soil microbiota and its hydrologic
impacts. Thus, relevant findings related to the benefits of soil health are emphasized.
Accordingly, I discuss interdisciplinary knowledge required to understand the potential of
forest to mitigate climate change.
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1. INTRODUCTION

Interest in forestation is growing with increasing recognition that global changes can
negatively affect ecosystem function. Forestation increases the permeability of the soil and
emits water vapor into the atmosphere through evaporation and transpiration, further
reducing the runoff of rainwater [1]. It is known that forests influence climate through
physical, chemical, and biological processes that affect planetary energetics, the hydrologic
cycle, and atmospheric composition, and thus they inhibit or magnify anthropogenic climate
change [2]. However, there is controversy on the impact of reforestation on water yield by
reducing or raising downstream water availability and intensification of the hydrologic cycle
[3]. Thus, understanding the general beneficial relationship between forest cover and the
intensity of the hydrologic cycle is an urgent need. Moreover, ecohydrology (functional
interactions among vegetation, soils, and hydrologic processes and the linkages among
upland, riparian, and aquatic parts) needs substantially more research (see [4]). This review
is done to explore current information on forest for mitigating climate change, with respect to
the research results on soil microbiota and its hydrological impacts. First, I will consider land
use changes and their effect on forestation for ecosystem services. Subsequently, I will
focus on the climate change effects on forestation and their belowground interactions.
Finally, the importance of mycorrhizal interactions for reforestation will be discussed with a
focus on riparian forests.

2. LAND USE CHANGE

Deforestation, involving land conversion from forest to agriculture and urbanization, affects
global precipitations, and land management needs to consider the connection of forests to
the supply of precipitation [3]. Tree cover affects the soil physical and chemical properties,
modifying the number, diversity and activity of the soil microbiota, including both free and
symbiotic fungal populations (Fig. 1). Trees also increase the carbon (C) sequestration
providing wood supply for local communities; however, C sequestration strategies highlight
tree plantations without considering their full environmental contributions, such as losses in
stream flow [1]. Therefore, it has been shown that placing a value on ecosystem services
(forest services) helps to preserve water supply [5].

It has also been shown that as forests are under remarkable pressure from global change,
interdisciplinary knowledge is required to identify and understand their potential to mitigate
the effects of climate changes [2] (Table 1). Moreover, old-growth forests, which provide
unique values, need more research, in order to conserve them and understand their stability
[6].

Global changes also affect river ecosystems e.g. water flow disruptions, temperature rises,
loss of hydrological connectivity, altered water residence times, changes in nutrient loads,
increased arrival of new chemicals, simplification of the physical structure, presence of
invasive species, and biodiversity losses [7]. Thus, rivers are threatened by changes in land
use, climate, hydrologic cycles, and biodiversity, which affect their structure and functioning.
In this regard, the study of responses of river ecosystems to global change is vital for human
welfare. Rivers provide food, irrigation [7] and their health requires an integrated basin
management, with protection of aquatic and riparian biodiversity [8]. For example,
approximately 13,400 fish species live in freshwater ecosystems, many as small rare
populations [8]. Vose et al. [4] stressed that challenges in forest ecohydrological research
should concentrate on understanding watershed responses to climate change and to losses
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of native species or additions of exotic species, as well as on managing forested watersheds
to adapt to climate change. For example, hazardous events such as floods, which are still
rising compared to earthquakes, must be investigated with regard to global warming [9].

Fig. 1. Global change (a) including climatic change result in altered ecosystems tree
biodiversity (b), soil microbiota (c) soil health and soil symbionts, such as arbuscular

mycorrhizas (d), contributing to conditions that allow for forest water resources (e)
changes (Photo credit - M. Pagano)

Table 1. Summary of actual evidence on forest ecosystem services in mitigating
climate change and its hydrological impacts

Location Forestation type Source
Major river basins Forest cover Ellison et al. [3]
Worldwide Watershed structure and function Vose et al. [4]
Tropics Reforestation Pagano and  Cabello [1]
USA Managed and unmanaged forests Elliott and Vose [10]
Worldwide Forests Wei et al. [11]
Temperate zones Forests (afforestation) South et al. [12]
Worldwide Forests Bonan [2]

The riparian vegetation is associated to the bank of stream channels, having characteristics
of ecotones with delicate balances of biotic and abiotic patterns [13]. It is known that riparian
zones are complex and important ecosystems due to their function as buffers that play an
important role in the movement of water and pollutants to surface water bodies and ground
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water, decreasing land erosion by water [14]. Floodplain forests have been greatly reduced
by agriculture and river control has altered the natural flooding and disturbance regime,
influencing nutrient cycling, plant growth and soil structure, thus decreasing water retention,
resistance to erosion, root development, and microbial activity [15]. Several countries have
suffered from increasingly frequent and costly natural disasters of floods, which are
demoralizing [16]. Forest protection or regeneration of forest upstream of a region has been
proposed for reducing floods, which maintains stream flows during dry periods [17]. The
challenge of predicting responses of rivers to global change has been pointed out due to the
complexity of interactions among anthropogenic drivers across the miscellany of natural
hydrogeomorphic and climates [7].

Functional and structural restoration of riparian sites in Brazil (Fig. 2), for example, using
tropical tree legumes can illustrate river-soil interaction [18]. A study of Centrolobium
tomentosum, which forms symbiosis with fast- and slow-growing rhizobial strains, revealed
that flood disturbances do not affect root renodulation by fast-growing Rhizobium strains;
however, slow strains (Bradyrhizobium sp., also found in preserved sites) can also have an
important role as they increase after flooding. The information gathered could help to
develop an understanding of the desired plant inoculation (nursery culture by selected
strains).

Fig. 2. Monoculture of Centrolobium tomentosum under different inoculation in
Brazilian riparian forest. Clockwise, from upper left: cultivated site; nodulated root;

and rhizobia isolated from their nodules (slow strain and fast strain) (Photo credit - M.
Pagano)

Approaches to the recovery of ecosystem services by drawing on soil services, soil
biodiversity and on current thinking on ecosystem restoration to attain a better understanding
of ecosystems need connectivity areas such as corridors assisting organisms to respond
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and survive the biome shifts caused by global change. Therefore, an understanding and
cooperation between researchers, policy makers and the community is required.

3. CLIMATIC CHANGE

There is growing recognition that climate change and a growing imbalance among
freshwater supply, consumption, and population are altering the water cycle dramatically
[19]. Particularly vulnerable to climatic change are river networks, whose structure and
functions respond to managements of their hydrology [8]. Some fishes, for example, are
more sensitive to climate change than to land cover change [20].

Moreover, increasing soybean production has devastated the rich native biota of the
savannas, the Amazonian forest and native vegetation in Argentina. This high deforestation
rate resulted in numerous areas which suffer water shortages due to climate change caused
by the felling of the forests [21].

Some nations nowadays support international research programs of sustainable coastal
management (e.g. the international research program ‘Sustainable Land Management’
funded by the Federal Ministry for Education and Research of Germany) to adapt to climate
change or research focused on soil restoration, such as using biochar [22]. In this sense, the
use of biochar (low-density charred material produced by burning biomass under conditions
of low temperatures and minimal oxygen) has received increased interest as a sustainable
tool to improve poor or degraded soils. Although biochar can enhance plant growth by
improving chemical, physical and biological soil properties, contributing to an increased
crop/plant productivity [23,24], further experimental research is needed.

However, urban constructions disregarding the natural cycles mitigated by mangroves and
promoting riparian vegetation suppression are increasing in Brazil. Fortunately, in Brazil,
some researchers are focusing on restoration efforts such as native tree planting and the
promotion of natural forest regeneration and reconnection in the Atlantic Forest fragments
[25]. With regard to semi-arid environments, forests take up CO2 and enhance absorption of
solar radiation, with contrasting effects on global temperature. Moreover, in Israel, the
desertification in those environments can contribute to ~20% of the global anthropogenic
CO2 [26].

4. PLANT AND SOIL BIOTA

Factors controlling soil microbial diversity remain controversial; however, major determinants
of the structure of microbial communities in soil, are soil or plant type [27]. Moreover, Fierer
and Jackson [28] observed soil pH as the best predictor of bacterial diversity, suggesting
that microbial biogeography is controlled primarily by edaphic factors.

Plants are sessile organisms open to natural climatic or edaphic stresses (high irradiation,
heat, frost, drought, flooding, nutrient inequalities) and to environmental changes from
human doings e.g. soil and air pollution, land degradation, etc. [29]. Nevertheless, the choice
of selected agroforestry tree species especially, highly mycorrhizal dependent plants, would
have great implications for the tolerance of plants. The manipulation of arbuscular
mycorrhizal fungi (AMF) species would also bring more benefit.
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The fact that vegetation type modifies the rhizosphere-associated microbial communities is
nowadays borne in mind [30,31] due to their effect on native microbial populations in soil
selecting specific microbial populations mainly by root exudates [30]. And this is crucial as it
is known that the long-term treatment of vegetation is the simplest solution for land
restoration, allowing natural or artificial succession [32]. Therefore, there are several
contrasting reports in the literature designating soil or plant type as the dominant factor for
bacterial occurrence [33], for bacteria, pseudomonads and total fungi [34] as well as for
arbuscular mycorrhizal fungi [31,35,36,37]. Previous reviews focused on bacteria and total
fungi [27]; however, Barea et al. [38,39] as well as Millard and Singh [40] considered AMF as
key microorganisms of soil microbiota. Nonetheless, little attention has been paid to AMF,
extremely successful microfungi that form mutualistic symbioses with 80% of all plant
species, as important components of the soil microbial community.

Recently, AMF contribution from aquatic to terrestrial habitats by connecting plants, soil, and
ground water, has been recognized [41] and their influence on nutrient transfer among
riparian ecosystems suggested. In Brazil, for instance, Pagano and Cabello [42] reported the
occurrence and benefits of AMF in reforested riparian areas. AMF participate in ecosystem
services such as increasing soil structure, protecting soil carbon (C) against mineralization,
and protecting tree roots against disease or drought [43]. Moreover, it is known that
mycorrhizas and black C (biochar) are theoretically essential in various soil ecosystem
services, contributing to sustainable plant production, ecosystem restoration, and soil C
sequestration and hence mitigation of global climate change [44].

For example, in temperate climatic zones of Central Europe, Oehl et al. [35] highlight that
land use intensity and soil type strongly affect AMF community composition, presence and
prevalence in soils. Also in the semiarid region of Brazil, Pagano et al. [31] observed
changes in AMF communities in different vegetation covers. Increasing experiments on soil
microorganisms and especially AMF have showed that “future climate” such as warming and
atmospheric CO2 stimulates AMF root colonization; however, the beneficial effect of AMF on
grassland productivity is only expressed when root competition for nutrients is present and
AMF have access to a root-free soil compartment [45].

5. CONCLUSION

The analysis of recent papers such as those mentioned above suggests that global change
affects forests and soil health, influencing the population, diversity and activities of soil
microbes, including plant symbiotic fungal populations. There is still controversy about the
impact of reforestation on water yield (reducing or raising downstream water availability);
thus, ecohydrology requires substantially more research. Other factors such as declining
riparian vegetation, river pollution and declining soil fertility due to increasing soybean
production, which has devastated the rich native forest, have also been reported as
responsible for the observed changes. International research programs of sustainable
coastal management to adapt to climate change have been undertaking a number of
accomplishments, but these efforts deal with urban constructions and suppression of riparian
vegetation, disregarding the natural cycles mitigated by forest.

The climatic changes and the deforestation activities suggest the need for future changes in
the selection of agroforestry tree species to encompass environmental stresses and the
need to redesign research and extension support programs to include new technologies to
be employed in forestation.
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