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Abstract:



Forests play a crucial role in regulating the global climate. Yet, forests also influence the local climate
conditions through biophysical processes that directly impact human wellbeing. With growing policy
emphasis on these climate adaptation effects, we review the scale dependent impacts of forests on climate
conditions and their implications for human wellbeing. Generally, existing forests buffer local
temperatures, with warming effects in cold regions and cooling effects in hot regions. At a global scale,
trees are more conducive to cooling in regions where dense forests would naturally exist. Additionally,
forests generally reduce water runoff, which can reduce flooding in wet areas, but it can also limit water
availability downstream, especially in drier regions. Together, these findings suggest that climate positive
tree effects tend to be most frequent in regions where forests naturally occur, and highlight the growing
consensus around the importance of natural forests for climate adaptation.

Main Text:

Forests play a critical role in influencing the global climate system. Over the last decade, a considerable
body of research has focused on the carbon storage potential of forests (/—4), and their role in global-scale
climate mitigation (3, 5). However, tree cover also influences local climate conditions through a range of
biophysical forcing processes that can increase or decrease local temperature and moisture (Fig. 1). These
local climate effects of trees (6) could have important implications for the health and wellbeing of local
people.

Given that extreme heat is a rapidly growing climate-related cause of mortality across the globe (7), the
impacts of forests on local climate are a growing research priority. However, the impacts of forest cover on
the local climate conditions are highly variable across different spatial scales and locations. Some studies
have highlighted the local cooling provided by forests in certain regions (§—10), while others have
emphasized that forests cause warming elsewhere (//-14). In recent years, an emerging body of global-
scale research has begun to reveal consistent trends, as forests generally have a warming influence in high-
latitude regions, and a cooling influence in lower-latitude regions (/5—-18). Yet, until now, we lack a
comprehensive synthesis of these effects across different spatial scales.

In addition to the impacts on temperature, a growing body of research has shown the direct impacts of
forests in regulating water dynamics - another climate adaptation critical for human wellbeing. In general,
tree cover generally slows precipitation from reaching the ground, causing a greater proportion of water to
evaporate. Trees also improve infiltration into the soil and reduce surface runoff as water is transpired (79,
20). Although these effects can improve local water availability and reduce flooding, they can also lower
water availability for downstream communities in different regions around the world. A thorough
understanding of these processes is critical to ensure that the promotion of forest cover does not come at
the expense of habitats and livelihoods. Until now, the scale-dependency of these biophysical mechanisms
operating above and below the canopy (/8), still present key sources of uncertainty for understanding the
climate impacts of forests across the globe.

In this review we provide a synthesis of recent empirical research exploring the effects of trees on
temperature and water regimes across local and global scales. Next, we review the secondary implications
of these temperature and water dynamics for human well-being, in particular human health, food security,
and related economic impacts across the globe. Although we cannot provide a comprehensive review of all
papers on this topic, we instead focus on identifying the emerging areas of consensus around the biophysical
impacts of forests, and identifying key research areas where further research is needed to refine our
understand of the climate adaptation impacts of forests across the globe.
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Category Description Forest Number Source/ scale Citation
Influence

Temperature Subcanopy daily max. (average) ‘ -4.1°C global De Frenne et al., 2019
Subcanopy daily min. (average) - +1.1°C global De Frenne et al., 2019
Subcanopy Human perceived max. ‘ -15°C Europe Gillerot et al., 2022
(extreme)

C storage Net annual carbon flux of forests -7.6 49 GtCO,e yr’ global Harris et al., 2021

Water Canopy Interception of precipitation 21.8% global Yue et al., 2021
Infiltration +(83% of cases) global Filoso etal., 2017
Annual water yield ‘ - (79% of cases) global Filoso etal., 2017
Baseflow ‘ - (73% of cases) global Filoso etal., 2017
Flooding ‘ - (82% of cases) global Filoso etal., 2017

Energy Cooling energy usage ‘ -2-90% North America Ko, 2018
Heating energy ‘ -1-20% North America Ko, 2018

Fig.1: Biophysical processes influenced by forests and their impacts on human wellbeing. (A) lllustration of processes. Red +
refer to an increase in effect size when forests are present compared to non-forest, red — denote a decrease in effect size in the
presence of forest. (B) Quantitative estimates of effect sizes.

Effects of tree cover on temperature

Forests influence temperatures from local to global scales through a variety of mechanisms. These
biophysical processes and climate effects of forests operate differently below vs above the canopy. In
addition, local effects may differ from the net influence on a planetary scale so that forest cover in the same
location may result in both local cooling and global warming. Despite these complexities, there are many



places where forests can support local and global cooling synergistically (135, 16, 21). The effects of trees
on temperatures largely depend on a combination of evapotranspiration, radiation and albedo effects, as
well as their carbon storage potential on a global level.

Local scale temperature effects

Trees reduce daily maximum temperatures primarily by blocking direct solar radiation, i.e., creating shade,
and via evapotranspiration (during evaporation, water absorbs heat energy to change from liquid to vapor,
and during transpiration, plants release water vapor from their leaves, both processes resulting in a net
cooling effect) (18, 22). Conversely, tree canopies also capture outgoing long-wave radiation from the soil,
leading to higher below-canopy temperatures at night compared to reference conditions outside forests (23).
As aresult, local temperatures in forests are usually buffered: on average across 98 global sites, seasonally
averaged maximum temperatures near the ground were 4.1 °C lower and minimum temperatures were 1.1
°C higher inside forests than in reference conditions (/6). In urban environments, global syntheses suggest
that trees locally cool air temperatures on sunny days by an average of ~1.5 to 2 °C (23, 24). Moreover,
trees cause stronger cooling the higher the ambient temperature: With every degree of macroclimatic
warming, the temperature difference within versus outside forests increases by c. 0.32 °C (16). As a result,
the mean maximum temperature buffering in tropical forests (-6.1 °C) is higher than in temperate (-2.7 °C)
and boreal (-2.4 °C) forests (/6) (Fig. 2A). Additionally, cooling in the same location is stronger under
higher temperatures (/8). Even more physiologically relevant to humans than absolute temperatures are
human-perceived temperatures, which consider factors like wind speed, humidity, and radiation. Human-
perceived temperatures can be up to 15°C lower inside than outside forests on extremely hot summer days

(9).

Below-canopy temperature buffering is predominantly determined by forest canopy structure and
composition (18, 25-28). The cooling effect of trees generally increases with increasing canopy density,
cover, and leaf area. Thus, promoting trees with high shade-casting ability (if appropriate for the location)
is an effective management option to increase local cooling, mitigate urban heat, and enhance human
thermal comfort (9, 23, 24, 28-30). For instance, high shade casting species like beech (Fagus sylvatica)
can provide 1°C more cooling than tree species with a lower shade casting ability like ash (Fraxinus
excelsior), even with the same overall canopy closure (27). In addition to species identity, species diversity
likely influences local cooling ability, with studies indicating that mixed-species stands provide stronger
temperature offsets than monocultures (37).

Local-scale effects of tree cover on temperature are not confined to below-canopy regions. Surface
temperatures, measured on top of the canopy and relevant for tree physiology, also show a buffering pattern:
cooling when temperatures are high, and warming when they are low (/5). This buffering leads to a global
pattern of warming near the poles and cooling near the equator, mostly due to lower forest albedo compared
to other land uses at high latitudes versus a smaller albedo effect and high evapotranspirative cooling close
to the equator (32). The result is net forest warming above a latitude of 45°N and cooling below 35°N
(including the full southern hemisphere). In between 35°N and 45°N forests typically show daytime cooling
and night-time warming with daily net effects close to 0 (/5). Local temperatures both below and above the
canopy are determined by interactions with the macroclimate, landscape characteristics (e.g. forest
fragmentation or the distance to the forest edge and large water bodies), as well as local site characteristics
related to the topography and soil (/8, 25-28, 33).

Macro scale temperature effects

In contrast to local scales, where forests mostly lead to net cooling, at macro scales the temperature effect
of forests can range from warming to cooling (21, 34). Key mechanisms by which trees influence global
temperatures include carbon capture, the albedo effect, evapotranspiration, cloud formation, and turbulent
fluxes —-movements of air transporting heat and moisture.



The relative importance of each factor varies considerably with latitude and background climate. During
photosynthesis, trees capture carbon from the atmosphere and store it as biomass (Fig. 2B). Forests are
major contributors to carbon removal by terrestrial ecosystems and were (between 2001 and 2019) a net
carbon sink of —7.6+49 GtCOzeyr ' (35). The link between atmospheric carbon and global climate
suggests that complete deforestation of the tropics, spanning from 10°N to 10°S, could lead to a global
temperature increase of about 0.8°C, mainly due to the resultant CO» emissions (36). The specific carbon
storage potential depends on climatic factors, but also stand characteristics (37). While rising levels of
atmospheric CO; may promote plant growth (38) and thus carbon capture, climate change-induced factors
like increased heat, drought, and fire risks threaten the potential of ecosystems to capture and store carbon
(39). While young trees accumulate carbon most quickly, the highest carbon stocks are typically found in
diverse, undisturbed mature forests, especially tropical broadleaf forests (3).

Forests tend to be darker than other land surfaces, such as grasslands or snowscapes. This lower albedo
leads to relatively more heat being retained within the broader Earth system (/7-14, 34, 40—43). In some
locations, this albedo change causes warming that can partially or even completely counteract the cooling
benefit of increased carbon storage in trees (27). A recent analysis of the net climate impact of increasing
tree cover found that albedo increases would entirely offset maximum carbon storage across 72%, 71%,
and 60% of the temperate savannah, tundra, and Mediterranean forest biomes respectively, if maximal
possible tree cover were established there. In contrast, albedo entirely offsets carbon storage in only 3% of
the total area of tropical and subtropical moist broadleaf forests. Moreover, locations where forests cause
overall cooling exist in all biomes (27). The magnitude of the albedo offset also depends on forest
composition, with conifers generally being darker than broadleaved and deciduous trees. While the albedo
effect of darker forests is relatively well quantified, it is not the only aspect of forests’ influence on the
planetary albedo. The effect of forest albedo on surface temperatures is strongly dependent on available
moisture; moreover, surface albedo contributes only a small portion of the planetary albedo (44). Much of
the surface warming from reduced albedo (e.g. through increased forest cover) is not realized in regions
with ample soil moisture, where the increase in absorbed energy leads to increased evapotranspiration (45).
This leads to cooler below and above canopy air temperatures, though heat is eventually released elsewhere
when the water vapor condenses.

While forests themselves are darker than many other vegetated land surfaces, forests can also indirectly
modulate planetary albedo (which impacts the global energy budget and thus global temperatures) by
modulating cloud formation. Patchy forests in the tropics can support cloud formation by affecting the air
flow (atmospheric convection) above them (46). Those forests that do support cloud cover effectively
counteract their low surface albedo by supporting bright clouds that reflect solar radiation and reduce the
amount of solar radiation reaching the forest. While the tropics have the most extensive documentation of
forest-cloud interactions, there is observational evidence for forests supporting low cloud cover in many
subtropical and mid-latitude regions (47). Generally, places that naturally support dense forest cover are
usually places where the offsetting effect of albedo is relatively small, and the net climate impact of forests
is to cool the global and local climate (Fig. 3).

In addition to albedo effects, forests also have chemical effects impacting the macroclimate. Trees produce
volatile organic compounds which regulate secondary organic aerosols. These are themselves highly
reflective, resulting in biophysical cooling, and they also enhance cloud formation, leading to more cooling
(36). However, the volatile organic compounds produced by trees also increase the concentrations of
methane and ozone, which can diminish their positive climate impacts (48). A recent study concluded that
under a business-as-usual emissions scenario, such chemistry-albedo feedbacks might negate
approximately 23% of the carbon removal benefits of forests by the end of the century (48). Crucially, this
research also indicates that these trade-off effects are reduced under a scenario where future CO, emissions
are significantly curtailed (SSP1-2.6 scenario): In such a scenario, just 14% of forest carbon sequestration



would be offset due to chemistry-albedo feedbacks. This underscores the interplay between emissions
reductions and nature restoration, emphasizing that effective climate action is essential not only to preserve
the natural environment but also to sustain its beneficial impacts on the climate (3, 45).

Effects of tree cover on water regimes

Trees influence hydrologic processes across different spatial and temporal scales. In their canopies, trees
transpire water, which can stimulate cloud formation and influence precipitation patterns, and they intercept
rainfall. Precipitation flows down along the stems and to root structures, which allow more water to infiltrate
the soil relative to shallow-rooted vegetation or bare soil, and trees then draw upon this water to grow. All
these processes interact with each other, and net impacts vary between local, downstream, and downwind
regions, and usually have to be assessed individually for specific scenarios.

Local scale moisture

Forest ecosystems alter the local water cycle by intercepting precipitation, enhancing infiltration, shading
the forest floor, and transpiring subsurface moisture back to the atmosphere. Their net effects vary with
climate, canopy structure, and soil characteristics, but forest cover frequently results in net decreases in
surface runoff and flooding, and net increases in shallow soil moisture relative to other forms of vegetation.
Tree canopies intercept 4-73% of annual precipitation, depending on species, stand density, canopy
structure, and local precipitation patterns (49—57)(Fig. 2C). Interception losses account for ~6% of global
continental precipitation (including precipitation falling outside of forests) (20) and are typically higher for
small events and in broadleaf forests (/9, 57). Sub-canopy vegetation and forest-floor litter intercept an
additional ~20% of incoming precipitation (52, 53), reducing moisture inputs to the soil surface but also
increasing evaporative cooling.

The collective effects of this interception, together with evapotranspiration and enhanced infiltration of
water into the soil, make trees important in stormwater management (54—56). Forests increase soil
infiltration because the growth and eventual decay of roots generate interconnected macropores in the soil
structure (54, 56, 57). Forest-floor litter also inhibits evaporation from shallow soil layers and enhances soil
porosity. Thus, tree cover enables greater infiltration into and percolation through the soil (54, 56, 57),
facilitating water redistribution across soil strata, diminishing stormflow, and enhancing groundwater
recharge (58, 59). Much of what infiltrates is eventually taken up by tree roots and transpired back to the
atmosphere (by trees or the forest understory), so the net effect on water budgets can be difficult to predict
a priori. Nonetheless, syntheses of case studies show that deforestation generally increases streamflow (58,
59) (at least until vegetation cover grows back), and that forest restoration generally increases infiltration
(83% of 18 cases) and reduces flooding (82% of 43 cases) (59). However, forest restoration may be unable
to restore natural infiltration rates if soils are severely degraded (59). Conversely, extensive reforestation
initiatives in arid and semiarid zones can potentially push local water resources to their limits by reducing
average streamflow (60).

The shading effects of forest canopies reduce soil evaporation and facilitate water retention (61, 62). Trees
also funnel water and nutrient inputs into the soils surrounding tree stems (63, 64). The redistribution and
retention of water and nutrients, combined with abundant fresh carbon inputs, create islands of fertility
around trees, forming hotspots of plant and microbial diversity (65). These islands of fertility are critical
for soil microbial communities (66), especially in drier climates (67). However, their benefits vary with
landscape position (65) and may come at the cost of desiccation of deeper soil layers and reduced
groundwater recharge (68), if increases in infiltration and water retention due to tree cover are outweighed
by increases in interception and transpiration.



Macro scale moisture

Changes in forests and climate are altering water availability globally (69, 70). Evidence on the hydrology
of forested catchments comes from both planted forests (native and non-native species) and native forests
(that regenerated after a natural disturbance) of various ages, drawing from watershed studies with up to
90-year records.

Extensive natural forests can be major contributors to regional water availability. Amazonian deforestation
under a business-as-usual scenario (based on rates before 2004), for example, is estimated to lead to an
8.1% (+ 1.4%) reduction in precipitation across the Amazon basin by 2050 (71). At the same time, new
forests globally are dominated by managed plantations (72, 73). Intensively managed forest plantations,
especially of non-native species such as Fucalyptus, can greatly reduce runoff compared to native or old-
growth forest (59, 74). Rapid expansion of forest plantations has been associated with reduced streamflow
globally (75), including in South America (76—79), southern Africa (80), and China (87). Runoff ratios
(streamflow as a fraction of precipitation) typically are in the range of 40 to 60% in native forests but may
be less than 10% in intensively managed non-native Eucalyptus plantations under dry conditions (75, 76,
78, 82). Additionally, plantations of native species and naturally regenerating native forests can reduce
streamflow compared to older native forests (82). Native forests and old-growth forests produce more
biomass per unit water transpired than planted forests and are less sensitive to climate fluctuations (83, §4).

The magnitude of streamflow reductions from forest plantations varies with climate (85, 86)(Fig 2D). In
afforestation of grasslands, the driest sites (< 1000 mm annual precipitation) had the greatest proportional
decreases in observed runoff  (-62%= 10% on average for dry sites vs. -44% = 3% for all sites), suggesting
that the effects of afforestation on water yield will be more severe in drier regions (74). For afforested
shrublands, reductions were also larger at drier sites. Proportional declines were larger for low flows, in dry
seasons, and in dry years (74, 835, 86). Afforestation in drier locations—even if such habitats support trees—
is likely to lead to severe declines in both total runoff and low flows, altering downstream habitats and
human communities. This emphasizes the importance of accounting for the amount of tree cover a location
could naturally support (in reference conditions with minimal human interference), as well as considering
implications for downstream locations, in restoration projects.

In addition to impacts on runoff, forests also are an effective way of stabilizing slopes to reduce erosion
and landslides (e.g. (87, 88)). However, roads and soil disturbance, which can accompany intensive
plantation forestry, can greatly increase landslides and sediment production during extreme rainfall events,
especially in steep landscapes (e.g. (89, 90)). In coastal regions, mangrove forests in particular are also an
efficient and economic protection against floods and erosion (91).

Enhanced evapotranspiration from forests, including intensively managed plantations, contributes to
downwind precipitation locally, regionally, and globally (92, 93)(Fig. 2E). Global climate models indicate
that a tripling of the total global area of restored forest (to 900 million hectares) could increase water
availability (precipitation that is not lost through evaporation and available for consumption) by up to 6%
in some regions and reduce it by up to 38% in others (94) and that enhanced vegetation (measured as an
increase in leaf area index) may increase local and downwind water availability for ~45% of the land surface
but may decrease it elsewhere, primarily in water-limited or high-elevation regions (95), which may be
prone to self-propagating drought (96).
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Fig. 2: Global patterns of biophysical impacts of forests. (A)
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satellite-sensed surface temperature, annual forest vs. non-
forest offset from day- and night-time averages (data from ref
(15) and extrapolated to global scale (data from ref (185), < 10%
extrapolation); note that there is seasonal variation in local
cooling and warming effects; points: ground-measured
subcanopy temperature offsets (data from ref(76)) (B) Current
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(D) Changes in water yield following restoration or forest cover
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resulting from continental evaporation (data from ref (93)).
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Tree cover-climate implications for human well-being

While extreme cold currently claims more lives globally (97), extreme heat is a rising cause of climate-
related mortality and injury (7). High temperatures are already associated with 490,000 deaths annually
(97), and climate change under a high-emissions scenario (RCP 8.5) is expected to add over 70 deaths per
100,000 people per year globally by 2100 (interquartile range [6, 101]), even under scenarios of income
growth and climate adaptation efforts (98). Both temperature and moisture effects threaten food security,
as incidents of droughts and floods increasingly devastate yields and livelihoods (99—101). Models based
on young unacclimatized workers in laboratory settings suggest that in half of the world’s cropland, heat
has already lowered the physical working capacity of manual agricultural workers by 14% of the full
potential during growing seasons (/02). Global warming has increased global economic inequality (103)
and extreme heat has already caused $5 trillion - $29.3 trillion losses in global GDP between 1992 to 2013
(104). The biophysical impact of tree cover influences many of these stressors relevant to human wellbeing.
In the following sections, we will focus on these temperature- and moisture- based impacts, though forests
also influence human wellbeing by many other pathways.

Human Health

Tree cover influences ambient daytime temperatures, flooding, and water quality, and thus human
health. The heat effects of large-scale deforestation can extend several kilometres from the deforested site,
affecting many people (105, 106). Mitigating heat exposure is important because it is associated with
various heat-related illnesses, including fatal heat stroke, kidney injury, impaired cognition, traumatic



injuries, and reduced work productivity (/07—112). Maintaining dense, closed canopy forest cover is
associated with reduced occurrence of strong to extreme daytime heat stress (9, /13). By contrast, tropical
forest loss and degradation over the last 15 years have decreased safe thermal working conditions for nearly
three million outdoor workers who are disproportionately exposed to heat (/74). A local model-based case
study of forest loss heat impacts estimated that deforestation has accounted for 7.3-8.5% of all-cause
mortality (/15). The cooling services provided by trees are also highly beneficial to urban areas (//6). It
has been estimated that urban tree canopy saves around 1,200 lives per year in the United States that would
otherwise be lost due to heat-related mortality (/77), and a study of 93 European cities suggested an increase
in tree canopy to 30% would decrease temperatures by 0.4 degrees Celsius and prevent 2,600 deaths
annually (/18).

Tree cover regulates the hydrologic cycle in ways that can be beneficial or detrimental to human
health (/79). Floods, a major natural hazard, kill tens of thousands annually (/20) and are projected to
increase under climate change (/21, 122). In addition, they are associated with the spread of diseases (/23).
Thus, forests’ capacity to reduce floods is highly beneficial to health and wellbeing. However, as forested
regions are associated with lower runoff, water usage by trees can compete with human water requirements
in some locations, potentially affecting human health. Additionally, health is impacted by water quality.
Especially in places where water is used with little or no treatment, erosion and nutrient pollution pose a
health challenge (/24), and both can be reduced by tree cover (/25, 126). A recent review in Europe
suggests that the role of forests in maintaining water quality and quantity accounts for an economic benefit
of 923 US$/ha/year) (127).

Forests also indirectly affect human health beyond impacts on local hydroclimate. They can
modulate air quality (/28), and increased deforestation and fragmentation are related to transmission of
vector-and host-borne diseases (/29—131). Tropical forests are vital for nutrition and food security (/32,
133) and provide medicinal plants (/34—136) for many communities. Additionally, time spent in forests
and other green spaces is associated with lower all-cause mortality through various mechanisms, including
increased physical activity, lower incidence of hypertension (/37), and improved mental health (138, 139).
The potential health benefits forests may be greater for more vulnerable populations (7).

Food Security

Due to the variety of biophysical mechanisms by which tree cover influences its surroundings, the impact
of forests on agriculture and food security typically differs between the local place of tree cover,
downstream, and downwind regions. In addition, it is important to consider the potential for water scarcity
to understand how the biophysical impacts of tree cover will ultimately affect food security.

The temperature buffering effect of trees allows them to reduce plant exposure to both extreme heat and
cold stress (15, 140, 141). Moreover, shading protects shade-tolerant crops from irreversible damage caused
by excess of sunlight exposure to plant photosystems (/42). Temperature regulation also affects agricultural
workers, whose working capacity is reduced by heat exposure (/02).

Tree cover affects the water cycle in complex ways. As forests typically show reduced runoff compared to
other landcover (143, 144), they can impact water availability for downstream irrigation. While protection
of existing forest cover is not expected to alter water availability, afforestation can cause detrimental shifts
in hydrological regimes. Ricciardi et al. (145) showed that 15% of the intertropical areas suitable for tree
planting (2) could start to experience water stress as a result of afforestation, in addition to the currently
affected 72%. Irrigation of cultivated land would further increase the water stress to 95% of the intertropical
area (/45). To support food security, afforestation projects in water-limited regions thus have to carefully
consider consequences for downstream agricultural lands. Downwind regions, on the other hand, may
benefit from increased precipitation and water availability due to tree cover (140, 146, 147). However,



predictions on the amount of precipitation are challenging. Thus, the overall impact depends on regional
water availability.

Locally, tree cover can reduce soil water status through intercepting precipitation and transpiring moisture
in which case water availability for crop growth is also lowered. Tree cover can also locally improve the
soil water status through nurse plant mechanisms (/44), facilitating crop growth below canopies. This
occurs in several ways: 1) trees can move moisture to higher soil layers when soils are wet at depth and dry
at the surface, favouring shallow-rooted crops (/48); 2) in certain micrometeorological settings, forest
canopies may facilitate condensation (dew) and fog/cloud deposition, enhancing water availability (/49);
3) trees can drain waterlogged soil and improve soil salinity, providing more favourable conditions for plant
growth (150); and 4) reduced evaporation from canopy shading and enhanced infiltration can increase soil
moisture compared to tree-less areas, enhancing crop growth (151, 152).

Agroforestry, which combines trees and crop production, can improve microclimate and water availability
(141, 153). These systems can double crop yields, enhance soil fertility, and improve water quality (/52).
Silvopasture systems, which combine trees with grazing livestock, also benefit from these biophysical
mechanisms and provide increased fodder options from tree by-products (154).

Forests also contribute to food security in ways beyond temperature or water regulation, for example by
providing habitat for pollinators (735, 155, 156) and by providing local communities with fuelwood for
food preparation (157, 158). The presence of tree canopies enhances phosphorus and nitrogen deposition,
heightening nutrient availability (159, 160).

Economy

The biophysical effects of forests have a variety of economic implications, for example through human
productivity, energy demand, and agriculture. The exact impact of trees’ temperature modulation is
contingent on contextual factors. A sizable literature documents that higher temperatures reduce worker
productivity and thereby economic output (/67). A meta-analysis suggests that temperature primarily
adversely affects psychomotor and perceptual tasks (/62), but more recent literature also documents
negative effects on cognitive tasks, such as learning and school performance (/63). These adverse effects
are more pronounced in low-and middle-income countries and industries more susceptible to heat shocks,
such as agriculture, construction, and manufacturing (/64—167). For instance, a recent field experiment in
Indonesia among outdoor workers showed an 8.2% reduced productivity in deforested settings relative to
forested settings due to higher temperatures (//0). Trees can also substantially reduce energy demand for
air conditioning, primarily in the built environment, but the exact impact depends on the species and siting
of trees, building type, and local climatic conditions (/68). For instance, in North America, a review
indicated that these energy savings vary from 2-90% for cooling and 1-20% for heating (/69).

Deforestation- and climate-induced changes in water provision are also expected to affect poorer countries
more than others because of the important role of agriculture and water resources in their economies (/70).
While trees can decrease annual water yields (59), deforestation often compromises water quality, leading
to greater water treatment costs (/71, 172). Forest restoration, on the other hand, has been shown to reduce
flooding (82% of 43 cases) (59). Bradshaw et al. (173) reported economic damages exceeding US$ 1 trillion
associated with floods across 56 developing countries from 1990 to 2000 and these damages are only
expected to grow in the future (/74).

Water availability is also critical for closing agricultural yield gaps (/75). While agriculture-driven
deforestation significantly contributes to climate change, agriculture itself is profoundly affected by climate
conditions and dependent on water availability (/76). Despite this dependency, the global economy’s
response to climate-induced shifts in agriculture is projected to be modest, with an estimated average



decrease of 0.34% in world GDP (177). However, the extent of these effects can vary widely at the country
level (177, 178). A study focused on the Southern Brazilian Amazon estimated that reducing deforestation
could prevent up to US$ 1 billion in agricultural losses annually (/79). While effective climate adaptation
strategies may help alleviate these losses over time, the degree to which the agricultural sector can
successfully adapt to changing climate conditions remains uncertain (/78).

Forests also have economic implications that go beyond their effects on temperature and moisture regimes.
These include their contribution to poverty alleviation (/80) or the provisioning of timber and fibre products

(136).

Conclusion

Forests are shaped by environmental conditions, but their presence also shapes the environment. In recent
decades a considerable body of evidence has examined the impacts of forests on global carbon storage and
climate mitigation (3, 5). This has led to many initiatives to restore and protect the world’s forests to aid
climate mitigation. However, as the impacts of climate change are being felt more tangibly by populations
on the ground, policy mechanisms are focusing increasingly on climate adaptation. Here we have
summarized the emerging scientific understanding on how forests influence temperature and moisture
regimes and what that means for human wellbeing.

This emerging understanding highlights the importance of protecting existing forests, particularly native
old growth forests. Native old growth forests typically provide strong temperature buffering (/817), reduce
runoff less than other forest types (59, 74), and largely exist in places where they have a beneficial impact
in slowing global warming, such as the Amazon, Congo basin, and places in eastern Europe or the Malayan
archipelago (Fig. 3A). Protection of existing forests costs less than afforestation, and, once gone, they take
hundreds of years to regenerate. There is also a potential to capture additional carbon and increase local
climate adaptation benefits by specific forest management and regeneration of existing forests (3). In
addition to the temperature and moisture regulation and carbon storage examined in this review, native old
growth forests can harbour large amounts of biodiversity and be spiritually and economically important.

In the case of reforestation and afforestation, goals and consequences must be considered carefully.
Generally, diverse forests, as well as native species, are more effective at buffering local temperatures and
use less water resources (37, 59). Nonetheless, spatial considerations are important. The local temperature
effect of trees enhances human wellbeing across most of the globe by buffering extreme temperatures (75—
18). However, with respect to global warming, trees’ albedo may offset the cooling achieved by carbon
storage in some regions (27). In general, these negative effects happen in grasslands, deserts, or at high
latitudes, whereas trees in most places that would naturally support forest cover have a net cooling effect
on global temperatures (Fig. 3A).

By filtering water and soil, trees generally improve water quality (/25, 182). However, impacts relating to
water quantity are highly variable. While tree cover can sometimes enhance local and downwind water
availability (92, 144), increased evapotranspiration and reduced runoff generally limit the amount of
downstream water (59). This has the benefit of reducing flooding and landslides in wet regions (59, 1583,
184), but can lead to water scarcity in dry regions (/45). Careful evaluation of water resources and their
use is thus necessary to ensure that the advantages of a forest do not come at the expense of water security
downstream.

Forests shape their environment, with critical effects on human wellbeing. With a growing scientific
consensus about the buffering effects of forests across the globe, the conservation of natural ecosystems



represents a unique opportunity to enhance climate adaptation, particularly in rural regions where
livelihoods and human wellbeing are most tangibly linked to the land.
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Supplementary Material

Materials and Methods
Figures 2 and 3 were produced in R (/86) version 4.3.2 using Rstudio (/87) and packages ggplot2 (188),
raster (/89), and terra (790).

Fig.2 Maps:

2A) For local forest — non-forest temperature, ground-measured point data from ref (/6) was plotted
according to longitude and latitude. LST data from ref (/5) (Figure lc, daily average) was extrapolated to
global scale according to ref (/85) (default settings), using a Random Forest model and environmental
predictor variables. For details please refer to ref (/85), an overview over the model and performance is
provided below.

The following environmental predictor variables were used:

Global potential evapotranspiration, annual mean temperature, annual precipitation, max. temperature of
the warmest month, precipitation seasonality, human development percentage (land cover), landcover class
barren, land cover class deciduous broadleaf trees, landcover class evergreen broadleaf trees, landcover
class evergreen deciduous needleleaf trees, landcover class herbaceous vegetation, landcover class mixed
other trees, landcover class shrubs, coefficient of variance of enhanced vegetation index (EVI), correlation
of EVI, homogeneity of EVI, aspect cosine, aspect sine, elevation, slope, topography position index, burned
areas probability, population density, aboveground biomass, permafrost extent, net primary productivity,
soil and sedimentary deposit thickness, depth to bedrock, sand content at 5cm depth, soil organic carbon
content at Scm depth, soil pH (H20) at Sem depth, human footprint (2009).

Model performance of predicted vs. observed LST offsets:

LST Predicted

-8 —6 —4 -2 0 2 < 6
LST Observed



10 most important features:
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In order to assess the degree of extrapolation in multivariate space, we again followed the method detailed
in ref (1/85). The multiband image of predictor variables as well as the training data are transformed into
the same principal component (PC) space. PCs are chosen to explain > 90% of variation. For each pixel in
the predictor variable composite and each bivariate combination of the chosen PCs, it is tested whether the
pixel falls within the convex hull enclosing the training points within the same PC space. This results in a
map with pixel values indicating the proportion of bands, where the pixel value does fall into the hull
enclosing the training data.

In order to limit extrapolation in our final image, we used that map to only include points with <10%
extrapolation.



2B) Current above ground tree carbon density raster from ref (3) was aggregated by a factor of 5 before
plotting.

2C) Fraction of precipitation lost to interception using the data underlying ref (20), Fig. 4b.

2D) Change in water yield following restoration or forest cover expansion with data from ref (59). Where
multiple measurements were available for the same coordinates, each observed outcome (positive, negative,
neutral) is shown. Points with the same coordinates and the same outcome are only shown once.
Inconclusive outcomes were excluded.

2E) Fraction of precipitation resulting from continental evaporation was plotted using data from ref (93),
Figure 3.1, masking out oceans.

Fig.3:

Net climate impact is estimated in carbon equivalents by estimating the carbon storage potential of tree
cover and accounting for albedo change based on ref (27). The carbon equivalents refer only to the
additional carbon that could be accumulated by restoring tree cover, not the one already present. The albedo
change is estimated for a transition of the observed or most likely open land cover class (open shrublands,
grasslands, croplands, and cropland/natural vegetation mosaics) to the observed or most likely forest type
and radiative forcing converted to carbon equivalents. In order to estimate a net impact, this is compared to
maximum potential carbon storage above and belowground in woody plant biomass (but excluding soil
organic matter). Potential % tree cover is based on ref (2), estimating the % for potential tree canopy cover
based on environmental conditions and observed tree cover in protected regions.

3A) To map the net climate impact of regions with at least 30% tree cover potential, the net carbon impact
map was reprojected to the same resolution as the potential tree cover and subset for regions, where that
tree cover potential was at least 30%.

3B) For the net climate impact of tree cover in a location based on the % of tree cover the location could
naturally support the potential tree cover % was reprojected to the same resolution as the net carbon impact
map. 10’000 points were sampled at random and exclusion of NA’s led to a total of 8484 points plotted.



