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Executive summary 

Forests are an important asset in many countries both for the market goods they provide, like 
timber, and for the non-market goods and services they provide, like regulating hydrological 
flows. These benefits, whose average value is estimated at USD111/ha/year, are lost or greatly 
diminished when forests are lost (Siikamäki and others, 2015). Less attention has been given to 
date on forest degradation—on changes in forest condition that fall short of outright 
deforestation. Forest degradation also affects the degree to which forests provide ecosystem 
services. This report reviews what is known about the impacts of forest degradation on 
ecosystem services. 

Forest degradation can take many forms. A typology of forest degradation includes three major 
types (Table ES1), each with two sub-types: fragmentation of forests (including isolation of forest 
patches and fragmentation of large, contiguous patches); impoverishment of species 
composition (including low diversity tree plantations and decline of fauna species); and loss of 
biomass and structure (including gradual, difficult-to-detect biomass loss (for example, selective 
logging, pathogen outbreaks, excessive human use) and abrupt, temporary biomass loss (for 
example, rotational logging, excessive fire). 

Tropical dry forests and temperate broadleaf and mixed forests are the most degraded, in terms 
of fragmentation and human pressures, of the major forest biomes. Boreal forests are the least 
degraded.  

 

Table ES1: Major types and causes of forest degradation 

Type of forest degradation Major causes  

Fragmentation of forests: 

Isolation of patches and exposed edge Agricultural expansion 

Fragmentation and barriers in 
contiguous patches 

Transport and logging infrastructure 

Impoverishment of species composition: 

Simplification of flora community  Plantations, invasive species, small patches 

Loss of fauna species Hunting, poaching, bushmeat, loss of connectivity, loss of 
key flora 

Loss of biomass and structure: 

Abrupt, temporary biomass loss Clear-cut logging, excessive fire 

Gradual biomass loss Selective logging, pathogen outbreaks, excessive human use 

 

Fragmentation of forests into isolated patches affects water services by altering the hydrologic 
properties of forests at the edges of patches. Direct evidence of the effects of forest edges on 
water yield and water quality are not available. However, a number of empirical fragmentation 
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experiments suggest that forest within 500m of the edge of a patch of humid tropical forests, 
and 250m of the edge of a patch of temperate forest, display reduced soil moisture, canopy 
cover, and other attributes that affect water balances. In humid tropical forests, which are not 
adapted to fire, edges are particularly susceptible to human-caused fire. In addition, logging 
roads and other infrastructure that expose bare soil potentially lead to sedimentation in water 
bodies from soil erosion, although best management practices can alleviate the impact (medium 
certainty).  

Barriers and fragmentation in large forest patches can impede the movement of large, 
charismatic animal species relevant for wildlife tourism and recreation. Over time, the inability 
of these animals to disperse affects the viability of the populations with potentially negative 
consequences for revenue and jobs from wildlife tourism (medium certainty). 

Biotic impoverishment from tree plantations can alter water services depending on water 
availability and tree species. Establishing plantations in water-limited regions, especially when 
plantations replace grasslands and shrublands, can decrease water yields and lead to increased 
water scarcity. In less water-limited regions, plantations are generally poorer at water flow 
regulation than forests, and are associated with lower base/dry season flow, and elevated flood 
risk. Plantations in both water-limited and non-water limited regions have less value than natural 
forests due to increased sedimentation and reduced ability to regulate nutrients. For all the 
above functions, there is considerable variation among different types of forests and plantations 
(medium certainty). The magnitude of effect of plantations on water services is highly variable 
depending on tree species, biome type, and water availability. Studies indicate 45 percent lower 
water yield from plantations that replace grasslands and shrub lands. Where plantations replace 
natural forests, studies indicate 50 percent reduction in flood regulation and 50-96 percent lower 
base flow (low certainty). 

Biomass loss can have a substantial impact on water balance and water quality. Studies of 
rotational clear-cutting in temperate and boreal forests show substantial impacts on water 
balance and water quality where a large proportion of a watershed is cleared. Studies of selective 
logging in tropical forests show a similar relation between percent biomass loss and water yield. 
Sediment and nitrate concentrations are highly variable but generally increase when percent of 
watershed cut/biomass loss reaches high values. Fires in catchment areas can increase flash 
flooding and sediment in downstream water supplies depending on fire severity, soils, and 
hydrological events. While effects are forest-type and context-specific, logging and other human 
activities that reduce forest biomass generally increase potential for downstream flooding (high 
certainty) and increase nitrate and sediment concentrations when loss is severe (medium 
certainty). Abrupt degradation events, such as clear-cut logging and fire, tend to have more effect 
on water services than slow degradation events such as selective logging or pathogen outbreaks 
(medium certainty).  

There is considerable variability in the impact of forest fires and logging on water yield and 
nitrate and sediment concentrations. Nitrate and sediment concentrations increase only when 
nearly the entire watershed is logged, but turbidity, total nitrate, and mean flow increase linearly 
with increasing burn severity, particularly in forests that experience infrequent fires. Loss of 
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biomass from pathogen outbreaks can increase nitrate concentrations, but no studies indicated 
concentrations above WHO standard (low certainty). 

Forest degradation conceivably affects the availability of bushmeat for hunting, although 
degraded forests can support high populations of small mammals and rodents. Degraded 
riparian forest potentially affects fish populations. An additional effect of forest degradation is 
the potential reduction in availability of non-wood forest products important for livelihoods of 
people living in and around forests. These effects on local populations are difficult to quantify at 
a national level to include in the CWON but are highly relevant for marginalized rural populations 
throughout the tropics (low certainty). 

The robustness of the evidence to quantify the effects of forest degradation on the three 
ecosystem services considered here varies across the types of degradation and the effects. 
Table ES2 summarizes our assessment of the evidence to potentially quantify the effects.  
 

Table ES2: Assessment of robustness of effects of forest degradation on ecosystem services 
(--)  
(-) 
(?) 

Relatively strong evidence with high relevance, negative effect on ecosystem services 
Medium evidence  
Inconclusive evidence  

Type of degradation 

Water services Recreation, 
hunting, and 

fishing 
Non-wood forest 

products Water balance Water quality 

Fragmentation:     

Isolation of patches and 
exposed edge 

Edge effects 
(- -) 

  

Habitat to 
maintain NWFP 

tree species 
(-) 

Fragmentation and 
barriers in contiguous 
patches 

 
Sediment 

(-) 
Wildlife tourism 

(-) 
 

Impoverishment of species composition:    

Tree plantations 
Increase runoff 

(-?) 
  

Tree species for 
NWFP 

(?) 

Loss of fauna species   
Bushmeat 
availability 

(?) 
 

Biomass loss:     

Abrupt biomass loss 
(Clear-cut logging, 
fires) 

Increase runoff 
(- -) 

Nitrate and 
sediment runoff 

with high biomass 
loss 
(-) 

Fish availability 
(?) 

Availability of 
NWFPs for 

indigenous and 
local communities 

(-) 

Gradual biomass loss 
(selective logging, 
pathogen outbreaks, 
unsustainable use) 

Increase runoff 
only if high 

biomass loss 
(-) 

Nitrate and 
sediment runoff 

with high biomass 
loss 
(?) 

 

Availability of 
NWFPs for 

indigenous and 
local communities 

(?) 
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Estimates of the value of forests that do not take into consideration the condition of the forest 
may be incorrect. Although it isn’t possible at present to arrive at estimates of forest that 
incorporate the effects of degradation, in some cases it is possible to say whether estimates that 
do not consider forest condition are likely to be under- or over-estimated. These effects are 
summarized in Figure ES1. 
 

 
Schematic of approach to downscale (light green) or upscale (dark green) value of forest to account for degradation 
effects on the ecosystem services considered in this report. 

Figure ES1: Possible biases in valuation that doesn’t consider forest condition  

 
 

Forest patch

Intact/low human impact Patch edge

Wildlife corridor Plantation

Indigenous and community lands High human impact

Over-valued:Under-valued:
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1. Introduction 

Forests provide many ecosystem services, including provisioning services (for example, timber 
and fuel, fodder, and non-timber forest products to support local livelihoods), regulating services 
(for example, protection of watershed protection, climate regulation, and habitats for 
pollinators), and cultural services (for example, recreation and spiritual value).  

As forest condition deteriorates, the amount of these services they are able to provide is likely to 
diminish overall. Attention so far has focused primarily on the effects of deforestation on 
ecosystem services, particularly the effects of deforestation on climate regulation through loss 
of carbon storage and water cycling. However, deterioration of forest condition that falls short 
of complete forest loss can also compromise the ability of forests to deliver ecosystem services. 
This report reviews the available evidence on how forest degradation affects the provision of key 
ecosystem services. 
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2. Principal forms of forest degradation 

Definition of forest degradation. A clear definition of forest degradation has been elusive. 
Varying definitions relate to the ability of forests to regenerate (Ghazoul et al., 2015), to the 
potential to recover from disturbance (Trumbore et al., 2015), and to multiple criteria of 
productivity, biodiversity, unusual disturbances, protective functions (for example, soil erosion), 
and carbon storage (Thompson et al., 2013). The most straightforward indicators of degradation 
are fragmentation and disturbances such as fire, while other aspects of degradation such as 
invasive species are more difficult to measure (FAO and UNEP, 2020).  

For the purpose of this report, we use the definition of forest degradation from the Food and 
Agriculture Organization (Food and Agriculture Organization, 2011): “reduction of the capacity of 
a forest to provide goods and services.” Because a historical baseline is often not possible, we 
suggest that degradation be measured relative to a sustainably managed forest in the same 
ecological and socioeconomic conditions, which may or may not reflect a historical baseline. 

Extent of forest degradation. Estimates of forest degradation in 1990 vary from 532 million 
hectares (ha), or 29 percent of total tropical forest area, to 850 million ha, or 60 percent of total 
tropical forest area, of which 350 million ha are so severely damaged that forests won’t grow 
back spontaneously (ITTO, 2002). Degraded forests occupy larger areas than primary forests 
across over 80 percent of all tropical nations (Malhi et al., 2014). 

Forms of forest degradation. Forest degradation can take many forms. Among these, the most 
important forms that affect a substantial portion of forests globally; are caused by direct and 
local human activities rather than long-term ecological processes (for example, succession) or 
global-scale impacts (for example, climate change and nitrogen deposition); and are linked to the 
ability of forests to deliver ecosystem services are:  

 Fragmentation of forests — Fragmentation occurs as forest patches become surrounded by 
an alternative land use or as logging roads and other infrastructure bisect contiguous patches 
of forest, leaving isolated fragments that differ markedly in biodiversity and function from 
contiguous forest.  

 Impoverishment of species composition — Forests degraded by anthropogenic activity often 
experience biodiversity declines and shifts in species composition. This impoverishment, in 
turn, poses a pervasive threat to floral and faunal diversity that may be of a comparable 
magnitude to that posed by deforestation. 

 Loss of biomass and structure — Extractive use of forests thins tree cover and reduces 
biomass without complete removal of the forest. Changes in structure, for example from 
even-aged stands and removal of understory, can also affect ecosystem services such as 
carbon storage and nutrient and water cycling. 
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Box 2.1: Tree plantations 

Tree plantations pose a particular set of considerations. Plantations are difficult to distinguish from natural 
forests with standard methods in remote sensing for mapping tree cover. Plantations vary widely and can 
include monocultures of non-native species for commercial harvesting to mixed species. Ecosystem 
services from plantations can differ from natural forests (see section 2.3.3). Consequently, replacing a 
natural forest with a plantation might constitute degradation in some circumstances. Likewise, plantations 
on lands that were not previously forest can constitute a forest that is ‘degraded’ compared to natural 
forest. Conversely, plantations on degraded land in forest biomes could represent an improvement, albeit 
one that falls short of that which would have been provided by regenerated natural forests. 

Causes of forest degradation. Many human activities affect the condition of forests, which in 
turn alter the ability of forests to provide ecosystem services (Lewis et al., 2015). In particular, 
rapidly expanding transport infrastructure, logging and associated infrastructure, human-ignited 
fires, collection of biomass for fuelwood and charcoal, and hunting and poaching are degrading 
forests throughout the world.  

Objective. The aim of this report is to assess how these processes are altering the ability of forests 
to deliver ecosystem services. We focus on the ecosystem services considered in the World 
Bank’s Changing Wealth of Nations report (Lange et al., 2018): watershed protection; recreation, 
hunting, and fishing; and non-wood forest products.  
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3. Measuring the extent and rate of forest degradation 

Unlike deforestation, which is the conversion of forest to a non-forest land use and is 
straightforward to identify through satellite data, forest degradation is more difficult to quantify 
for several reasons. First, drivers of forest degradation vary across regions, socio-economic 
settings, and forest types. Degradation drivers can include fragmentation in humid tropical 
forests, intensified fires regimes in boreal or dry tropical forests, pathogen outbreaks, local over-
harvesting of biomass where livelihoods rely on non-timber forest products, and depletion of 
fauna where people hunt bush meat. Each of these processes leaves a distinct pattern. A single 
approach to identify degradation cannot be applied uniformly across all forests. Second, the fine 
spatial scale of degradation indicators such as logging decks and exposed soil make identification 
with satellite data problematic. Fine-scale drivers such as understory grazing, fuelwood and 
charcoal extraction, and hunting defy detection with standard methods in remote sensing 
(Mitchell et al., 2017). Third, forests are dynamic as their composition, structure, and biomass 
fluctuate in response to climate variability and successional processes. Historical baselines do not 
generally provide a fixed, static benchmark against which to assess current condition. 

Three main sources of information provide the basis for assessing rates and extent of the three 
types of forest degradation: remote sensing, threat indices, and self-reporting by countries. 

3.1 Remote sensing and other spatially-explicit products 

Remote sensing with satellite data has become routinely used over the last few decades to map 
the extent and trends of many variables relevant for assessing degradation, including global tree 
cover and change since 2000 (Hansen et al., 2013), pan-tropical above-ground biomass (Avitabile 
et al., 2016), and change from 2003-2014 (Baccini et al., 2017), active fire (Giglio et al., 2016), and 
burn scars (Chuvieco et al., 2019). Many of these data sets are available on public platforms, 
including Global Forest Watch and UN Biodiversity Lab. Remote sensing of fine-scale, gradual 
forms of degradation such as fuelwood extraction and changes in species composition has been 
limited. Compilations of multiple sources (Harris et al., 2018) and hyperspectral sensors (Fagan 
et al., 2015; Fagan et al., 2018) are improving the ability to distinguish plantations and tree crops 
from natural forest. Emerging remote sensing products from new sensors on-board satellites, 
including LiDAR, radar, and hyperspectral sensors, will improve future abilities in the coming 
years to observe degradation processes and changes in forest structure that have been 
problematic for standard optical sensors to map over large areas.  

Other spatially-explicit, global data sets provide proxy information about the rates and extent of 
forest degradation, including road density (Meijer et al., 2018), gridded human population 
density (Doxsey-Whitfield et al., 2015), and gridded livestock density (Robinson et al., 2014). 
Additional data products and platforms are becoming available, such as proximity to roads and 
other infrastructure. At more local scales, patterns from logging decks and skid rows indicate the 
presence of logging (Grecchi et al., 2017; Souza Jr et al., 2013). As forest degradation results from 
a combination of all of these drivers, other data sets combine these individual attributes into 
composite indices.  

http://www.globalforestwatch.org/
https://www.unbiodiversitylab.org/
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Spatially-explicit data sets on indigenous and community lands indicate where forests support 
local livelihoods such as non-wood forest products (Garnett et al., 2018). An overlay with forest 
area would indicate the forest areas used by these communities. 

3.2 Composite indices of threats as proxy of forest condition 

If degradation cannot be measured directly, spatial data sets on threats to forests can serve as 
indirect proxies for forest condition. These data sets, particularly when combined with satellite-
derived direct measures of forest condition, are potentially useful for consistently comparing 
rates and extent of pressures on forest across countries and through time. These composite data 
sets include:  

Human footprint and other threat maps. The human footprint is a composite, global index of 
the terrestrial environment at 1km2 spatial resolution from 1993 to 2009. It maps the cumulative 
pressure from eight human variables: extent of built environments, crop land, pasture land, 
human population density, night-time lights, railways, roads, and navigable waterways. The 
average human footprint score across the world’s non-Antarctic land area was 6.15 out of a 
maximum of 50, with considerable geographic variation. The average value increased by 9 
percent from 1993 (Venter et al., 2016).  

Similar, more recently derived composites to indicate human pressure include the map of Low 
Impact Areas, which combines livestock density, forest change, land cover, and nighttime lights 
at 1 km2 resolution to indicate locations which have low human impact (Jacobson et al., 2019), 
and Human Modification Index, which combines human settlement, agriculture, transportation, 
mining, energy production, and electrical infrastructure to indicate the proportion of a landscape 
modified by humans at 1 km2 resolution (Kennedy et al., 2019).  

Forest Health Index. The index scores the health of forests ranging from 0 (lowest) to 10 (highest) 
globally in 2019 at 300m resolution. The index combines spatially explicit datasets on: forest 
extent, direct pressure from high impact, localized activities (infrastructure, agriculture, and 
recent deforestation); indirect pressure associated with edge effects and other activities such as 
hunting and selective logging; and anthropogenic changes in forest connectivity. The analysis 
finds that 40.5 percent of forests globally can be considered to be in high health. Healthy forests 
are mostly found in Canada, Russia, the Amazon, Central Africa, and New Guinea (Grantham et 
al., 2020).  

Intact forest landscapes. This global dataset maps seamless mosaics of forest and naturally 
treeless ecosystems with no remotely-sensed detected signs of human activity and a minimum 
area of 500 km2. These large remaining patches of forest provide critical conservation value for 
wide-ranging species and resilience to disturbance. Intact forest landscapes comprise 20 percent 
of tropical forest area and declined by 7.2 percent between 2000 and 2013 (Potapov et al., 2017). 

Biodiversity intactness index. The index estimates the average proportion of natural biodiversity 
remaining in terrestrial ecosystems globally at 1 km2 resolution. Modeled estimates are based on 
a database of the occurrence or abundance of 39,123 species predicted from land use, land use 
intensity, human population density, and distance to roads. The index is the average abundance 
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of present species across a broad range of species relative to abundance in undisturbed habitat 
(Newbold et al., 2016). 

Forest integrity indices. These indices of forest integrity cover humid tropical forests. The Forest 
Structural Condition Index combines remotely-sensed estimates of canopy height, tree cover, 
and time since disturbance to distinguish short, open-canopy, or recently disturbed stands from 
tall, closed canopy stands typical of primary or late secondary forest. The Forest Integrity Index 
overlays the human footprint index on the structural condition index to identify structurally 
complex forests with low human pressure. These locations are the most valuable for biodiversity 
and ecosystem functions and represent the “best of the last” (Hansen et al., in press). 

Defaunation index. The index estimates mammal defaunation across tropical forests based on 
models of observed abundances and socioeconomic drivers of hunting pressure (distance to 
hunters; access points, accessibility of urban markets, human population density, poverty levels, 
and access to domestic meat). The index ranges from 0 (intact mammal assemblage) to 1 (fully 
defaunated mammal assemblage) (Benítez-López et al., 2019). 

These data sets provide a useful global perspective but do not capture many regionally or locally 
important differences. For example, fire detected in humid tropical forests where fire does not 
naturally occur indicates a human threat and potential degradation, while fires in dry forests 
occur naturally and do not necessarily indicate a threat. The indirect proxies also do not represent 
varying effectiveness of governance in different places and across time, such as enforcement 
against illegal logging. 

Table A1.2 in Appendix 1 summarizes the spatial data sets that could be useful for valuation of 
the impact of forest degradation on ecosystem services, either as proxy indicators or direct 
measures of degradation. As an example of the utility of these data sets, Appendix 1.2 applies 
the human modification index (Kennedy et al., 2019) to obtain the average value for the forest 
remaining within forest ecoregions (Olson et al., 2001), with remaining forest identified from a 
land cover classification (Bontemps et al., 2013). Boreal forest contains 48 percent of the world’s 
remaining forest with an average human modification index of 0.03 (on a scale of 0 to 1 for low 
to high modification), compared with temperate broadleaf and mixed forest containing 14 
percent of remaining forest with an average index of 0.24 and humid tropical forest containing 
26 percent of remaining forest with average index of 0.13.  

3.3 Self-reporting by countries 

Remotely-sensed and spatially-explicit data provide globally consistent and repeatable 
information on forest condition. However, these sources have several drawbacks: they do not 
provide information on degradation that is unobservable from satellites, and they do not indicate 
the drivers of degradation. The biennial Food and Agriculture Organisation (FAO) report includes 
self-reported information (based on varying sources including country-level analyses of satellite 
data and field observations) from countries to provide some of this information at an aggregated 
country level. Countries report area under planted forest, wood fuel removals, and area affected 
by woody invasive species which are difficult to observe with remote sensing (Food and 
Agriculture Organization, 2016a, b).  
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Country readiness plans for Reducing Emissions from Deforestation and Degradation (REDD+) 
include reports of drivers of degradation such as livestock grazing in forest, uncontrolled fires, 
fuelwood/charcoal collection, and timber/logging. CIFOR country reports also assess drivers of 
degradation. A compilation of these country reports across 46 countries indicates that timber 
extraction and logging are the main drivers for most of the degradation with variations across 
continents, while conversion for agriculture is the main driver for deforestation (Hosonuma et 
al., 2012).  

Country reports have the limitation of inconsistent reporting protocols across countries. 
Moreover, the single assessment for an entire country precludes the reality that different drivers 
and levels of degradation are likely to occur in different forest types and regions in a country, 
particularly for large countries. 

https://www.forestcarbonpartnership.org/countries
https://www.cifor.org/gcs/modules/redd-policies/country-profiles-drivers-agents-institutions/
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4. Extent, rates, and drivers of forest degradation 

Table 4.1 summarizes the major drivers for each of the three types of degradation. The extent, 
rates, and drivers of degradation are heterogeneous across the world’s forests. For example, 
fuelwood collection and forest grazing are major drivers of degradation in tropical dry forests 
with high human densities of forest-dependent populations, while logging is more likely to be the 
main driver in humid tropical forests with lower densities of human populations and more 
valuable tree species.  

 

Table 4.1: Major types and causes of forest degradation 

Type of forest degradation Major causes Possible metrics 

Fragmentation of forests: 

Isolation of patches and 
exposed edge 

Agricultural expansion % of forest in different size 
patches; % of forest within 
distance of patch edge 

Fragmentation and barriers in 
contiguous patches 

Transport and logging 
infrastructure 

Intact forest index, road 
density, human footprint index 

Impoverishment of species composition: 

Simplification of flora 
community  

Plantations, invasive species, 
small patches 

Planted forests, forest integrity 
index, biodiversity intactness 
index 

Loss of fauna species Hunting, poaching, bushmeat, 
loss of connectivity, loss of key 
flora 

Human footprint index, 
defaunation index 

Loss of biomass and structure: 

Abrupt, temporary biomass loss Clear-cut logging, excessive fire Human footprint index, forest 
integrity index, logging roads, 
fire and burn scars, biomass 
change 

Gradual biomass loss Selective logging, pathogen 
outbreaks, excessive human use 

Human footprint index, logging 
roads, biomass change 

4.1 Fragmentation of forests 

Effects of fragmentation. The size, shape, and spatial configuration of forest fragments in a 
landscape influence many aspects of a forest, including the assemblages of flora and fauna, 
persistence of wildlife that require large areas susceptibility to fire, and microclimates. 
Fragmentation occurs as patches become surrounded by an alternative land use or as logging 
roads and other infrastructure bisect contiguous patches of forest (Figure 4.1).  

Fragmentation from agricultural expansion leaves isolated forest fragments that differ markedly 
in biodiversity and function from contiguous forest. Isolated patches support less biodiversity 
and different assemblages of flora and fauna than larger patches. Edges are exposed to invasive 
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species, fires, and drier microclimates, which cause further degradation (Haddad et al., 2015). 
For large-ranging species, loss of connectivity between forest patches can lead to local extinctions 
and loss of genetic viability of the population (Resasco, 2019).  

A particularly relevant impact of forest fragmentation is the risk of fire. The combination of 
desiccation from decreased moisture and exposure to escaped fires initiated outside forests 
makes edges vulnerable. Increased fire frequency in forest edges relative to core forest is a 
greater concern in humid tropical forests than in temperate forests. Unlike drier temperate or 
boreal forests, natural fires are rare in humid tropical forests and some wet temperate forests 
where trees are ill-adapted to burning. Trees in the humid tropics generally are less resistant to 
fire damage than dry forest temperate trees due to thin bark, higher mortality, and inability of 
seeds to regenerate (Cochrane, 2003; Staver et al., 2019).  

Drivers and patterns of fragmentation. Within contiguous forest, fragmentation occurs with 
expansion of road networks, power lines, logging skid rows, and other linear infrastructure. 
Infrastructure expansion opens up the forest to cascading human impacts including fire and 
deforestation. Highest road densities are in Northwest Europe and parts of South and East Asia 
and far less dense in northern parts of Canada and the Russian Federation and large parts of the 
Amazon forest (Meijer et al., 2018). The rapid expansion of the number of roads and other 
infrastructure is creating a major wave of fragmentation throughout Asia, Africa, and Latin 
America (Laurance et al., 2014).  

Approximately 10 percent of the Brazilian Amazon is within 500m of an edge and 74 percent of 
forest in England is within 100m of forest edge. The largest contiguous patches of forest are in 
the humid tropical regions of the Amazon and Congo River Basins, while globally more than 70 
percent of the world’s forest are within 1 km of a forest edge and 20 percent within 100m 
(Haddad et al., 2015; Riutta et al., 2014). Boreal forest has the highest proportion of forest area 
in intact forest and the least loss in proportion of intact forest between 2000 and 2013 (Potapov 
et al., 2017). Patch size distributions indicate that tropical dry forests and temperate broadleaf 
forests are the most highly fragmented forest biomes with the lowest average distance to patch 
edge (1.6 km and 1.4 km respectively compared to 5.6 in boreal forests) (Jacobson et al., 2019).  
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Atlantic Forest Brazil 

 
Fragmentation of contiguous forest with logging roads in 
the Peruvian Amazon 

Credits: (L) https://desdemonadespair.net/2011/09/brazils-atlantic-forest-stores-less.html  
(R) https://infoamazonia.org/en/2015/12/proliferation-of-logging-roads-in-the-peruvian-amazon/#!/story=post-
14247 

Figure 4.1: Examples of forest patches from fragmentation 
 

Infrastructure associated with industrial timber extraction was the primary cause of loss of intact 
forests globally, with clear cuts causing forest alteration in temperate and boreal regions of North 
America and Eurasia. Based on country reports, timber extraction and logging account for more 
than 70 percent of total degradation in Latin America and Asia (Hosonuma et al., 2012).  

4.2 Impoverishment of species composition 

Effects of species impoverishment. Forests degraded by anthropogenic activity often experience 
biodiversity declines and shifts in species composition, particularly in cases where biodiversity 
rich natural forests are degraded through conversion to relatively biodiversity poor or 
monoculture tree plantations (Barnes et al., 2017; Gibson et al., 2011). Forest degradation poses 
a pervasive threat to floral and faunal diversity that may be of a comparable magnitude to that 
posed by deforestation (Barlow et al., 2016) (Figure 4.2). 

Species loss and changes in the composition of animal communities have feedbacks that affect 
floristic composition, with further cascading impacts on forest ecosystem functions and services 
(Dirzo et al., 2014). In tropical forests, for example, large frugivores and herbivores such as 
hornbills, primates, elephants, and tapirs strongly influence tree seed dispersal and regeneration 
patterns (Berzaghi et al., 2019). Local extirpations or declines in abundances of these large 
animals due to hunting and forest fragmentation can reduce regeneration of forest tree species 
(Gardner et al., 2019b), exacerbating forest degradation and resulting in losses of key ecosystem 
services such as carbon storage over time (Berzaghi et al., 2019). Simulation models suggest that 
such carbon losses would be greater (up to 12 percent) in forests composed mainly of animal-
dispersed species (for example, tropical forests of Africa, the Americas and South Asia) than in 
forests composed of tree species having other mechanisms for seed dispersal (Osuri et al., 2016). 

Impacts on ecosystem services can also extend beyond forest boundaries, by affecting crop 
pollination and pest control in surrounding agricultural landscapes. The majority of food crops 
globally depend not just on honeybees, but also on wild bees and other wild insects for 

https://desdemonadespair.net/2011/09/brazils-atlantic-forest-stores-less.html
https://infoamazonia.org/en/2015/12/proliferation-of-logging-roads-in-the-peruvian-amazon/#!/story=post-14247
https://infoamazonia.org/en/2015/12/proliferation-of-logging-roads-in-the-peruvian-amazon/#!/story=post-14247
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pollination (Garibaldi et al., 2013; Rader et al., 2016). A study in a coffee-growing landscape of 
Costa Rica suggests that wild bees originating from forest fragments can enhance crop yields and 
quality in adjacent surrounding areas to the order of USD50 per ha per year (Ricketts et al., 2004). 
However, reductions in fragment area and resultant declines in pollinator diversity and 
abundance could result in the loss of such pollination ecosystem services (Krishnan et al., 2012). 
Similarly, while insectivorous birds in agricultural areas could benefit crop production by 
controlling pests—estimated at USD310 per ha per year in West Indian coffee farms (Johnson et 
al., 2010)—insectivores have been shown to be among the more sensitive of bird groups to 
disturbances such as forest fragmentation (Şekercioḡlu et al., 2002).  

Drivers and patterns of species impoverishment. Degraded natural forests—including those that 
have been subject to selective logging, and secondary forests growing in former agricultural or 
pasture lands—have largely replaced structurally complex natural forests in most regions. 
Perhaps the most extreme form of species impoverishment from forest degradation is conversion 
of high biodiversity forests to species-poor or monoculture plantations. Between 1990 and 2015, 
the extent of planted forests (tree crops and timber plantations and trees planted for restoration) 
increased from 168 million ha to 278 million ha (+65 percent), even as global forest extent 
(natural forests plus plantations) fell by 290 million ha over the same period (Payn et al., 2015). 
In some regions (for example, India), plantation activity has led to overall increases in estimated 
forest cover, in spite of declines in the extent of natural forests due to deforestation (Puyravaud 
et al., 2010). Elsewhere, plantations are increasing forest cover simply through expansion into 
non-forested natural ecosystems such as grasslands and savannas (Bond et al., 2019). The 
increase in plantations is driven by global demand for timber, pulp, and tree crops such as rubber, 
and the growing popularity of tree plantations as a tool for afforestation and terrestrial carbon 
sequestration within national and international climate policies (Lewis et al., 2019). Advances in 
satellite technology have improved the potential for tracking changes in plantation extent, and 
for distinguishing plantations from high biodiversity natural forests using satellite imagery (Harris 
et al., 2018). Failure to do so in regional or national assessment of forest cover can significantly 
underestimate rates of natural forest loss and overestimate biodiversity and ecosystem services 
(Hua et al., 2016; Puyravaud et al., 2010). 

Degradation of natural forests impacts species diversity to varying levels across different 
biodiversity groups. For example, an increase in removal of logs in tropical forests from 38 m3/ha 
to 63 m3/ha can drive 50 percent declines in overall mammal and amphibian diversity, whereas 
bird communities may be more resilient, with forest-dependent but not open-country species 
responding negatively to increased disturbance (Burivalova et al., 2014). Similarly, young 
secondary forests in the Amazon retain less than 40 percent of the bird and tree species occurring 
in primary forests, but the representation of primary forest species in secondary forests exceeds 
80 percent for large mammals and certain groups of insects (Barlow et al., 2007). Among plants, 
degradation generally favors a few ‘winners’, which are typically light-loving non-forest species, 
while several shade-tolerant forest species decline in degraded sites (Clark and Covey, 2012; 
Tabarelli et al., 2012).  

The biological diversity and species composition of degraded natural forests are also likely to vary 
with time since disturbance, with older forests (>20-30 years) more closely resembling primary 
forests than younger forests for a range of biodiversity indicators (Letcher and Chazdon, 2009). 
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However, the potential for such recovery may be constrained in heavily fragmented and human-
dominated landscapes, where processes of natural recovery and succession may be limited by 
proximity to inhospitable habitat edges and chronic anthropogenic resource extraction (Tabarelli 
et al., 2008).  

The direct harvest of wildlife (legal and illegal) for meat, wildlife products, and pets resulting in 
the depletion and degradation of faunal communities—often termed ‘defaunation’—affects 
virtually all forests (Young et al., 2016). Wildlife trade targets around 18 percent of all mammal, 
bird, amphibian, and reptile species. While the trade affects both tropical and temperate species, 
hotspots of trade, in terms of the numbers of species targeted, invariably lie in the tropics 
(Scheffers et al., 2019). 

Bushmeat hunting for subsistence use and commercial markets is considerably more prevalent 
in tropical than in temperate forests (Ripple et al., 2016). One reason for this is greater 
dependence on wildlife for meat in these forests, given that local communities in many tropical 
regions do not keep livestock (Fa et al., 2005; Golden, 2009). Bushmeat hunting generally has 
stronger negative impacts on large bodied mammal and bird species (Benítez-López et al., 2017; 
Benítez-López et al., 2019), although hunters are known to switch to targeting smaller bodied 
species once large game become scarce (Bennett et al., 2002). While estimating the extent and 
severity of hunting induced defaunation over large areas remains a challenge, recent studies have 
modeled and mapped defaunation based on correlates of hunting such as proximity to access 
points, human population density and socio-economic status, and the presence of livestock.  

 

 
Photo by R. DeFries  

Figure 4.2: Monoculture eucalyptus plantation 
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4.3 Loss of biomass and structure  

Depleted biomass and reduced canopy cover potentially reduce water cycling to the atmosphere 
through roots and leaves and reduces groundwater recharge through infiltration into the soil, 
while compacted exposed soil increases runoff and downstream flooding. Bare soil also creates 
opportunities for invasive species. In addition, loss of biomass compromises the ability for local 
forest-dependent communities to obtain livelihood needs from the forests by reducing the 
availability of forest resources and/or increasing collection time. The value of non-timber wood 
products is difficult to quantify because these products often do not enter the commercial 
marketplace, although they are essential to generate income for millions of people living on 
forest fringes (Food and Agriculture Organization, 2016b).  

Pathogen outbreaks. Tree pathogen outbreaks can be part of the natural disturbance dynamic 
in many forest ecosystems, but in recent decades pathogen outbreaks are increasing in frequency 
and in diversity of pathogens. This is primarily due to increased connectivity and movement of 
pathogens between continents, which also favors hybridization and creation of novel strains. 
Some cases of pathogen-related mortality may be intensified by increased stress put on trees by 
climate change. Pathogen-associated degradation most affects low-diversity forests such as 
temperate and boreal forests, where the density of key species is high enough to facilitate rapid 
pathogen spread and where the loss of a single abundant tree species can have a major impact 
on forest structure and ecosystem services.  

Drivers and patterns of biomass loss. Forest degradation can result in a loss of biomass either 
through slow, gradual processes, such as selective logging and pathogens, or through abrupt 
losses, such as fires and clear-cut logging. Selective logging is the most widespread human 
disturbance in tropical forests and produces approximately one-eighth of global timber. 
Depending on the intensity, selective logging can reduce biomass and biodiversity (Martin et al., 
2015). Where high population densities depend on forests for fuelwood, fodder, and other 
livelihood needs, such as in dry tropical forests of South Asia, unsustainable harvesting can alter 
forest structure and reduce overall biomass (Agarwala et al., 2016). Urban demand for charcoal 
also drives biomass loss, particularly in forests that supply charcoal of cities in Sub-Saharan Africa 
(Bervoets et al., 2017). 

Indicators. The impact of slow and small-scale degradation on biomass is unlikely to be accurately 
quantified in remotely-sensed global estimates of biomass, for example, (Baccini et al., 2017), 
due to the low signal (true biomass loss) to noise (range in biomass estimates) ratio. We suggest 
that proxy variables, such as human population densities and dependence on forests for 
fuelwood, non-timber forest products, and other livelihood needs, might be used to assess the 
extent of this type of degradation. These dependencies are likely to be particularly strong where 
indigenous and local communities rely on forest products. According to country reports, 
fuelwood and charcoal extraction is the leading cause of degradation in Africa but is less 
important in the Americas. Timber and logging are leading causes of degradation in Asia and the 
Americas, with forest grazing reported as having a lesser role in all three continents (Hosonuma 
et al., 2012). The Human Footprint and other composite threat indicators may serve as a 
reasonable indicator of gradual, small-scale forest degradation.  
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Fires. On a more rapid time scale, excessive fires lead to loss of biomass and can inhibit 
regeneration if too frequent. Fire is a very commonly-used tool for land clearing and agricultural 
management of crop residue and pests, particularly in the developing world. When fires escape 
into surrounding forests, they can spread in the understory and damage the forest. Fires occur 
very infrequently in humid tropics through lightning strikes because moisture inhibits ignition. 
Essentially all forest fires in the humid tropics are human-caused, either directly or indirectly 
through escaped fires. In other forest types, such as Mediterranean, temperate, boreal and 
tropical dry forests, lightning naturally causes fires. In such forests, the ecosystem is adapted to 
fire through traits such as fire-resistant bark and ability to re-sprout after fire, and tree species 
even depend on fire for regeneration of seeds. In non-fire adapted systems such as humid tropical 
forests, the incursion of even mild fires can cause large-scale tree mortality and forest 
degradation (Barlow and Peres, 2008; Brando et al., 2014). In fire-adapted forest systems, 
frequent, small fires reduce fuel load to effectively tamper the intensity and duration of fires 
when they do occur. However, excessive human-driven increases in fire intensity or frequency in 
fire-adapted systems are a major form of degradation. They lead to reduced biomass, destruction 
of seed banks for regeneration, and exposed soil and erosion from burn scars, along with 
downwind effects on air quality from smoke emissions.  
 

  
Degraded dry tropical forest in central India Burn scar in Mato Grosso, Brazil 
Photos by S. Khanwilkar (left) and R. DeFries (right) 

Figure 4.3: Loss of biomass and structure 

 

Global trends indicate that on net, fires and burn scars reduced by one quarter between 1998 
and 2015. However, the reduction has mainly occurred in savannahs and grasslands, while 
closed-canopy forests have experienced an increasing trend (Andela et al., 2017). Climate change 
increases the risk of fires, as seen in boreal forests (Astrup et al., 2018), because of increased 
frequency and intensity of heatwaves and drought and because long-term global warming is 
leading to increases in atmospheric water vapor deficit, enhancing vegetation water stress and 
fuel flammability year-on-year (Rifai et al., 2019). Structural degradation through logging also 
changes forest microclimate and increases flammability and the risk of fire propagation. 
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4.4 Interactions between degradation types 

The three major types of degradation are linked through both their causes and their impacts on 
ecosystem services. Human presence, as indicated through roads and human and livestock 
population densities, is the overarching driver of all of the types of degradation. We suggest that 
an indicator of human pressure sufficiently captures the likelihood of all three types of 
degradation. Added metrics to measure a few additional attributes—for example, patch 
distributions to assess fragmentation, identification of “the best of the last” and forests valuable 
for their intactness, excessive fires and burn scars, and biodiversity intactness provide a basis for 
valuation of forest condition. Despite the large number of possible data sets and metrics, a 
handful of metrics will likely suffice to characterize the multiple types of degradation. 

The types of degradation overlap in complex ways. Isolation of forest patches makes forests 
vulnerable to fires and invasive species, which contributes to impoverishment of species 
composition and loss of biomass. Hunting and roads open frontier forests to further degradation. 
All the types of degradation compromise the delivery of protective ecosystem services (for 
example, watershed protection and resistance to excessive fires and invasive species), the ability 
of forests to provide non-wood timber products in the future, and possibly recreation value.  
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5. Effects of forest degradation on ecosystem service provision 

Forest degradation can inhibit the ability of forests to deliver services while healthy, intact forests 
can enhance services. This report develops, as far as possible based on available information, 
relationships between forest condition and three main ecosystem services: water services; 
recreation, hunting, and fishing; and non-wood forest products (referred to as response 
functions). These are the three ecosystem services considered in the World Bank’s Changing 
Wealth of Nations report (Lange and others, 2018). In cases for which quantitative relationships 
are not available, we provide qualitative assessments and examples. Our aim is to provide 
background on the biophysical relationships between forest condition and ecosystem services. 
The next step would be to incorporate these relationships in the valuation of forests, but we do 
not attempt to provide that valuation in this report.  

Although we restrict this report to three main ecosystem services considered in the Changing 
Wealth of Nations report, many other services are also highly relevant to society’s benefits from 
forests, for example, biodiversity, carbon sequestration, microclimate, pollination, and coastal 
protection.  
 

Table 5.1: Primary effects of forest degradation on provision of ecosystem services  

Type of 
degradation 

Watershed services Recreation, 
hunting, and 

fishing 
Non-wood forest 

products Water balance Water quality 

Fragmentation Isolation of patches 
and exposed edge 

Soil erosion from 
roads and 
infrastructure 

Connectivity effects 
on wildlife tourism 

 

Species 
impoverishment 

Increased runoff 
from tree 
plantations 

Increased erosion 
and reduced 
nutrient regulation 
(with exceptions) in 
plantations 

Loss of bushmeat 
protein source from 
defaunation 

Loss of tree species 
from plantations 

Loss of biomass Increased runoff 
and peak flow from 
logging, fires, and 
pathogen outbreaks  

Nitrate and 
sediment 
concentrations 
from logging, fires, 
and pathogen 
outbreaks 

Loss of fish protein 
source from 
degraded riparian 
forest 

Local loss of access 
in logged areas and 
burn scars, key 
species lost to 
pathogens or over-
harvesting 

 

Table 5.1 summarizes our assessment of the primary effects of forest degradation on the 
provision of the three main ecosystem services. For some of these effects, the literature enables 
us to develop relationships between a measurable type of degradation (for example, patch size 
or extent of tree plantation), and delivery of the ecosystem service (for example, water yield or 
sediment load). For other effects, data limitations allow us only to provide examples or 
qualitative relationships. To the extent possible, we identify the varying effects of forest 
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degradation on ecosystem services across biophysical and cultural contexts. For example, the 
effects of tree plantations on water yield are most relevant in water-scarce locations and the 
effects of forest degradation on non-wood forest products are most relevant where local 
populations depend on forest resources for their livelihoods. 

The following sections address each of the effects in Table 2.1, followed by possible methods to 
include these effects in valuation efforts such as that of the World Bank’s Changing Wealth of 
Nations report. 

5.1 Impacts of forest degradation on water services 

Overview of water services from forests 

Forest degradation potentially alters both water quantity and water quality for downstream 
water users in a watershed. Reduced canopy cover, fragmentation, and logging rotations can 
alter many aspects of the water balance, including evapotranspiration, runoff, and infiltration. 
Reduced infiltration diverts a smaller fraction of precipitation into sub-surface flow, so that more 
water runs off and consequently can increase downstream flooding and reduce levels of 
streamflow during dry periods. Degradation can also alter microclimates and make forests 
susceptible to fires that might not otherwise occur in a healthy forest. 

The effect of forests on streamflow depend on the net balance between infiltration and 
evapotranspiration (Figure 5.1). Streamflow is more sensitive to changes in forest cover in drier 
than in wetter regions suggesting that the effects of forest degradation more strongly influence 
water services where water is limited (Figure 5.2) (Zhang et al., 2017).  
 

 Less degraded More degraded 
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Figure 5.1: Components of water balance   
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Figure 5.2: Theoretical effects of degraded forest on flood protection and runoff  

 

Forests also provide an important service by reducing sediment loads and filtering contaminants, 
nutrients (nitrogen and phosphorus), and pathogens as water infiltrates slowly through the soil 
and into streams. Many cities that rely on surface water depend on filtration services of upstream 
forests to reduce costs of water treatment, most famously New York City but also hundreds of 
large cities throughout the world (McDonald et al., 2016).  

The temporal spread of overall water yields over months or seasons is a critical component of 
hydrological ecosystem services. Forests and other ecosystems partition incoming precipitation 
into runoff at the surface, and infiltration into soil. Water entering the soil is further partitioned 
into sub-surface flow that ultimately contributes to downstream runoff (that is often delayed 
compared to surface flow), and evapotranspiration by forest vegetation that cycles water back 
to the atmosphere (Figure 5.1). Water flow regulation by forests and other ecosystems can thus 
play an important part in controlling floods and maintaining water supply during dry seasons or 
summer months. 

Different types of forest degradation (fragmentation, biotic impoverishment, and biomass loss) 
have varying effects on water balances and water quality as described in the following sections. 

Impacts of forest fragmentation on water services 

Fragmentation of forests into isolated patches exposes forest edges and alters many components 
of hydrology. The general response in exposed edges is decreased canopy cover, altered 
microclimate, and reduced soil moisture relative to core forest. These effects can alter 
interception by the canopy, runoff, and infiltration. 

A number of field experiments have quantified the impacts of fragmentation by measuring 
effects as a function of distance from edge into core forest. The main focus of most of these 
experiments is biodiversity and the occurrence of species (Table 5.1). Some fragmentation 
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experiments have quantified hydrologic parameters, but no standard set of measurements exists 
across fragmentation experiments. These measurements identify the distance from edge that 
the effect penetrates into the forest. Data is sparse, but the available evidence suggests that the 
impact of fragmentation on increased fire frequency (and consequently on increased runoff and 
sedimentation) in tropical humid forests can extend over 2 kilometers into the forest (Appendix 
2, Table A2.1). 

We compiled published measurements on the distance from edge that the effects of forest 
fragmentation penetrate into a forest. These measurements do not provide a direct measure of 
proportion of forest in edge and water yield. Rather they provide an indication of the extent to 
which fragmentation alters the water balance in edges of isolated forest patches. Although data 
are limited, we conclude that a distance of 500m from forest edge in humid tropical forests and 
250m in temperate forests would reasonably capture the maximum distance in which 
fragmentation could alter the water balance (Table 5.2).  

 

 

Table 5.2: Major large-scale forest fragmentation experiments 
Experiment Forest type Location Dates Effects of interest Key references 

Biological Dynamics of 
Forest Fragments 
Project (BDFPP) 

Humid 
tropical forest 

Brazil 1980-present Patch size and 
edges on species 
richness and 
microclimate 

Laurance and 
others, 2018 

Stability of Altered 
Ecosystems (SAFE) 

Humid 
tropical forest 

Malaysia 2009-present Land use gradient 
on biodiversity and 
hydrology 

Ewers and 
others, 2011 

The Wog Wog Habitat 
Fragmentation 
Experiment 

Temperate 
forest 
(eucalyptus) 

Australia 1985-present Fragmentation and 
patch size on 
species richness 

Margules, 1992 

The Savannah River 
Site Corridor 
Experiment (SRS) 

Temperate 
forest (pine) 

USA 1994-present Corridors between 
patches on species 
composition 

Damschen and 
others, 2006; 
Orrock and 
others, 2011 

Kansas Fragmentation 
Experiment 

Temperate 
forest 
(regrowth) 

USA 1984-present Regrowth on 
species 
composition 

Cook and others, 
2005 

The Woodland 
Creation and 
Ecological Networks 
Project (WrEN) 

Temperate 
woodland 

UK 2013-present Restoration on 
species 

Watts and 
others, 2016 

Calling Lake 
Fragmentation 
Experiment 

Boreal mixed 
woodland 

Canada 1993-1998 Fragmentation on 
avian populations 

Schmiegelow and 
Hannon, 1999 

Notes:  Reviewed in (Debinski and Holt, 2000) and (Resasco et al., 2017). 
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Note log scale for Y axes 

Figure 5.3: Data from fragmentation experiments on variables that affect water balance 

 

Because (1) susceptibility to fire is a major impact of fragmentation, and (2) burn scars affect 
hydrologic properties, the difference in return interval of fires between edge and core can serve 
as a rough proxy for the magnitude of fragmentation on water services. In the tropics, fire return 
intervals within 1km of edge increased from 5-16 years to 6-19 years beyond 2 km in one Amazon 
site. In another site, the increase was from 5-22 to 29-109 years (Cochrane, 2001). Based on these 
two sites, a midpoint value of tropical edge effects might be 0.51 (the average ratios of fire return 
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intervals between edge and core). In temperate forests, evidence to assess the magnitude of 
effects is limited. One site indicates a reduction in relative humidity from approximately 80 
percent at 250m from edge to 60 percent at the edge (0.8 ratio) (Gehlhausen et al., 2000). Boreal 
forests, which are naturally patchy in many places, do not experience fragmentation into isolated 
patches in the same way as tropical and temperate forests (see below on logging impacts in 
boreal forests).  

Logging roads, mines, powerlines, and other infrastructure can affect water quality for 
downstream users through increased sediment loads from erosion of exposed bare ground. Best 
management practices provide soil erosion reduction strategies through guidelines on riparian 
buffer widths and slope steepness above which activities cannot occur (Wenger et al., 2018). 
Because the extent to which entities follow best management practices is not available across 
countries, and because erosion varies by soil type, slope, rainfall intensity and other factors, a 
specific response function between area used for infrastructure and sediment load is difficult to 
justify. However, rapid infrastructure expansion across developing countries highlights the 
potential for this type of degradation to affect water quality. The data set on road density could 
provide a means to include fragmentation into valuation of non-timber forest resources, with 
higher road density indicating more degradation. Spatial models that account for slope, rainfall, 
and other determinants of sediment yields could provide additional insight into the impacts of 
infrastructure expansion in specific locations (Hamel et al., 2015).  

Impacts of plantations and biotic impoverishment on water services 

The replacement of natural ecosystems by low-diversity tree plantations is the main pathway 
through which biotic impoverishment alters water services. Tree plantations can strongly modify 
hydrological processes and affect the provisioning of water services through altered water 
balance and water quality (Jackson et al., 2005). 

The replacement of natural forests by tree plantations affects water services through changes in 
vegetation structure, species composition, and soil characteristics. In this section, we review, and 
where possible attempt to quantify, how natural forests and tree plantations differ with respect 
to three key hydrological functions, namely (1) overall water yield—also referred to as stream 
flow or runoff; (2) water flow regulation, which underlies societal benefits such as flood control, 
and irrigation during the dry season and (3) water quality, including measures of sediment and 
nutrient load in water. The conversion of forests to plantations is widely associated with 
reductions in water flow regulation, elevating flooding risks and reducing water availability during 
dry seasons (Guzha et al., 2018; Locatelli and Vignola, 2009; Wenjie et al., 2011). This is because 
plantations generally sustain lower rates of soil infiltration than forests (Roa‐García et al., 2011). 
The comparatively lower rates of infiltration in plantations are attributable to soil compaction 
resulting from management-oriented activities such as road construction and timber harvest 
(Waterloo et al., 2007; Wenjie et al., 2011). Another contributing factor could be that forests are 
more structurally complex habitats than plantations, which can delay streamflow (Baillie and 
Davies, 2002) and mitigate flooding. 

Water yield. Water yield (defined as the average amount of runoff in an unregulated watershed 
(that is, without dams or other impoundments) depends strongly on plantation age. Water yields 
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are known to decrease when plantations replace treeless or sparsely tree-covered habitats such 
as grasslands and shrublands (Farley et al., 2005). Previous research has shown that replacing 
grasslands and shrublands with plantations can decrease overall water yields by 45 percent, 
thereby intensifying water shortages in water stressed regions (Farley et al., 2005; Jobbágy et al., 
2011; Sikka et al., 2003). In contrast, the impacts of converting forested ecosystems to tree 
plantations on overall water yields are less clear. Clear-felling natural forests for plantations is 
associated with an initial increase in water yields (Komatsu et al., 2008), as young plantations 
intercept less incoming precipitation, and use and transpire less water than older plantations. 
The long-term impacts of converting natural forest to plantations, however, are affected by the 
structure and species composition of forests and plantations, resulting in wide variation (Cao et 
al., 2008; Wei et al., 2005), and a lack of consistent differences in overall water yields, between 
natural forests and mature plantations. Evapotranspiration, or the release of water to the 
atmosphere during photosynthesis, is a key factor underlying variation in water yields across 
different forest and plantation types. Previous studies have shown that certain commercial 
plantation species such as Eucalyptus spp. and conifers are more water demanding, have lower 
water use efficiency, and have higher rates of evapotranspiration, than native forest species 
(Kagawa et al., 2009; Licata et al., 2008). Plantations of such water demanding species are 
therefore known to decrease overall water yields relative to natural forests (Locatelli and Vignola, 
2009). In other cases, water yields by plantations may exceed those of forests for a number of 
reasons including greater water use efficiency of plantation species, lower biomass volume (and 
hence lower net evapotranspiration) of plantations (Krishnaswamy et al., 2012), and reduced soil 
water infiltration resulting in greater surface run-off in plantations (Krishnaswamy et al., 2013). 

In the absence of consistent overarching patterns, modeling overall water yield responses to 
conversion from natural forests to plantations would need to consider both plantation age and 
plantation/forest type. Young plantations are associated with higher water yield than mature 
natural forests; water yield then decreases with age, and might attain lower or higher water yield 
than forests over three or more decades, depending on species (Figure 5.4). However, a major 
constraint is that many types of plantations and natural forests are not well studied in this regard 
(Locatelli and Vignola, 2009). 
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Figure 5.4: Effect of replacing forest with plantation 

 

Flow regulation. Multiple lines of empirical evidence highlight the reduced capacity of 
plantations compared to forests for water flow regulation. For example, Krishnaswamy and 
others (2013) reported 30-40 percent lower rates of groundwater recharge via infiltration in 
Acacia auriculiformis plantations compared to tropical forests in India. In China, Wenjie and 
others (2011) show that water passing through catchments under rubber cultivation has nearly 
45 percent lower residence time than water passing through tropical rainforest catchments. This 
results in an reduction in flood regulation by plantations compared to forests of more than 50 
percent (Wenjie et al., 2011). Another study from China reported a six-fold increase in post-
rainfall peak flow in China-fir plantations compared to native hardwood forests (Tsai et al., 2009). 
Lower base-flows in plantations than forests are widely reported (Jobbágy et al., 2011; Locatelli 
and Vignola, 2009)—for example, China-fir plantations sustain 96 percent lower base-flow than 
native hardwood forests in China (Tsai et al., 2009), and summer flow rates are 50 percent lower 
in Douglas fir plantations than natural temperate forests in the USA (Perry and Jones, 2017). 

Water quality. Vegetation structure and composition can affect water quality by controlling 
erosion and decreasing sediment loads (concentrations of suspended solids) and by regulating 
levels of vital nutrients such as nitrogen and phosphorous in catchments. Erosion control and 
nutrient regulation by forests and plantations closely track differences in water yields and 
regulation between these contrasting types of vegetation. 

Decreases in vegetation cover are typically associated with increased erosion resulting from 
greater raindrop impact and wind, and such erosion may be exacerbated further by surface 
runoff through paths and tracks (Croke and Hairsine, 2006). Thus, sediment erosion is likely to 
increase by several orders of magnitude when young tree plantations are established by clearing 
mature plantations or forests (Carlson et al., 2014). While sediment erosion would likely track 
changes in overall water yields and thereby decrease with plantation age, it appears unlikely that 

Time 

W
at

er
 y

ie
ld

 

Clear‐felling 
for 

plantation 

Natural forest Variation across 
plantation types 

Plantation 



34 
 

erosion rates in mature plantations would return to levels as low as those of mature forests. For 
example, a study found suspended solid concentrations following storm events to be over 10-
times higher in a 24-year old China-fir plantation than in natural hardwood forest in Taiwan (Tsai 
et al., 2009). In another example, a study in Indonesia found sediment yields to be 200 times 
higher in mature oil palm plantations than mature rainforests, and suspended solid 
concentrations to be 140-times higher (Carlson et al., 2014). Aside from differences in habitat 
structure and species composition, management interventions that disturb soil structure, such 
as roads and skid trails, are an important reason for elevated rates of erosion in plantations 
compared to natural forests (Sidle et al., 2004). 

Regulation of water flow by natural or modified ecosystems can control leaching of nutrients 
such as nitrogen and phosphorous into waterways, thereby mitigating the ecological and public 
health risk of eutrophication in downstream areas. In the previous sub-section, evidence 
indicated that natural forests have a greater capacity for regulating water flow through 
catchments than do tree plantations, as a result of higher infiltration rates, more structurally 
complex habitats, and differences in biomass and species composition. Similarly, studies have 
also found evidence for lower nutrient concentrations in natural forests than in plantations. For 
example, a study in Chile reported total nitrogen concentrations in streams flowing through 
Eucalyptus plantations to be nearly 80 percent higher than concentrations in native forests (Little 
Cárdenas et al., 2015). In a New Zealand study, nutrient exports from catchments comprising 
pine plantations were considerably higher than from catchments under native forest cover 
(Quinn and Ritter, 2003). However, nutrient regulation characteristics can vary markedly by 
species composition and soil type. For example, native forests harboring N-fixing trees and 
bacteria can account for greater exports of dissolved nitrogen than plantations of non N-fixing 
species such as conifers (Hamilton et al., 2017). In another example, nutrient leaching may be 
relatively low in plantations of species that show high levels of nutrient uptake, such as oil palm 
(Comte et al., 2015). 

Impacts of biomass loss on water services 

Several mechanisms lead to biomass loss in forests, either as abrupt, temporary loss, or as 
gradual loss. We consider several human-caused drivers that lead to abrupt biomass loss, 
including logging (rotational clearcutting in temperate and boreal forests) and excessive fires 
(which occur naturally in seasonally dry regions but rarely in humid tropical forests). Gradual loss 
can occur from unsustainable use of forests for livelihoods needs, such as fuelwood and fodder; 
tree pathogen outbreaks which are exacerbated by international trade and movement coupled 
with climate change and forest degradation; and selective logging. Each of these types of biomass 
loss can alter water balances and water quality. The effects on water services likely vary 
depending on the underlying cause of biomass loss—clear-cut, burn scar, pathogen outbreaks, 
or unsustainable use. Most evidence is available from studies of the effects of clear-cutting but 
similar relationships can be expected for other types of biomass loss.  

Impact of logged forests on water services 

Water balance. Changes in water yield following rotational clear cutting in forests are strongly 
dependent on time since clearing, the extent of the watershed cleared at any time in the 
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rotational cycle, and the location of clearing within the watershed. Clear-cutting is most 
prominent in temperate and boreal forests. Initial increases in water yield and peak flow occur 
after clearing, with the magnitude roughly proportional to percent biomass loss. The effect 
diminishes rapidly, usually within 3 to 10 years, but can be prolonged if natural regrowth does 
not occur (Hornbeck et al., 1993). A compilation of studies (Appendix 2.2) suggests that water 
yield (Figure 5.5) and peak flow (Figure 5.6) alter substantially only when close to 100 percent of 
the watershed is cleared for rotational harvesting. There is substantial variability in impacts on 
water yield and peak flow even with 100 percent of clearing in the watershed. 

The relationships for temperate and boreal clear-cut forests between water yield/peak flow and 
biomass loss are broadly consistent with tropical forests, considering proportional biomass loss 
through selective logging. Modest increases in streamflow occur with modest loss of biomass and 
abrupt but variable increase at high biomass loss (Bruijnzeel, 2004). 
 

 
Notes: The y-axis is comprised of a mix of measurements on water quantity: water yield as percent of annual 
precipitation and  percent changes in annual runoff, baseflow, and mean annual streamflow measured between 1 
and 4 years after clearcut.  
Source: Data are compiled from 14 studies (see Appendix 2.2). 

Figure 5.5: Effect of logging on water yield  
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Source: Data are compiled from 17 studies (APPENDIX 2.2). 

Figure 5.6: Effect of logging on peak flow  

 

Water quality. Nitrate concentration is a commonly-used metric of water quality, with high levels 
being associated with eutrophication of lakes and streams and with methemoglobinemia in 
infants from drinking water. World Health Organization (WHO) standards indicate poor water 
quality above 10 mg nitrate per liter (World Health Organization, 2003). A compilation of 24 
studies (Appendix 2.2) showed little evidence of deterioration of water quality until nearly 
complete clearance of the watershed during rotational harvest (Figure 5.7). Even at complete 
clearance, studies show high variance in nitrate concentrations, with the degree of water quality 
deterioration dependent on the extent to which remaining ground layer vegetation is able to 
buffer water flow and runoff. Generally, sites with lower nitrate concentrations in control (uncut) 
sites showed more modest increases than sites with high concentrations in control sites. In some 
systems, although freshwater nitrate concentration did not increase, increased water yields 
caused a higher nitrate export when the forest was clear cut (Brown et al., 1973). A thin forest 
litter layer due to high rates of decomposition in a wet and mild climate and rapid regrowth of 
the forest understory appears to limit stream nitrate increases after forest harvest (Fredriksen et 
al., 1975). 

In addition to nitrate concentrations, higher streamflow and velocities with clear cuts result in 
additional transport of solid and dissolved materials that can adversely affect water quality for 
human use and damage aquatic habitat (Robichaud et al., 2000). A compilation of studies 
(Appendix 2.2) shows substantial but highly context-dependent increase in sediment content in 
clear cuts (Figure 5.8).  
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Based on data compiled from multiple studies (Appendix 2.2), the relationship between sediment 
content and degradation showed substantial but highly context-dependent increases indicating 
that logging can adversely affect water quality for human use and damage aquatic habitat. 
 

 
Source: Data compiled from studies listed in Appendix 2.2. 

Figure 5.7: Effect of logging on stream or groundwater nitrate concentration 

 

 
Source: Data compiled from studies listed in Appendix 2.2. 

Figure 5.8: Effect of logging on sediment concentration 
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Impacts of fires on water services 

Water balance. Wildfires generally increase water yields, peak flows, and the potential for flash 
floods, depending on soils and on the intensity and duration of rainfall events (Hallema et al., 
2018; Neary and Tecle, 2015; Robichaud et al., 2000). With less than 10 percent of ground surface 
covered with plants and litter, surface runoff can increase over 70 percent and erosion can 
increase by three orders of magnitude, depending on burn severity and hydrologic events 
(Robichaud et al., 2000). Increased sediment loads following fires have negatively affected water 
supplies in cities in the southwestern United States and Australia over the last two decades 
(Martin, 2016).  

The degradation effects of a wildfire depend on both the fire’s intensity (for example, litter layer 
or grass fires vs crown fires) and evolutionary adaptation of the trees  to fires (for example, fire-
adapted Mediterranean, temperate, and boreal forests vs non-fire adapted humid tropical 
forests). Water yield and water flow tend to only be affected by severe fires (Fig 5.9), which result 
in extensive tree mortality and loss of understory vegetation and litter later.  

  
Notes: Data points were compiled from studies listed in Appendix 2.2. Fire severity was determined from reports in 
each study and the percent of watershed affected by fire. Measurements were taken 2 to 12 years following the fire. 

Figure 5.9: Effect of forest fire severity on mean stream flow  
 

Water quality. Fire severity particularly affects stream sediment load/turbidity (Figure 5.10) and 
in some cases stream nutrient content (Figure 5.11). In general, the effect is small although in 
some studies the change in turbidity increased many hundred-fold relative to pre-fire conditions. 
Nutrient content also increased many-fold, but only a few studies indicate nitrogen levels above 
WHO drinking water standards (10 mg/L of nitrate-N). Nearly all of the studies were undertaken 
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in temperate forests which are more resilient to fire than humid tropical forests. For the studies 
of turbidity, measurements were taken between 5 months and 5 years after the fire, while in 
studies of nitrogen measurements were taken between 3.5 and 12 years after the fire.  

 
Notes: Fire severity was estimated based on reports in the studies and the percent of watershed affected by fire. 
Data are from a compilation of studies listed in Appendix 2.2). 

Figure 5.10: Effect of forest fire severity on turbidity 
 

  
Notes: Fire was estimated based on reports in the studies and the percent of watershed affected by fire. Data points 
are compiled from studies listed in Appendix 2.2. Dashed line is one-to-one line. Note log-log scale. 

Figure 5.11. Effect of forest fire severity on nitrate-nitrogen 
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Impacts of pathogen outbreaks on water services 

Pathogen outbreaks tend to have less effect on water quality than logging or fire outbreaks, 
mainly because the understorey vegetation and soil structure tend to remain intact and mortality 
tends to be a slow, drawn-out process, whereas in fire or logging disturbances biomass is either 
burned or removed over much shorter time periods (Edburg et al., 2012). Tree pathogen 
outbreaks are a natural cause of forest degradation and are exacerbated by introduction through 
movement of people and good that carry pathogens and by climate change. Studies that monitor 
forest ecosystem services following insect outbreaks capture the effect of a particular type of 
biomass loss, one that gradually occurs over long time periods. Outbreaks can last several years 
and gradually impact forest functioning before physical biomass loss occurs (it takes years to 
decades for trees stems to fall following an attack). 

Overall, the literature suggests that tree pathogen outbreaks lead to moderate increases in 
nitrate levels (for example, see Beudert and others, 2015, and Zimmermann and others, 2000, 
for the effects of bark beetle; and Swank and others, 1981, for the effects of fall cankerworm. 
The few studies with a steep increase in nitrate levels were characterized by a very rapid and 
extensive spread of the disturbance (Beudert et al., 2015). Importantly, peak nitrate levels even 
in those instances of extensive spread stayed below the WHO limit for water-drinking safety. In 
terms of recovery, the effect in these watersheds was dampened within 5 years and fully 
disappeared within 10 years. 

The amount of ground vegetation cover could mitigate nitrate losses resulting from pathogen 
outbreaks, as is hypothesized in the case of logging. The more ground vegetation there is to soak 
up the extra nutrients, the milder the impact of forest dieback on nitrate loading in the water 
(Huber, 2005). This was also documented in an experimental setting, where continuous weeding 
was used to prevent regrowth after felling (Vitousek et al., 1979). More generally, this study 
shows that vegetation recovery is critical for conferring resilience to ecosystems and inhibiting 
nitrate losses after a disturbance. Figure 5.12 shows an example for stream nitrate quality. A high 
peak level of nitrate concentration (top red dot in 80 percent affected column) is reached in the 
only watershed where the outbreak spread is rapid and extensive. However, even this peak is 
below the WHO limit for water-drinking safety. The effect in this watershed is dampened within 
5 years and falls within the range of values observed in un-disturbed watersheds within 10 
years. Ground vegetation coverage ameliorates the magnitude of the nutrient effect. 

Studies that assess the impacts of unsustainable use of forests for fuelwood, fodder, and other 
livelihood needs on water quality are scarce. One can expect that the response to this type of 
gradual biomass loss is similar to that of pathogen outbreaks. 
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Notes: Data are compiled from  Beudert and others, 2015; Zimmermann and others, 2000; and Swank and others, 
1981); though it should be noted that the first two studies study the same watersheds over different but overlapping 
time periods. Nitrate concentration is reported as mg/L of nitrate-N; a conversion factor of 0.2258 is used when the 
original data was reported as mg/L of nitrate. Percent watershed affected is either reported as the proportion of 
trees killed by bark beetle (Beudert et al., 2015; Zimmermann et al., 2000), or as the proportion of leaf mass 
consumed by the fall cankerworm (Swank et al., 1981). In all studies, the watersheds under study are nearly totally 
forested. Note that all values are below the WHO standard of 10 mg/l. 

Figure 5.12: Effect of pathogen-induced dieback on nitrate concentration  

5.2 Impacts of forest degradation on recreation, hunting, and fishing 

Impacts on connectivity for wildlife tourism 

Tourism is a multi-trillion dollar industry and generates hundreds of thousands of jobs. Wildlife 
tourism is a growing component with potential advantages for much-needed job creation around 
protected areas and other remote locations (Twining-Ward et al., 2018). Wildlife tourism often 
depends on abundant populations of charismatic fauna, which in turn depend on habitat to 
maintain populations. Large, charismatic species such as tigers, bears, and jaguars with ranges 
extending beyond protected area boundaries require wildlife corridors to move between them 
(Gilbert‐Norton et al., 2010). Persistence of these species depends on the quality of habitat in 
wildlife corridors (Hodgson et al., 2011).  

Wildlife corridors are a well-established approach in conservation landscapes. Major existing 
wildlife corridors that connect forest habitats across large areas include the Great Eastern Ranges 
corridor for native plants and animals in Australia (Fitzsimons et al., 2013), the Yellowstone to 
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Yukon corridor for grizzly bears in North America (Chester, 2015), the Terai Arc Landscape for 
tigers in India and Nepal (Wikramanayake et al., 2010), and the Mesoamerican Biological Corridor 
for jaguars in Central America (Holland, 2012). Other migration routes for large animals that 
range between protected areas or other isolated forest patches could be relevant for recreation 
and tourism (Benz et al., 2016) (Box 5.1). 
 

Box 5.1: Jaguars, connectivity, and tourism in the Brazilian Pantanal 

The Brazilian Pantanal and its burgeoning jaguar tourism industry provide an example of the link between 
forest degradation and wildlife tourism. Jaguar populations have remained high in the Pantanal alongside 
a substantial human presence; 95 percent of the region is privately owned and has been used to ranch 
cattle for more than 200 years (de Souza et al., 2018). The yearly flood pulse that submerges the region 
in the wet season has discouraged intensive ranching operations and development. Consequently, the 
Pantanal’s natural land cover has been largely preserved, allowing for broad persistence of jaguar across 
the landscape and the maintenance of natural corridors. The Pantanal is second only to the Amazon in 
terms of corridor potential (Silveira et al., 2014). Genetic analyses indicate that the region hosts high 
genetic variability. The combination of intact forest patches within the region and connectivity throughout 
the Pantanal has allowed for this robust population of jaguar to persist, in sharp contrast to populations 
in the nearby Atlantic Forest, which are highly fragmented and less genetically diverse (Valdez et al., 2015). 
This large, relatively visible population has become the foundation for a young tourism industry built over 
the last 20 years. One 2015 estimate across a representative portion of the Pantanal placed the annual 
land use revenue of jaguar tourism at approximately USD84.3 per ha per year (Tortato et al., 2017). As 
the industry expands, this value is approaching earlier estimates of revenue from land converted to cattle 
pasture at USD119–216 per ha per year (Seidl et al., 2001). Most jaguar tourism is directly associated with 
cattle ranches, a seemingly contradictory situation where jaguar represent economic gains from tourism 
and losses from cattle depredation (Tortato and Izzo, 2017). Furthermore, ranching has recently begun to 
intensify in the Pantanal and is now driving an increase in habitat fragmentation across the region (Silveira 
et al., 2014). As this cloudy relationship between ranching and jaguar tourism takes shape a firm valuation 
of forest corridors and intact forest patches could contribute stability to a region on the brink of economic 
and environmental transformation. 

 

Many forested landscapes with value for wildlife tourism conservation are poised to lose 
connectivity with rapid infrastructure expansion throughout many developing countries 
(Laurance, 2018). Although we did not find studies that explicitly link connectivity, wildlife 
populations, and tourism revenue, we expect that valuation of natural capital would place high 
value on forest fragments that increase connectivity between protected areas or other suitable 
habitat for species relevant for tourism and recreation. 

Impacts of forest degradation on food security from hunting and fishing 

Forest degradation through biotic impoverishment of wildlife (defaunation) can contribute to 
food insecurity if substitutes for protein are not available.  

Importance of bushmeat for local diets. Bushmeat, defined as “meat derived from any wild 
terrestrial mammal, bird, reptile, or amphibian harvested for subsistence or trade, most often 
illegally,” (Cawthorn and Hoffman, 2015) contributes positively to food security for millions of 
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people throughout Africa, Latin America, and Asia. Bushmeat provides a principal dietary source 
of protein, micro-nutrients such as iron, fats, and medicine, as well as opportunities for income. 
People rely on bushmeat predominantly in places where domestic protein sources are 
unavailable or unaffordable. Bushmeat contributes 80 to 90 percent of animal protein in some 
rural regions of West and Central Africa and over 20 percent in the Amazon for some indigenous 
groups (Cawthorn and Hoffman, 2015). Many site-specific studies conclude that bushmeat 
provides critical food security and nutrition for forest-dwelling, poor rural populations, for 
example, (Borgerson et al., 2019; Sarti et al., 2015)  (also see references in section 5.3). In addition 
to local use, in some areas there is considerable demand for commercially-harvested bushmeat, 
which is primarily consumed by wealthy populations in urban areas and is valued at several billion 
dollars annually (Brashares et al., 2011). Paradoxically, bushmeat also presents risks through 
unsafe handling practices. Exposure to blood and other fluids from butchering and preparing wild 
animals, particularly primates, can transmit zoonotic diseases such as HIV, Ebola, and COVID-19 
(Van Vliet et al., 2017). 

Causes of defaunation. Unsustainable bushmeat hunting is the leading cause of defaunation, 
particularly from increasing demand in urban areas that drives commercial exploitation of wildlife 
resources (Ripple et al., 2016). The direct effect of forest degradation through fragmentation, 
fire, and logging on availability of bushmeat is not straightforward. While fragmented forests 
support fewer large mammals than intact forests, degraded forest patches are likely to harbor 
higher abundances of small mammals, rodents, and ungulates (Torres et al., 2018). Indirectly, 
degradation from logging and other extractive industries in forests contribute to defaunation 
through roads that enable commercial bushmeat hunting with modern weapons. Settlements 
associated with labor to work in the industries provide a market for bushmeat (Cawthorn and 
Hoffman, 2015).  

Effects of defaunation. Forests depleted of wildlife display an “empty forest syndrome”, where 
the vegetation may appear intact but the absence of medium and large fauna leads to cascading 
impacts into long-term changes in tree composition by reducing primary seed dispersers, notably 
large mammals and birds. Lower abundance of large-seeded trees, aggregation around parent 
trees, and reduced species diversity potentially alter wildlife habitat, carbon storage and other 
ecosystems services (Gardner et al., 2019a; Krause and Nielsen, 2019; Kurten, 2013). In sum, the 
effects of forest degradation on the availability of bushmeat are intertwined and context specific. 
Beyond the value of intact forests to maintain populations of large mammals, a straightforward 
approach to quantify the effects of forest degradation on food security and income from 
bushmeat at a national level is not obvious although of considerable consequence to poor, rural 
populations.  

Effects on fishing. The effect of forest degradation on fishing is similarly potentially relevant, but 
indirect. Globally, fish provide 15 percent of protein along with essential micro-nutrients (Fisher 
et al., 2017). Poor and undernourished populations in developing countries are particularly 
reliant on inland fish compared with aquaculture and marine sources (McIntyre et al., 2016). 
Abundance and diversity of fish species depend on good water quality, which in turn reflects 
conditions in the watershed (Allan, 2004). Riparian vegetation filters sediment and excess 
nutrients from entering streams, reduces water temperature and fluctuations in temperature 



44 
 

through shade, stabilizes streambanks, and provides food for insects from overhanging leaves 
and woody debris to keep streams conducive to healthy fish populations (Tabacchi et al., 2000). 

Riparian buffers free from logging and other types of degradation are well-established best 
management practices to reduce sediment loads into lakes, streams, and rivers. In temperate 
forests, best management practices from forestry agencies, for example in the USA, call for 
riparian buffers of 10 to 30 meters (Broadmeadow and Nisbet, 2004). Less consensus exists for 
widths of riparian vegetation in tropical forests. Guidelines from the Roundtable of Sustainable 
Palm Oil specify minimum riparian reserve widths ranging from 5 to 100 meters for river widths 
from 1 to more than 50 meters in oil palm plantations and call for wider buffers in small streams 
on steep slopes (Barclay et al., 2017). The Brazilian Forest Code specifies a minimum buffer 
depending on the size of the waterway (Soares-Filho et al., 2014). Best management practices 
for riparian areas, if practiced, are designed to maintain water quality that would maintain 
aquatic populations.  

Effects on coastal areas. Logging in forests that drain into coastal areas can also increase 
sediment load into coral reefs that provide essential habitat for breeding and spawning fish 
(Hamilton et al., 2017). As is the case of bushmeat, effects of forest degradation on fishing can 
be critically important for coastal and inland poor populations. However, the fine-scale nature of 
riparian buffers and indirect relationships between forest degradation, water quality, fish 
populations, and food security are not easily captured in national-scale measures of natural 
capital. 

5.3 Impacts of forest degradation on non-wood forest products 

Impacts of forest degradation on availability of non-wood forest products. Forest degradation 
has significant negative consequences for the provision of non-wood (NWFPs,also referred to as 
non-timber forest products or NTFPs), often impacting indigenous and local communities whose 
livelihoods depend on the extraction of these forest products. In several places, from the Amazon 
tropical forest to rural parts of India, marginalized communities living on the edges of forests not 
only collect NWFPs for their own consumption, but also for commercial sale. This activity often 
represents the main source of income for these communities, making the extraction of NWFPs 
an important contributor to local economies in remote rural areas worldwide (Banerjee and 
Madhurima, 2013; Shanley and Luz, 2003). The loss of NWFPs due to forest degradation can have 
an even greater impact on indigenous communities who are inextricably linked to these 
ecosystems and completely rely on forests for their survival (Banerjee and Madhurima, 2013).  

Among the many types of anthropogenic disturbances, studies indicate that logging, including 
selective timber harvesting, and fragmentation are the main threats for the provision of NWFPs. 
A review that collated examples across tropical regions showed that selective logging and 
associated fragmentation have pervasive impacts on a myriad of NWFPs of livelihood importance 
(Rist et al., 2012). Native fruits and nuts, oil, bushmeat, and medicinal plants were among the 
most affected NWFPs. Forest degradation from selective logging resulted in significant declines 
of fruit, nut, and game availability to local communities in eastern Amazon (Guariguata et al., 
2009; Menton, 2003). Declines up to 75 percent of annual household consumption of game/bush 
meat and native fruits were recorded following logging and associated fire in the eastern Amazon 
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(Shanley et al., 2002). Selective logging and forest fragmentation due to the creation of roads for 
logging vehicles also led to a decline of 86 percent in tree oil harvest, as well as in the availability 
of bush meat, in Eastern Cameroon (Rist et al., 2012; Schneemann, 1995).  

Impacts of forest degradation on medicinal plants. Forest degradation has also been implicated 
as a major threat to the availability to medicinal plants and traditional medicine practices of local 
communities living on the edges of forested ecosystems. More than 80 percent of the developing 
world still relies on traditional medicine for primary health care, as access to modern drugs is 
limited or often inexistent (Shanley and Luz, 2003). Furthermore, in places such as the Brazilian 
Amazon, the commercialization of medicinal plants is an important source of income to 
households in rural areas and the loss of access to these products can have significant 
consequences in already underprivileged and underdeveloped communities. Logging, 
fragmentation and over-harvesting in the Brazilian Amazon has greatly diminished the availability 
of widely used medicinal plants (Shanley and Luz, 2003). The diversity of medicinal plants was 
also significantly lower in heavily logged forests in northwest Pakistan (Adnan and Hölscher, 
2011). This decline has major consequences for local communities in forested areas. 

Indirect impacts of forest degradation. Finally, the loss of regulating ecosystem services due to 
forest degradation can also indirectly impact the provision of non-wood forest products. Studies 
have shown that forest fragmentation can change the composition of pollinator communities 
and result in decreases of pollinator diversity and abundance. These effects have been recorded 
for multiple types of forested ecosystems from temperate forests in North America to tropical 
forests in Costa Rica (Brosi et al., 2008; Taki et al., 2007). A case study from the eastern Amazon 
illustrates how the loss of pollinator diversity can affect the provision of non-wood forest 
products. Anthropogenic disturbances, including fragmentation and intensive agricultural 
practices, impact pollination services to açaí palm in the region, one of the main sources of 
income for local communities (Campbell et al., 2018). The açaí palm is highly dependent on biotic 
pollination and the loss of insect pollinators can not only reduce fertilization rates, but also 
decrease the yield of açaí berry in managed agroforests, strongly affecting local communities that 
rely on the berry as their main economic activity.  

5.4 Impacts of forest degradation on other ecosystem services 

The three ecosystem services considered above (water services; recreation, hunting and fishing; 
and non-wood forest products) are a subset of those affected by forest degradation.  

Several additional ecosystem services are relevant at a regional scale. For example, degraded 
forests in coastal areas, including mangrove forests, are potentially relevant for estuarine and 
coastal protection to attenuate the strength of waves and storm surges (Barbier, 2015). Degraded 
forests with high human impact are also susceptible to fire. Emissions from forest fires are a 
serious public health hazard with negative effects on air quality for downwind populations, such 
as in fire-prone regions of North America (McClure and Jaffe, 2018) and human-caused fires that 
cause haze throughout Southeast Asia in the dry season (Koplitz et al., 2016). An additional 
ecosystem service affected by forest degradation is regional climate. To the extent that degraded 
forests alter hydrology and reduce evapotranspiration, regional precipitation patterns critical for 
agriculture can be affected (Coe et al., 2017; Salati et al., 1983). 
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At a global scale, forests play a major role in regulating climate through carbon sequestration and 
storage. Forest degradation that reduces biomass compromises this service (Chaplin-Kramer et 
al., 2015). Finally, habitat that supports biodiversity is a highly relevant service provided by 
forests although difficult to quantify in economic metrics. 

A comprehensive methodology to incorporate forest condition in the valuation of natural capital 
from non-wood forest assets would incorporate these regional and global-scale ecosystem 
services. Due to transboundary flow of regional and global ecosystem services, a considerable 
challenge will be to link services from forests in one country to benefits or costs in another.  
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6. Conclusions 

The available evidence shows that forest degradation can have important effects on ecosystem 
services. This has significant implications for any effort to estimate the value of forests, such as 
that prepared for the World Bank’s The Changing Wealth of Nations (CWON) report. Such efforts 
attempt to estimate the value of forests by quantifying and valuing the flows of ecosystem 
services they provide, and generally consider a particular area to be either under forest or under 
another, non-forest use—no distinction is made for the condition of the forest.  

Fully accounting for forest condition in estimates of forest value is difficult if not impossible at 
present due to the lack of data measuring the various aspects of degradation, except locally, and 
to still limited understanding of the impacts of degradation. In this chapter, we begin by assessing 
the robustness of the evidence on these effects. We then examine how forest degradation would 
affect efforts to estimate the value of forests. 

6.1 Robustness of evidence on the effects of degradation 

The robustness of the evidence to quantify the effects of forest degradation on the three 
ecosystem services considered here varies across the types of degradation and the effects. In this 
section, we list the effects in approximate order of most to least robust, based on the discussion 
in the previous sections. Table 6.1 summarizes our assessment of the evidence to potentially 
quantify the effects.  

Edge effects from increased forest patchiness on water balance (--). Forest edges tend to have 
lower soil moisture, canopy cover, and infiltration.1 Fragmentation experiments indicate that 
these effects penetrate approximately 500 into the forest from the edge of forest patches in 
tropical forests, and 250m in temperate forests. There is little direct evidence on the effect on 
water yields through measurements of stream flow. The observed hydrological effects suggest 
higher runoff and peak flows downstream of forests with an increase in proportion of forest 
within the edge. In the humid tropics, where trees are less adapted to fire than those in drier 
temperate forests, susceptibility of edge forest to human-caused fire is a particular concern. 

Clear cut logging, fire, and pathogen outbreaks on services (--). Biomass loss from logging, fires, 
and pathogen outbreaks has cascading consequences for water services. Studies of rotational 
clear-cut logging in temperate and boreal forests indicate that temporary removal of biomass 
increases runoff and peak flow when a large proportion of the watershed is cleared. Nitrate and 
sediment concentrations increase non-linearly with a high percentages of biomass loss in 
watersheds. Effects are highly context-specific depending on soils, hydrological events, and 
vegetation cover. Fires in catchment areas can negatively impact downstream water quality 
through sediment loads.  

Soil erosion from roads and infrastructure on water quality (-). Roads, mines, and other 
infrastructure lead to exposed ground and the potential for soil erosion to increase sediment 
load. Best management practices aim to reduce erosion. The extent to which these practices are 

 
1  The proportion of forest in edges could be calculated at a national level as in Chaplin-Kramer and others, 2015. 
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applied are not known, but data on road density and human impact can provide a proxy for the 
potential for downstream impacts. 

Tree plantations on water services (-). In young tree plantations, water runoff increases relative 
to natural forests. Increased runoff can lead to reduced dry season flows and increased flood risk. 
In both water-scarce and water-abundant regions, lower canopy cover and exposed soil can 
increase sediment loads.  
 

Table 6.1: Assessment of robustness of effects of forest degradation on ecosystem services 
(--)  
(-) 
(?) 

Relatively strong evidence with high relevance, negative effect on ecosystem services 
Medium evidence  
Inconclusive evidence  

Type of degradation 

Water services Recreation, 
hunting, and 

fishing 
Non-wood forest 

products Water balance Water quality 

Fragmentation:     

Isolation of patches and 
exposed edge 

Edge effects 

(- -) 
  

Habitat to 
maintain NWFP 

tree species 

(-) 

Fragmentation and 
barriers in contiguous 
patches 

 
Sediment 

(-) 

Wildlife tourism 

(-) 
 

Impoverishment of species composition:    

Tree plantations 
Increase runoff 

(-?) 
  

Tree species for 
NWFP 

(?) 

Loss of fauna species   

Bushmeat 
availability 

(?) 

 

Biomass loss:     

Abrupt biomass loss 
(Clear-cut logging, 
fires) 

Increase runoff 

(- -) 

Nitrate and 
sediment runoff 

with high biomass 
loss 
(-) 

Fish availability 

(?) 

Availability of 
NWFPs for 

indigenous and 
local communities 

(-) 

Gradual biomass loss 
(selective logging, 
pathogen outbreaks, 
unsustainable use) 

Increase runoff 
only if high 

biomass loss 

(-) 

Nitrate and 
sediment runoff 

with high biomass 
loss 

(?) 

 

Availability of 
NWFPs for 

indigenous and 
local communities 

(?) 

 

Loss of landscape connectivity on wildlife tourism (-). Wildlife tourism, which generates revenue 
and job opportunities, requires healthy populations of charismatic, large-ranging species which 
in turn require large areas without barriers to movement. Rapid infrastructure expansion creates 
such barriers and fragmentation restricts population movement. An overlap of corridor locations 
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on road density (and plans for future infrastructure if possible) could quantify this effect although 
a readily available global dataset of relevant corridors does not exist to our knowledge.2 

Forest degradation effects on availability of NWFP for indigenous and local communities (-). 
Local case studies indicate that forest fragmentation and logging negatively affect the availability 
of NWFPs, such as medicines, fruit, nuts, and oils, which provide income and utility for many 
indigenous and local communities living near forests throughout the tropics.3 The direct effects 
of forest degradation reduce the abundance of tree species relevant for NWFPs, while indirect 
effects alter habitat for pollinators leading to reduced yields of fruits such as the açaí berry. 

Fragmentation and defaunation effect on bushmeat availability for hunting (?). Bushmeat 
provides an important source of protein and other nutrients for poor, rural population, 
particularly in Central and West Africa. However, evidence that forest degradation affects the 
ability of people to access bushmeat is sparse and conflicting, particularly since fragmented, 
degraded forest patches can harbor high abundances of rodents and small mammals.  

Degradation of riparian vegetation on fish availability (?). Like bushmeat, fish from inland and 
coastal are an important protein source. Riparian forests are highly relevant for water quality and 
healthy aquatic populations. Direct evidence linking degraded riparian forests with loss of fish 
resources is sparse. The effect is difficult to capture at a national level due to the high resolution 
required to map riparian buffers, suggesting that this effect is problematic to capture in CWON. 

6.2 Effects of forest degradation on estimates of forest value 

Estimates of the value of forests that do not take into consideration the condition of the forest 
may be incorrect. Although it isn’t possible at present to arrive at estimates of forest that 
incorporate the effects of degradation, in some cases it is possible to say whether estimates that 
do not consider forest condition are likely to be under- or over-estimated. These effects are 
summarized in Figure 6.1. 

Valuation that does not consider forest condition is likely to overestimate the value of forests in 
the following locations:  

 The edges of forest patches (500m for humid tropical forests, 250m for temperate forests) 
due to their impact of edges of forest patches on water yield and susceptibility to fire; 

 Forests fragmented by roads and other infrastructure, due to their impact of soil erosion on 
water quality and on landscape connectivity; 

 Monoculture tree plantations (particularly in water-scarce regions) due to their impact on 
water balance and loss of non-wood forest products; 

 Heavily logged forests, due to the impact on water yield and water quality; and 

 
2  As a proxy, datasets of intact landscapes, biodiversity intactness, low impact areas combined with defaunation 
index could indicate where forests have particularly high potential value for connectivity. 
3  While mapping forests where people rely on NWFPs is not straightforward, data on locations of indigenous and 
local community lands in forests can serve as a proxy, for example, see Garnett and others (2018). 
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 Riparian forests that buffer streams, due to their impact on water quality and possibly on 
fishing. 

 

 
Schematic of approach to downscale (light green) or upscale (dark green) value of forest to account for degradation 
effects on the ecosystem services considered in this report. 

Figure 6.1: Possible biases in valuation that doesn’t consider forest condition  

 
Conversely, valuation that does not consider forest condition is likely to underestimate the value 
of forests in: 

 Intact forest (which likely overlaps with species-rich forest, and forest with low human 
impact); 

 Forests that provide landscape connectivity to maintain value of charismatic species for 
recreation and wildlife tourism. 

 Forested indigenous and community lands that provide NWFPs to support livelihoods. 

The extent to which forest values that do not consider degradation may be over- or under-
estimated is difficult to assess with accuracy based on existing information. Moreover, the effects 
of degradation are likely to vary with biophysical conditions such as soil and climate. Table 6.2 
below provides some very crude estimates of the relative magnitudes of these effects of forest 
degradation on estimates of forest value. It should be stressed that these estimates are very 
uncertain.  

Forest patch

Intact/low human impact Patch edge

Wildlife corridor Plantation

Indigenous and community lands High human impact

Over-valued:Under-valued:
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Table 6.2: Relative magnitudes of effects of forest degradation on ecosystem services in 
over- and under-valued forests 

 
Water services 

Recreation, hunting, 
and fishing 

Non-wood forest 
products 

Enhance value: 

Intact/low human 
impact/high biomass 

++   

Wildlife corridors  +  

Indigenous and community 
lands 

  

+ as function of 
livelihood 

dependence of local 
population 

Reduce value: 

Forest edge - - for tropical humid 
forests 

- for temperate 
forests 

  

Plantation - - for plantations in 
previously un-

forested locations 

- for plantations 
replacing forest 

  

High human impact/low 
biomass 

-   

Notes:  Assessment is based on the literature review in Chapter 5 using the value with the greatest 
impact. 
+ + and - - indicate relatively higher or lower effect on forest value than + and -. 
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Appendix 1. Data sets on forest degradation 

The World Bank’s Changing Wealth of Nations report includes assets if at least 100 countries can 
be included, data are publicly available, and data are regularly updated to provide a time series. 
In the data sets that are available to apply varying values of forest to incorporate degradation (or 
intact forest), global data sets are generally available for many of the attributes. An exception is 
spatial data on tree plantations available for a subset of countries but non-spatial, country-level 
data can be obtained for countries without spatial data (Table A1.1).  

 

Table A1.1: Potential data sets to assess the extent of forest degradation 

Forest attribute Potential data sets 
Covers >100 

countries 
Publicly 

available 
Periodically 

updated 

Enhance value: 

Intact/low human 
impact 

Intact landscapes Yes Yes No 

 Defaunation index No Yes No 

 Forest integrity index No Yes No 

 Biodiversity intactness Yes Yes No 

 Biomass maps Yes Yes No 

Wildlife corridor Maps of corridors? ? ? NO 

Indigenous and 
community lands 

Indigenous and community 
territories 

Yes On request 
from author 

No 

Reduce value: 

Forest edge Forest cover Yes Yes Yes 

Plantation Plantations No Yes No 

High human impact Human modification index Yes Yes No 

 Road density Yes Yes No 

 
The available data sets are produced by the scientific and NGO community rather than national 
or international institutions. They consequently are not necessarily produced consistently at 
periodic intervals. However, time series of some data sets, for example, human impact, road 
density, forest cover, have been made publicly available. Ideally, institutions such as the United 
Nations Food and Agriculture Organization would produce these data sets after the scientific 
community has developed a repeatable and sound methodology. With new sensors and publicly 
available data streams, additional methods and data sets to monitor forest degradation are likely 
to become available in coming years.  

A next step is to overlay relevant data sets using a spatial, GIS approach to assess which are most 
appropriate. Some data sets that provide similar information. For example, human footprint and 
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road density, need to be examined to determine how best to use them in combination. National-
level statistics can be derived from the spatial data sets.  

Some types of forest degradation are not possible to map globally or at a resolution needed to 
develop country-level assessments. Maps of wildlife corridors, for example, are available for well-
known corridors but data sets will not include all relevant corridors. In addition, data sets to 
assess local impacts on food security and incomes from bushmeat and fish as well as local access 
to non-wood forest products are not globally available. These impacts are most likely to affect 
vulnerable, rural populations who depend on healthy forests for livelihoods. Although difficult to 
include in national assessments, they are nevertheless critical components of efforts to 
incorporate forest degradation in valuing forest assets. An approach could value forests in 
locations with indigenous and local populations who rely on forests for livelihoods, based on data 
such as that compiled by (Garnett et al., 2018).  

Table A1.2 summarizes the spatial data sets that could be useful for valuation of the impact of 
forest degradation on ecosystem services, either as proxy indicators or direct measures of 
degradation. 
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Table A1.2: Remote sensing and other spatial data products for mapping forest degradation 

Data product 
Spatial extent Temporal 

coverage Source 
Reference 

Fragmentation indicators: 

Human footprint Global,  

1 km2 

2009, 1993 Sedac.ciesin.columbia.edu/data/set/wildareas-v3-2009-human-footprint 

 

(Venter et al., 
2016) 

Human 
modification index 

Global, 

 1 km2 

2016 Figshare.com/articles/Global_Human_Modification/7283087 (Kennedy et 
al., 2019) 

Low impact areas Global,  

1 km2 

? Doi.org/10.5061/dryad.z612jm67g (broken link) (Jacobson et 
al., 2019) 

Road density Global,  

8 km2 

? Www.globio.info/download-grip-dataset (Meijer et al., 
2018) 

Intact landscapes Global 2000, 2013, 
2016 

Http://www.intactforests.org/data.ifl.html (Potapov et 
al., 2017) 

Tree cover (for 
patch size 
distribution) 

Global, 30m 2001 to present 
biannually 

Https://www.globalforestwatch.org (Hansen et al., 
2013) 

Species impoverishment indicators: 

Forest integrity 
index 

Humid 
tropics 

Circa 2010 www.unbiodiversitylab.org/ (Hansen et al., 
in press) 

Plantations 82 countries 2015 www.globalforestwatch.org (Harris et al., 
2018) 

Biodiversity 
intactness 

Global,  

1 km2 

Current? https://data.nhm.ac.uk/dataset/global-map-of-the-biodiversity-intactness-index-
from-newbold-et-al-2016-science 

(Newbold et 
al., 2016) 

Defaunation index Tropics, 1 
km2 

Input data sets 
span from 1980 
to 2017 

figshare.com/projects/Intact_but_emtpy_forests_Patterns_of_hunting-
induced_mammal_defaunation_in_the_tropics/31118 

(Benítez-
López et al., 
2019) 

Loss of biomass indicators: 

Active fires Global Daily since 2000 Earthdata.nasa.gov/earth-observation-data/near-real-time/firms/active-fire-data (Giglio et al., 
2016) 

https://www.globalforestwatch.org/
http://www.unbiodiversitylab.org/
http://www.globalforestwatch.org/
https://data.nhm.ac.uk/dataset/global-map-of-the-biodiversity-intactness-index-from-newbold-et-al-2016-science
https://data.nhm.ac.uk/dataset/global-map-of-the-biodiversity-intactness-index-from-newbold-et-al-2016-science
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Table A1.2: Remote sensing and other spatial data products for mapping forest degradation 

Data product 
Spatial extent Temporal 

coverage Source 
Reference 

Burn scars (Global 
fire emissions 
data) 

Global, 0.25o Monthly from 
1997 to present 

Www.globalfiredata.org/data.html (Giglio et al., 
2013) 

Above ground 
biomass 

Tropics and 
global, 1 km2 

 

Circa 2016 and 
change 2003-
2014 

Https://www.unbiodiversitylab.org/ 

 

(Avitabile et 
al., 2016) 

(Baccini et al., 
2017) 

Other: 

Indigenous and 
community lands 

Some 
countries 

Current http://www.landmarkmap.org/ (Garnett et 
al., 2018) (on 
request) 

Forest Health 
Index 

Global 2019 Data will be available for download when paper is published (Grantham et 
al., 2020) 

Notes: Some of these data sets are available at the UN Biodiversity Lab platform at www.unbiodiversitylab.org in addition to the source provided.   

 

http://www.globalfiredata.org/data.html
https://www.unbiodiversitylab.org/


56 
 

Appendix 2: Data sources for tables and figures 

Table A2.1: Summary of measurements of distance from edge affected by fragmentation 
for hydrological parameters relative to core areas of forest patches 

Forest type, 
Location Effect 

Distance from 
edge (m) Reference 

Humid tropical   

Amazon Decreased relative humidity 50-100 (Laurance et al., 2018) 

Amazon Decreased soil moisture 25-75 (Laurance et al., 2018) 

Amazon Altered air temperature 40-75 (Laurance et al., 2018) 

Amazon Increased air temperature 50 (Laurance et al., 2018) 

Amazon Increased vapor pressure deficit 25-50 (Laurance et al., 2018) 

Amazon Leaf conductance 10 (Laurance et al., 2018) 

Amazon Leaf relative water content 10-15 (Laurance et al., 2018) 

Amazon Decreased canopy foliage density 50 (Laurance et al., 2018) 

Amazon Increased treefall gaps 25-50 (Laurance et al., 2018) 

Amazon Decreased vapor pressure deficit 20 (Kapos, 1989) 

Amazon Lower soil moisture 10-20 (Kapos, 1989) 

Amazon Microclimate alterations 60 (Kapos, 1989) 

Amazon Desiccation 100-200 (Malcolm, 1998); (Didham 
and Lawton, 1999) 

Amazon Burned forest 500 (Cochrane, 2001) 

Amazon Increased fire frequency 2400 (Cochrane, 2001) 

Temperate    

New Zealand Increased air temperature 30-50 (Young and Mitchell, 1994) 

New Zealand Increased vapor pressure deficit 50-100 (Young and Mitchell, 1994) 

New Zealand Increased photosynthetically active 
radiation 

10 (Young and Mitchell, 1994) 

New Zealand Increased soil temperature 80 (Davies-Colley et al., 2000) 

New Zealand Increased vapor pressure deficit 40 (Davies-Colley et al., 2000) 

New Zealand Increased air temperature 40 (Davies-Colley et al., 2000) 

New Zealand Increased wind speed 80 (Davies-Colley et al., 2000) 

Illinois Increased canopy openness and air 
temperature, decreased soil 
moisture and relative humidity 

250 (Gehlhausen et al., 2000) 

Pennsylvania 
and Delaware 

Decreased air moisture 50 (Murcia, 1995) 



57 
 

Table A2.1: Summary of measurements of distance from edge affected by fragmentation 
for hydrological parameters relative to core areas of forest patches 

Forest type, 
Location Effect 

Distance from 
edge (m) Reference 

Pennsylvania 
and Delaware 

Increased air pressure deficit 50 (Murcia, 1995) 

Pennsylvania 
and Delaware 

Increased air temperature 24 (Murcia, 1995) 

Pennsylvania 
and Delaware 

Increased photosynthetically active 
radiation 

44 (Murcia, 1995) 

 

 

Table A2.2: References for figures 

References for Figure 5.5: Effect of logging on water yield 

Bren & Papworth (1991); Harr (1976); Harris (1973); Hewlett & Doss, (1984); Hornbeck and others 
(1987); Keppeler & Ziemer (1990); Lal, (1997); Likens and others (1970); Miller and others (1988); 
Patric & Reinhart (1971); Pearce and others (1980); Pererira (1962); (1964); Rothacher (1970); 
Swift & Swank (1981); Swindel and others (1982). 

References for Figure 5.6: Effect of logging on peak flow 

Bren & Papworth (1991); Brown and others (1974); Goodell (1958); Harr and others (1979); 
Hewlett & Doss (1984); Hewlett & Helvey (1970); Kochenderfer and others (1997); Miller and 
others (1988); Neary (1995); Pierce and others (1970); Richardson and others (2002); Swindel 
and others (1983); Thomas & (1998); Verry (1972). 

References for Figure 5.7: Effect of logging on stream or groundwater nitrate concentration 

Adams & Stack (1989); Aubertin & Patric (1974); Bateridge (1974); Binkley & Brown (1993); 
Brown and others (1973); Corbett and others (1975); Dissmeyer (2000); Douglass & Swank 
(1975); Fredriksen (1971); Fredriksen and others (1975); Hewlett & Doss (1984); Johnston (1984); 
Kubin & Krecek (2009); Likens and others (1970); Pierce and others (1970); Pierce and others 
(1972); Richardson and others (2002); Rosén and others (1996); Snyder and others (1975); 
Stottlemyer & Michigan (1987); Stuart (1976); Tremblay and others (2009); Verry (1972). 

References for Figure 5.8: Effect of logging on sediment concentration 

Beasley (1979); Heede (1987); Hornbeck and others (1987); Leaf (1966); Nainar and others 
(2017); O’Loughlin & Pearce (1976); O’Loughlin and others (1980); Richardson and others (2002); 
Riekerk and others (1980); Swanson & Dyrness (1975); Swanson and others (1986); Van Lear and 
others (1985).  
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References for Figure 5.9: Effect of forest fire severity on mean stream flow 

Carignan and others (2000); Dahm and others (2015); Neary & Tecle (2015); Richter and others 
(1982); Rust and others (2018); Schindler and others (1980); Smith and others (2011). 

References for Figure 5.10: Effect of forest fire severity on turbidity 

Alexander and others (2004); Brown (1972); Campbell and others (1977); Carignan and others 
(2000); Chessman (1986); Dahm and others (2015); Douglass & Van Lear (1983); Gallaher and 
others (2002); Gerla & Galloway (1998); Helvey (1980); Helvey and others (1985); Landsberg & 
Tiedemann (2000); Lane and others (2008); Leak and others (2003); Malmon and others (2007); 
Mast & Clow (2008); Neary  (1995); Rust and others (2018); Sheridan and others (2007); Smith 
and others (2011); Ursic (1970); Van Lear and others (1985); Wells (1986); White and others 
(2015); Wilkinson and others (2006); Wright and others (1976); Wright and others (1982).  

References for Figure 5.11. Effect of forest fire severity on nitrate-nitrogen 

Anderson and others (1976); Campbell and others (1977); Carignan and others (2000); Chorover 
and others (1994); Douglass & Van Lear (1983); Fredriksen (1971); Gottfried & DeBano (1990); 
Hauer & Spencer (1998); Helvey (1972); Landsberg & Tiedemann (2000); Richter and others 
(1982); Riggan and others (1994); Rust and others (2018); Schindler and others (1980); Tarapchak 
& Wright (1977); Taylor and others (1993); Tiedemann and others (1978); Tiedemann (1973); Van 
Lear and others (1985).  

References for Figure 5.12: Effect of pathogen-induced dieback on nitrate concentration 

Bearup and others (2014); Beudert and others (2015); Chamier and others (2012); Clow and 
others (2011); Edburg and others (2012); Huber (2005); Lovett and others (2002); McCormick and 
others (2009); Mikkelson and others (2013); Zimmermann and others (2000). 
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