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Abstract

Land-use change can have profound effects on forest communities, compromising seedling
recruitment and growth, and long-term persistence of forests on the landscape. Continued
forest conversion to agriculture causes forest fragmentation which decreases forest size,
increases edge effects and forest isolation, all of which negatively impact forest health.
These fragmentation effects are magnified by human use of forests, which can compromise
the continued persistence of species in these forests and the ability of the forests to support
the communities that depend on them. We examined the extent and influence of human dis-
turbance (e.g. weedy taxa, native and exotic tree plantations, clearings, buildings) on the
ecological status of sacred church forests in the northern highlands of South Gondar, Ethio-
pia and hypothesized that disturbance would have a negative effect. We found that distur-
bance was high across all forests (56%) and was negatively associated with tree species
richness, density, and biomass and seedling richness and density. Contrary to expectation,
we found that forests < 15.5 ha show no difference in disturbance level with distance from
population center. Based on our findings, we recommend that local conservation strategies
not only protect large forests, but also the small and highly used forests in South Gondar
which are critical to the needs of local people, including preserving large trees for seed
sources, removing exotic and weedy species from forests, and reducing clearings and trails
within forests.

Introduction

Isolation and degradation can be the silent demise of forests as towering canopy trees give the
impression of a healthy forest ecosystem, while understory species composition can be domi-
nated solely by pioneer species, completely void of seedlings from old growth species. This
phenomenon has been written about in numerous ways, most famously by Janzen [1] who
characterized latent extinction as single, majestic, long-lived trees stranded in vast agrospace
or a forest of trees that can no longer reproduce, but survive as living dead. Deforestation and
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degradation, still rampant in tropical regions [2], are not the only form of forest loss. The
relentless destruction of buffer zones around forests increases forest isolation and edge effects,
such as increased wind and decreased humidity [3-5], and can be devastating to overall forest
integrity and ecology as they can magnify the disturbance within the forest. Disturbances
within forests, for example grazing animals that trample seedlings and compact the soil, can
also lead to forest decline, through forces such as reduced species richness and density, both of
which compromise regeneration potential [4, 6-10]. A recent metanalysis on forest isolation
and edge effects indicates that 70% of the world’s remaining forests are within 1000 m of the
edge, with 20% of those within 100 m of an edge [11].

Land use change (LUC) continues in tropical countries, with a conservative estimate from
the Food and Agricultural Organization of 8 million ha deforested annually from 2000-2010
[2]. The human influence on this is clear as 6 million ha of these forests were converted to agri-
cultural land [2]. Smaller scale human impacts on forests such as timber and non-timber prod-
uct harvesting [12], planting of exotic species (e.g. Eucalyptus; [13]), and live-stock grazing,
and clearings or gathering areas [8] can have pervasive impacts on forests. The myriad impacts
of LUC on the local, regional and global scales are well documented such as the loss of biodi-
versity [14, 15], decreased carbon storage, varying weather patterns [16], increased fire fre-
quency and intensity [17], and loss of other ecosystem services [15, 18]. Land use change also
impacts the communities that use forest resources; as resources diminish, cultural traditions
can be compromised or lost [19]. These effects can be felt more acutely in regions that rely on
the land and are socioeconomically disadvantaged.

Forest size, the degree of disturbance, the presence of roads and distance to population cen-
ter can also contribute to forest degradation. In tropical regions, roads are cited as the “first of
a hundred cuts” that degrade intact forests, as they allow the initial penetration of the forests,
which is quickly followed by increased population density, logging, and minor road develop-
ment [20]. As such, distance to population center can be used as a proxy for LUC; regions void
of significant road development are often characterized by more intact forest [21]. Small for-
ests, fragments and patches, are well-studied and known to have strong abiotic and biotic
responses to decreasing forest size. Edge effects increase temperature, light, wind, and distur-
bance, while decreasing humidity. These effects permeate up to 300 m into the forest [22] and
have been associated with negative effects on taxon abundance, diversity, carbon storage, and
ecosystem services in general [23].

While landscapes characterized by large, intact forests are best suited to sustain high levels
of biodiversity and provide a constant supply of multiple ecosystem services [15, 24, 25], other
landscapes have been so heavily transformed that a mosaic of small forest patches is all that
remains to serve as an ecosystem refuge. These areas cannot immediately transition back to
large intact, mature forests and, thus, the overall health of the forest mosaic is critical to avoid
further declines in biodiversity. This is seen acutely in northern Ethiopia where the last
remaining forests are small patches that average 5 ha in size [26, 27]. However, while small in
size, in South Gondar alone (14,607 km?) there are 1022 of these forests that span elevations
and biomes making up ~ 5500 ha of tree cover (Scull, unpublished data). These forests have a
church at their center and are considered critical in protecting the sacredness of the church
and as such their association with the church protects them [28]. This protection due to
sacredness is often referred to as shadow conservation [27, 29]. These church forests in north-
ern Ethiopia have shown remarkable persistence; 99% of forests have survived the past half-
century, with no forest found without a church [27]. However, the density of scattered trees
and bushlands that surround these forests has declined over the past 80 y, which amplifies for-
est isolation and edge effects [4]. As a result of declining woody biomass outside of the forests,
the demand on the forest for both material and non-material use has likely increased, which
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could compromise the integrity and persistence of these forests on the landscape. Previous
work in the region has found that over a 50 y time span, crown closure declined significantly
and 37% of the total forest area was characterized by some form of disturbance [27].

This study principally aimed to determine the impacts of human disturbance (e.g. human
structures, planted taxa, weedy taxa) on church forest integrity and regeneration potential. In
addition, we examined the factors of forest size, elevation, distance to population center, and
the presence of an exterior wall on species richness, density (ha™), and biomass (ha™) of stand-
ing live trees, as well as the richness and density of tree seedlings in 44 church forests across
South Gondar, Ethiopia. Previous research indicates that the presence of a wall, established for
various reasons including demarcating land and blocking human and animal access, can have
a protective effect on forests as their presence increased seedling richness and density, but did
not affect tree species richness or density [6]. As such, we include the presence of walls in our
analysis of seedling richness. We hypothesized that human disturbance would negatively affect
tree species richness, density, biomass and seedling regeneration and have a greater impact in
smaller forests that were closer to a population center. This research is part of a long-term
study on the factors that contribute to the effective management of church forests in Ethiopia.

Materials and methods
Study area and site selection

We established long-term research sites in 44 church forests in the tropical, seasonally dry
montane region of South Gondar in northern Ethiopia. The average annual rainfall is 700-800
mm with most falling June-August (Nyssen et. al. 2005). The distribution and abundance of
the church forests in the region are detailed in another paper [27]. In brief, there are ~1022
church forests in South Gondar, with no forest detected without a church. The forests are scat-
tered throughout the landscape separated by approximately 2.10 km (+ 0.03) ha and are small
on average, 5.42 (+ 0.34; range 0.02-148.86) ha [27] (Figs 1 & 2). To access church forests, we
secured permission from the office of Abune Aregawi, Bishop of South Gondar, which gave us
permission letters for entry to each church forest.

These forests are sacred as they surround a Christian Orthodox Tewahido Church [26, 28,
30]. The church itself is usually in the center of the forest within a walled clearing (Fig 3).
These church forests are active with religious services and events throughout the week [28].
Along the edges of the forests are mahabirs, or gathering areas, which are maintained open
spaces that are used for meetings and other events [28]. These mahabirs along with trails,
graves, and small huts contribute to the constant human presence within forests, which could
influence the integrity of the forest. In addition, often along the edges there are plantings of
both native and exotic taxa [27]. Sometimes these forests have a wall surrounding the perime-
ter of the forest that is made with local rocks; these walls all vary in height, age, and intactness.

The church forests of Ethiopia span elevations and biomes, with montane region (1800-
2050 m a.s.l.) characterized by evergreen broadleaf taxa Prunus (Rubiaceae) and Mimusops
(Sapotaceae) and the upper montane region (2400-2700 m a.s.l) characterized by Juniperus
(Cupressaceae) and Euphorbia (Euphorbiaceae) [27]. To determine the effects of disturbance,
forest size, distance to population center, elevation, and the presence of a wall on forest status,
we selected 44 forests that ranged in size between 1.4-15.4 ha, both above and below the mean
size, but still representative (Table 1). Distance was categorized as either near (< 50 km) or far
(> 50 km) from two cities, Bahir Dar (population 243,330) for montane church forests or
Debre Tabor (population 87,100) for upper montane church forests [31]. Sample church forest
number is not uniform for all categories, however; we have at least four forests within each
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Fig 1. Map of study area in the South Gondar region of northern Ethiopia. Description: Church forests are
scattered in the landscape and are separated by ~ 2 km with a matrix of agricultural land separating them. Named areas
are Woredas or Districts [50]. Basemap images obtained form ESRI.

https://doi.org/10.1371/journal.pone.0212430.9001

category. Forest properties assessed were: human disturbance, rarefied species richness, tree
density, and biomass ha™'; and seedling richness and density.

Transect Methods: Disturbance, species richness & density, biomass

Modified Gentry transects [27, 32] were established in each forest at three cardinal directions
(0°,120°, and 240°) from the church center to the edge of the forest (Fig 3). Each transect was
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Fig 2. Average size of church forests in the region is small, 5.42 (+/- 0.34 ha). There are 1022 church forests in South
Gondar, Ethiopia, an area of 14,059 km?. Forest range from <1-148.7 ha, 93% of these forests are < 15 ha [27].

https://doi.org/10.1371/journal.pone.0212430.g002
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Fig 3. Transect design for the quantification of plant species richness, density, and biomass in 44 church forests in
northern Ethiopia. Modified Gentry transects were established in each forest at three cardinal directions (0°, 120°, and
240°) from the church center out towards the edge of the forest. Each transect was 2 m wide and the length depended on
the size of the forest. Within each transect every stem > 1 cm was measured and identified as well as any type of
disturbance recorded.

https://doi.org/10.1371/journal.pone.0212430.9003

2 m wide and the length depended on the size of the forest. Along each transect, all woody spe-
cies greater than 1 cm were identified, measured for diameter at breast height (dbh), and
recorded. Biomass of trees was calculated using the same allometric relationship because

Table 1. The 44 study forests in relation to elevation, distance to population center, and the presence of a wall.

Elevation Montane (1800- | Upper Montane
2050 m) (2400-2700 m)
Distance from Bahir Dar (montane) or Debre Tabor (upper montane) | Wall | No Wall | Wall | No Wall
Near (< 50 km) 4 7 6 5
Far (< 50 km) 5 6 7 4

Sample number of forests within each study category. Forest sizes ranged from 1.4-15.4 and were represented across

all categories.

https://doi.org/10.1371/journal.pone.0212430.t001
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species-specific functions were not available (Eq 1).

34.4703 — 8.0671 * (dbh) + 0.6589 * (dbh * dbh). (Eq1)

Native taxa were noted along each transect in addition to the type and location of any form
of disturbance across four categories (Table 2). While our aim was to note disturbance, both
natural (e.g. gaps, tree falls) and human (e.g. clearings), we quickly discovered that there was
little to no natural disturbance and we were documenting human disturbance. The percent of
native taxa and each disturbance type along the transect was calculated (Eq 2).

area of human disturbance type

100 2
area of transect * @)

Along each transect at three points (in the center, 10 m from the outer edge, and 10 m from
the internal wall around the church), we measured seedling richness and density in 1 m* quad-
rats for a total of 3 seedling plots per transect and 9 seedling plots per site.

Statistical analysis

We used Model 1 Fixed Effects Analysis of Variance (ANOVA) to determine if size, distance to
population center, elevation, and the presence of a wall were significantly associated with each of
our dependent variables, namely: tree species richness, trees species density, tree biomass, seedling
density, seedling richness, and disturbance [34]. We used regressions to determine if there were
causative linear relationships between our independent and dependent variables. Because distur-
bance was pervasive across sites, we also examined the association of disturbance with the depen-
dent variables in ANOVA and Regression models. Normality of model residuals for both
regression and ANOVA were tested using the Shapiro-Wilk Normality Test, and all models pre-
sented conform to normality assumptions for ANOVA and Regression analysis (p > 0.05).

To compare tree species richness among church forests, we used rarefied species richness to
control for the variation in the number of individual trees found among our sites. We used the
rarefy function in the vegan package (v. 2.5-3, [35]) in R (v. 2.51, [33]) to generate rarefied tree
species richness.

Results

Across 44 church forests, we identified and measured 11,310 trees > 1 cm and identified 139
species (excluding unknowns) in 105 genera and 69 families and found an average species

Table 2. Type of human disturbance along study transects.

Type of Human Description
Disturbance
Weedy Taxa Acanthus and Justica are two common and dense weeds in the forest that concentrate

along the edges and within gaps.

Planted Taxa Exotic: Eucalyptus: Plantations of Eucalyptus are found both along edges and within
some forests. This is used for building material and for profit.

Native taxa include: Juniperus, used for buildings within the forest; Coffea, coffee which
is often sold; and Rhamnus, used for making the traditional dark beer, Tella.

Non-planted Exotic Taxa | Although rare, these are exotic species found dissociated from plantations

Other Human Buildings, graves, slashed trees, evidence of grazer forage, gathering areas, clearings.
Disturbance

Human disturbance categories that were quantified across transects in 44 church forests in northern Ethiopia.

Disturbance types are categorized as natural or human.

https://doi.org/10.1371/journal.pone.0212430.t002
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richness, excluding exotic and planted taxa, of 10.8 (+ 0.5). The most species rich plant families
were: Fabaceae, Asteraceae, Rubiaceae, Celastraceae, Euphorbiaceae, Lamiaceae and Malvaceae.

Disturbance

Human disturbance was pervasive across sites, with an average total disturbance of 56.2% (+
3.2; Fig 4). When broken down by disturbance types, human-induced disturbance due to
buildings and clearings was significantly higher than human disturbance due to the introduc-
tion of weeds and the planting of exotic or native species (ANOVA: F; 150 = 33.02, p < 0.001;
Fig 4). We found that disturbance was not significantly associated with forest size, distance

to population center, elevation, or the presence of a wall (ANOVA: F, 39 = 1.888, p = 1.34).
However, disturbance had a weak but significant, negative linear relationship with forest area
(F4 = 4.32,R* = 0.10, p = 0.047).

Species richness. We found that species richness was significantly associated with forest
size and disturbance, but not elevation, distance to population center or the presence of a wall
(Table 3). Species richness had a significant, negative relationship with disturbance across all
sites (Fig 5).

Density. Tree density (ha™') was significantly associated with forest size, disturbance, and
elevation, but was not associated with distance to population center or the presence of a wall
(Table 3). Tree density (ha™) was significantly higher in the montane region (65.5 + 9.2) than
the upper montane region (40.03 + 4.45; t = 2.52, p = 0.017). While disturbance did not vary
significantly between elevations (¢ = 1.26, p = 0.214), tree density in montane forests did not
vary with disturbance whereas upper montane forest tree density varied significantly with dis-
turbance (Fig 6).

Biomass. Disturbance was the only factor that significantly explained biomass (ha') in
the full ANOVA model (Table 3). As with other variables, there was a significant, negative rela-
tionship of biomass with disturbance (F; 4, = 19.72, R? =0.30, p < 0.001).

Seedlings. Seedling density (2.1 + 0.33) and richness (0.66 + 0.09) were low across all sites.
We found that there was a significant effect of a wall, forest size, and a significant wall * size
interaction on seedling richness (Model: F; 4o = 5.35, p = 0.034; wall F; = 7.15, p = 0.018; forest
size: F; = 5.01, p = 0.031; wall * size, F; = 5.66, p = 0.022) and a marginally significant effect of
wall and wall * size interation, but no effect of forest size, on seedling density (Model: F 49 =
3.06, p = 0.039; wall F; = 3.82, p = 0.058; forest size: F; = 2.27, p = 0.139; wall * size, F; = 3.99,
p =0.052). In church forests with a wall, we found a significant positive relationship between
seedling richness and density with forest size (seedling richness: F; 5o = 9.98, R?=0.30,

p = 0.005; seedling density: F; 5, = 5.35, R = 0.17, p = 0.032), but no significant effect of either
without a wall (F; 59 = 0.01, R* = 0.05, p = 0.920; F; 50 = 0.12, R* = 0.04, p = 0.714).

Discussion

Our research on 44 sacred Ethiopian church forests across elevations and distances from popu-
lation center indicate that more than half of the forest area showed human disturbance, which
was the key factor, followed by size, influencing species richness, biomass (ha™') and density
(ha'") of species. The forest clearings are important for human gatherings and other activities
[28], however; this use can further increase disturbance and decreases the opportunity for
seedling establishment and regrowth. The dominance of weedy species is also problematic for
forest regeneration as weedy species, such as Justica and Acanthus (Acanthaceae), have been
shown to outcompete tree species hindering regeneration [36, 37].

When a disturbance occurs in a small forest every disturbance becomes a higher percentage
of the whole. Small forests are more susceptible to edge effects and tree mortality than larger
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forests and these effects can have a large, negative impact on their resilience and long-term
persistence [38, 39]. With increasing disturbance, species richness, biomass (ha™) and tree
density (ha™) decreased significantly and this was exacerbated by decreasing forest size. In a
survey of 78 church forests in the northern highlands of Ethiopia, the average size was even
smaller than found in our study (~2 ha, [40, 41]), and they found that their forests had > 50%
of the tree species richness found in tropical northeastern Africa. In tropical lowland forests in
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Table 3. ANOVA results on the effect of church forest disturbance, size, distance to population center, the presence of a wall, and elevation on species richness
(ha™), density (ha"), and biomass (ha™).

df
Model 5,38
Disturbance 1
Size 1
Distance 1
Wall 1
Elevation 1

Church forest disturbance and size were the factors that were most strongly associated with species richness (hah), density (ha), and biomass (ha™).

https://doi.org/10.1371/journal.pone.0212430.t003

Species Richness (ha™)

F
14.98
35.00
37.66

1.28
0.86
0.07

Density (ha™)

p df F P df

< 0.001 5,38 5.50 < 0.001 5,38
< 0.001 1 11.61 0.002 1
< 0.001 1 7.49 0.009 1
0.262 1 0.06 0.802 1
0.361 1 1.01 0.350 1
0.795 1 7.30 0.010 1

Biomass (ha™)

F
5.66
26.47
0.003
0.324
0.744
0.745

< 0.001
< 0.001
0.956
0.573
0.394
0.395

central Amazonia, rates of mortality of large canopy trees (dbh > 60 cm) were significantly
higher in edges (up to 300 m) than in interior forest (> 300 m into the forest) (Laurance et al.
2000). Thus, in small church forests where edge effects likely influence the entire forest, large
canopy trees, which are often the seed sources for forest regeneration, are compromised.

Tree density (ha™) was the only variable influenced by elevation, with upper montane forest

density decreasing with increasing disturbance while montane forest density did not vary sig-
nificantly (Fig 5). The montane church forests had more variable disturbance than the upper
montane forest which may reflect differential use by local people. These differences may also
reflect the different plant life zones within each elevation, as the montane forests are repre-
sented by more dense evergreen broadleaf plant taxa such as Teclea (Rutaceae) and Mimusops
(Sapotaceae), whereas the upper montane region has more sparcely dispersed taxa such as

Juniperus (Cupressaceae) and Euphorbia (Euphorbiaceae).

Consistent with previous research, the presence of a wall had a significant effect on seedling
number and richness across sites [6], however; the differences in these numbers was small.
These findings suggest that while a wall may have a positive influence on seedling communi-
ties, the regeneration potential of these forests is compromised by the magnified effects of
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Fig 5. Species richness decreases significantly with increasing percent disturbance. The relationship between tree
species richness and percent forest disturbance in 44 church forests in northern Ethiopia.

https://doi.org/10.1371/journal.pone.0212430.9005
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Fig 6. Tree density decreases with increasing percent disturbance in upper montane forests. Description: Tree
density (ha™) decreased significantly with increasing percent disturbance in the upper montane forest sites, however;
density did not vary significantly with disturbance in the montane sites.

https://doi.org/10.1371/journal.pone.0212430.9006

disturbances on the adult trees in these small forests. Lower species richness could reduce the
ability of these forests to recover from disturbance and lower density could compromise the
cultural services provided by the forest to the community, such as shade and cover for the
church [28].

Our data do not support research indicating that increasing isolation, as measured by dis-
tance from population centers, is associated with decreased human disturbance [42]. In fact,
our data indicate that forests < 15.5 ha show no difference in disturbance with distance. One
reason for the lack of difference between forests close to population centers vs. those > 50 km
from a population center may be related to the high rural population in Ethiopia, 80% [43],
that may be reliant on forests for their basic needs (e.g. firewood, honey, etc.) compared to
their city-dwelling counterparts. Thus, demand may be similar in both areas, in the city
because of high population numbers and in the rural areas because of need. It could also be
that urban timber needs are being met by Eucalyptus, which is more readily available in church
forests near population centers [27].

While these church forests have exhibited remarkable persistence over the last 50-80 years,
on average only 0.42 ha smaller 50 years ago [4, 27], recent work on the matrix between forests
shows that the buffer, shrubs and trees, around forests has decreased significantly [4]. The loss
of a buffer increases edge effects, such as lower relative humidity, higher temperatures and
higher winds [23] and increases mortality rates of seedlings [9, 44]. These church forests are at
risk of being Janzen’s [1] ecologically “living dead” (i.e., forests that last only until the large
trees die as they do not have any regeneration) due to their increasing isolation combined with
high disturbance and low seedling recruitment [6, 45, 46].

While seemingly stagnant in recruitment of seedlings and high disturbance, these forests
are alive with human activity as they are gathering areas for meetings, worship, and schooling
for the local people [27, 28, 47]. Conservation initiatives usually prioritize biodiversity and eco-
system function and not human use, however; if this approach is taken in South Gondar, few
forests would be protected as there are very few large forests, most notably there are only 9
forests > 50 ha (Fig 2), which is why we focused our study on forests that were the average
size. In fact, in the 14,059 km? area of our study, there are 1022 forests with 93% of them < 15
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ha (Fig 2; [27]). Unfortunately, continued deforestation around the world is increasing forest
fragmentation, increasing their proximity to edges [11], and highlighting the need for conser-
vation efforts directed toward forest fragments.

These church forests, even when small, are important refugia for trees and biodiversity in
general [41, 48], however; their continued persistence on the landscape is threatened without
active conservation efforts [11]. We recommend that conservation priorities not only protect
large forests, but also the small and highly used forests which are critical areas for local people.
Previous research and local initiatives have found that building a wall increases seedling spe-
cies richness and density, likely because it not only reduces access to the forest by grazing cat-
tle, but also because it directs people to use the trails rather than randomly entering and
walking through the forest [6]. However, as our findings and those of others show [40, 41],
seedling recruitment and diversity with walls is still not high and most species are not repre-
sented [49]. Thus, walls alone are not enough and solutions that protect and enhance forest
regeneration potential while also preserving cultural needs, such as active planting programs
both inside and between the forests, the removal of exotic and weedy species, discouraging the
creation of new paths and clearings, and maintaining large trees as they are important seed
sources, must be implemented. The interdependence between the forest and the church com-
munity make conservation efforts essential.

Supporting information

S1 Appendix. Data on 44 sacred church forest study sites. Data on sacred church forests
include: Woreda, Kebele, size, distance to population center, elevation, the presence of a wall,
tree species richness, trees species density, tree biomass, seedling density, seedling richness,
and % of disturbance types.

(XLSX)

Acknowledgments

We acknowledge the students of the Cardelus lab and Scull lab at Colgate University, the
Woods lab at the University of Puget Sound, and the Tsegay lab at the University of Bahir Dar,
Ethiopia, for their contributions to collection of field data in Ethiopia. We are also grateful to
the respected Ethiopian priests and monks for allowing us access to their sacred church
forests.

Author Contributions
Conceptualization: Catherine L. Cardelus, Carrie L. Woods, Peter Scull.

Data curation: Catherine L. Cardelus, Carrie L. Woods, Amare Bitew Mekonnen, Sonya
Dexter.

Formal analysis: Catherine L. Cardelus, Carrie L. Woods, Sonya Dexter.

Funding acquisition: Catherine L. Cardelus, Carrie L. Woods, Peter Scull.

Investigation: Catherine L. Cardelus, Carrie L. Woods, Amare Bitew Mekonnen, Peter Scull.
Methodology: Catherine L. Cardelus, Carrie L. Woods, Peter Scull.

Project administration: Catherine L. Cardeluds, Berhanu Abraha Tsegay.

Resources: Catherine L. Cardelus.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212430 March 6,2019 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212430.s001
https://doi.org/10.1371/journal.pone.0212430

®PLOS | one

Sacred forest resilience

Supervision: Catherine L. Cardelus, Carrie L. Woods, Amare Bitew Mekonnen, Berhanu

Abraha Tsegay.

Visualization: Catherine L. Cardelus, Peter Scull.

Writing - original draft: Catherine L. Cardelus, Sonya Dexter.

Writing - review & editing: Catherine L. Cardelus, Carrie L. Woods, Amare Bitew Mekon-

nen, Sonya Dexter, Peter Scull, Berhanu Abraha Tsegay.

References

1. Janzen DH. Latent Extinction-The Living Dead. Encyclopedia of Biodiversity, Volume 42001.

2. FAO. State of the World's Forests 2016: Forests and agriculture: land-use challenges and opportunities.
Rome2016.

3. Laurance WF, Useche DC, Rendeiro J, Kalka M, Bradshaw CJA, Sloan SP, et al. Averting biodiversity
collapse in tropical forest protected areas. Nature. 2012; 489(7415):290—4. https://doi.org/10.1038/
nature11318 PMID: 22832582

4. Scull P, Cardelus CL, Klepeis P, Woods C.L., Frankl A, Nyssen J. The resilience of Ethiopian church for-
ests: interpreting aerial photographs, 1938—-2015. Land Degradation and Development 2017; 28
(28):450-8. https://doi.org/10.1002/Idr.2633

5. Hill JL, Curran PJ. Area, shape and isolation of tropical forest fragments: effects on tree species diver-
sity and implications for conservation. Journal of biogeography. 2003; 30(9):1391—-403.

6. Woods C, Cardelus C, Scull P, Wassie A, Baez M, Klepeis P. Stone walls and sacred forest conserva-
tion in Ethiopia. Biodiversity & Conservation. 2017; 26(1):209-21.

7. Wassie A, Sterck FJ, Teketay D, Bongers F. Tree regeneration in church forests of Ethiopia: effects of
microsites and management. Biotropica. 2008; 41(1):110-9.

8. Wassie A, Sterck FJ, Teketay D, Bongers F. Effects of livestock exclusion on tree regeneration in
church forests of Ethiopia. Forest ecology and management. 2009; 257(3):765-72.

9. Laurance WF, Ferreira LV, Merona JM, Laurance SG, Hutchings RW, Lovejoy TE. Effects of forest frag-
mentation on recruitment patterns in Amazonian tree communities. Conservation Biology. 1998; 12
(2):460—4.

10. Laurance WF, Williamson GB. Positive feedbacks among forest fragmentation, drought, and climate
change in the Amazon. Conservation Biology. 2001; 15(6):1529-35.

11. Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, Holt RD, et al. Habitat fragmentation and
its lasting impact on Earth’s ecosystems. Science Advances. 2015; 1(2):e1500052. https://doi.org/10.
1126/sciadv.1500052 PMID: 26601154

12. Ticktin T. The ecological implications of harvesting non-timber forest products. Journal of Applied Ecol-
ogy. 2004; 41(1):11-21.

13. Fritzsche F, Abate A, Fetene M, Beck E, Weise S, Guggenberger G. Soil-plant hydrology of indigenous
and exotic trees in an Ethiopian montane forest. Tree Physiology. 2006; 26:1043-54. PMID: 16651254

14. Bradshaw CJA, Sodhi NS, Brook BW. Tropical turmoil: a biodiversity tragedy in progress. Frontiers in
Ecology and the Environment. 2008; 7(2):79-87.

15. Watson JE, Evans T, Venter O, Williams B, Tulloch A, Stewart C, et al. The exceptional value of intact
forest ecosystems. Nature ecology & evolution. 2018: 1.

16. Foley JA, Asner GP, Costa MH, Coe MT, DeFries R, Gibbs HK, et al. Amazonia revealed: forest degra-
dation and loss of ecosystem goods and services in the Amazon Basin. Frontiers in Ecology and the
Environment. 2007; 5(1):25-32.

17. Marle MJ, Field RD, Werf GR, Estrada de Wagt IA, Houghton RA, Rizzo LV, et al. Fire and deforestation
dynamics in Amazonia (1973-2014). Global biogeochemical cycles. 2017; 31(1):24-38. https://doi.org/
10.1002/2016GB005445 PMID: 28286373

18. Goldman RL. Ecosystem services: How people benefit from nature. Environment. 2010; 52(5):15-23.

19. Ostrom E, Nagendra H. Insights on linking forests, trees, and people from the air, on the ground, and in
the laboratory. Proceedings of the national Academy of sciences. 2006; 103(51):19224—31.

20. Laurance WF, Sayer J, Cassman KG. Agricultural expansion and its impacts on tropical nature. Trends
in ecology & evolution. 2014; 29(2):107-16.

21. Laurance WF, Goosem M, Laurance SG. Impacts of roads and linear clearings on tropical forests.

Trends in Ecology & Evolution. 2009; 24(12):659-69.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212430 March 6,2019 12/14


https://doi.org/10.1038/nature11318
https://doi.org/10.1038/nature11318
http://www.ncbi.nlm.nih.gov/pubmed/22832582
https://doi.org/10.1002/ldr.2633
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1126/sciadv.1500052
http://www.ncbi.nlm.nih.gov/pubmed/26601154
http://www.ncbi.nlm.nih.gov/pubmed/16651254
https://doi.org/10.1002/2016GB005445
https://doi.org/10.1002/2016GB005445
http://www.ncbi.nlm.nih.gov/pubmed/28286373
https://doi.org/10.1371/journal.pone.0212430

®PLOS | one

Sacred forest resilience

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.
44.

45.

46.

47.

Laurance W, Laurance S, Ferreira L, Rankin-de Merona J, Gascon C, Lovejoy T. Biomass collapse in
Amazonian forest fragments. Science. 1997; 278(5340):1117.

Laurance WF, Camargo JLC, Luizdo RCC, Laurance SG, Pimm SL, Bruna EM, et al. The fate of Ama-
zonian forest fragments: a 32-year investigation. Biological Conservation. 2011; 144(1):56-67.

Gibson L, Lee TM, Koh LP, Brook BW, Gardner TA, Barlow J, et al. Primary forests are irreplaceable for
sustaining tropical biodiversity. Nature. 2011; 478(7369):378. https://doi.org/10.1038/nature10425
PMID: 21918513

Ferraz SF, Ferraz KM, Cassiano CC, Brancalion PHS, da Luz DT, Azevedo TN, et al. How good are
tropical forest patches for ecosystem services provisioning? Landscape ecology. 2014; 29(2):187-200.

Cardelus CL, Scull P, Hair J, Baimas-George M, Lowman MD, Eshete AW. A preliminary assessment
of Ethiopian sacred groves at the landscape and ecosystem scales. Diversity. 2013; 5(2):320—-34.

Cardelus CL, Scull P, Wassie A, Woods CL, Klepeis P, Kent E, et al. Shadow conservation and the per-
sistence of sacred forests in northern Ethiopia. Biotropica. 2017; 49(5):725-33.

Klepeis P, Orlowska |, Kent E, Cardelus C, Scull P, Wassie A, et al. Ethiopian Church Forests: A Hybrid
Model of Protection. Human Ecology. 2016; 44(6):715-30.

Dudley N, HIGGINS-ZOGIB L, Mansourian S. The links between protected areas, faiths, and sacred
natural sites. Conservation Biology. 2009; 23(3):568-77. https://doi.org/10.1111/j.1523-1739.2009.
01201.x PMID: 22748093

Bongers F, Wassie A, Sterck FJ, Bekele T, Teketay D. Ecological restoration and church forests in
northern Ethiopia. Journal of the Drylands. 2006; 1(1):35—44.

Brinkhoff T. City Population. 2015. Available from: http://www.citypopulation.de/Ethiopia.html.

Gentry AH. Changes in plant community diversity and floristic composition on environmental and geo-
graphical gradients. Annals of the Missouri Botanical Garden. 1988; 75(1):1-34.

Brown S, Gillespie AJ, Lugo AE. Biomass estimation methods for tropical forests with applications to
forest inventory data. Forest science. 1989; 35(4):881-902.

R Core Development Team. R: A language and environment for statistical computing. Vienna, Austria.:
R Foundation for Statistical Computing; (2013).

Oksanen J, Blanchet FG, Kindt R, Legendre P, O’hara R, Simpson GL, et al. vegan: Community Ecol-
ogy Package. R package version 1.17-2.2010. p. 2010.

Grubb PJ. The maintenance of species-richness in plant communities: the importance of the regenera-
tion niche. Biological reviews. 1977; 52(1):107—45.

Ronchi C, Silva A. Effects of weed species competition on the growth of young coffee plants. Planta
Daninha. 2006; 24(3):415-23.

Laurance W, Lovejoy T, Vasconcelos H, Bruna E, Didham R, Stouffer P, et al. Ecosystem decay of
Amazonian forest fragments: a 22 year investigation. Conservation Biology. 2002; 16(3):605—18.

Whitmore T, Laurance WF, Bierregaard R. Tropical forest remnants: ecology, management, and con-
servation of fragmented communities. Tropical forest remnants: ecology, management, and conserva-
tion of fragmented communities. 1997.

Aerts R, Van Overtveld K, Haile M, Hermy M, Deckers J, Muys B. Species composition and diversity of
small Afromontane forest fragments in northern Ethiopia. Plant Ecol. 2006; 187(1):127—-42.

Aerts R, Van Overtveld K, November E, Wassie A, Abiyu A, Demissew S, et al. Conservation of the
Ethiopian church forests: threats, opportunities and implications for their management. Sci Total Envi-
ron. 2016; 551:404—14. https://doi.org/10.1016/j.scitotenv.2016.02.034 PMID: 26881731

Geist HJ, Lambin EF. Proximate causes and underlying driving forces of tropical deforestation. Biosci-
ence. 2002; 52(2):143-50.

WorldBank. Ethiopia. data.worldbank.org2014.

Bruna EM. Effects of forest fragmentation on Heliconia acuminata seedling recruitment in central Ama-
zonia. Oecologia. 2002; 132(2):235—-43. https://doi.org/10.1007/s00442-002-0956-y PMID: 28547357

Wassie A, Teketay D. Soil seed banks in church forests of northern Ethiopia: Implications for the con-
servation of woody plants. Flora-Morphology, Distribution, Functional Ecology of Plants. 2006; 201
(1):32-43.

Abiyu A, Teketay D, Glatzel G, Gratzer G. Seed production, seed dispersal and seedling establishment
of two afromontane tree species in and around a church forest: implications for forest restoration. Forest
Ecosystems. 2016; 3(1):16.

Wassie A, Teketay D, Powell N. Church forests in North Gonder Administrative Zone, Northern Ethio-
pia. Forests, trees and livelihoods. 2005; 15(4):349.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212430 March 6,2019 13/14


https://doi.org/10.1038/nature10425
http://www.ncbi.nlm.nih.gov/pubmed/21918513
https://doi.org/10.1111/j.1523-1739.2009.01201.x
https://doi.org/10.1111/j.1523-1739.2009.01201.x
http://www.ncbi.nlm.nih.gov/pubmed/22748093
http://www.citypopulation.de/Ethiopia.html
https://doi.org/10.1016/j.scitotenv.2016.02.034
http://www.ncbi.nlm.nih.gov/pubmed/26881731
https://doi.org/10.1007/s00442-002-0956-y
http://www.ncbi.nlm.nih.gov/pubmed/28547357
https://doi.org/10.1371/journal.pone.0212430

®PLOS | one

Sacred forest resilience

48. Wassie A, Sterck FJ, Bongers F. Species and structural diversity of church forests in a fragmented Ethi-
opian Highland landscape. Journal of Vegetation Science. 2010; 21(5):938—48.

49. Wassie A, Sterck F, Teketay D, Bongers F. Tree regeneration in church forests of Ethiopia: Effects of
microsites and management. Biotropica. 2009; 41(1):110-9.

50. ESRI. ArcGIS Desktop. Redlands, CA: Environmental Systems Research Institute; 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212430 March 6,2019 14/14


https://doi.org/10.1371/journal.pone.0212430

