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Abstract: Anthropogenic activities such as logging or forest conversion into agricultural lands
are affecting Ecuadorian Amazon forests. To foster private and communal conservation
activities an economic incentive-based conservation program (IFC) called Socio Bosque was
established. Existing analyses related to conservation strategies are mainly focused on deforestation;
while degradation and the role of IFC to safeguard ecosystem services are still scarce. Further on, there
is a lack of landscape-level studies taking into account potential side effects of IFC on different forest
types. Therefore we assessed ecosystem services (carbon stocks, timber volume) and species richness
in landscapes with and without IFC. Additionally, we evaluated potential side-effects of IFC in
adjacent forest types; hypothesizing potential leakage effects of IFC. Finally, we tested if deforestation
rates decreased after IFC implementation. Forest inventories were conducted in 72 plots across eight
landscapes in the Ecuadorian Central Amazon with and without IFC. Plots were randomly selected
within three forest types (old-growth, logged and successional forests). In each plot all individuals
with a diameter at breast height greater than 10 cm were measured. Old-growth forests in general
showed higher carbon stocks, timber volume and species richness, and no significant differences
between old-growth forests in IFC and non-IFC landscapes were found. Logged forests had 32% less
above-ground carbon (AGC) and timber volume in comparison to old-growth forests. Surprisingly,
logged forests near IFC presented higher AGC stocks than logged forests in non-IFC landscapes,
indicating positive side-effects of IFC. Successional forests contain 56% to 64% of AGC, total carbon
and timber volume, in comparison to old-growth forests, and 82% to 87% in comparison to logged
forests. Therefore, successional forests could play an important role for restoration and should receive
more attention in national climate change policies. Finally, after IFC implementation deforestation rate
decreased on parish level. Our study presents scientific evidence of IFC contribution to conserving
ecosystem services and species richness. In addition IFC could help indirectly to reduce degradation
effects attributed to logging, indicating potential compatibility of conservation aims with forest
activities at a landscape level.
Keywords: carbon stocks; timber volume; species richness; forest integrity; Socio Bosque program

1. Introduction
Tropical forests provide a wide range of ecosystem services, including supporting, provisioning,
regulating and cultural services [1]. Whereas at local level provisioning services such as food,
timber and medicine are of high importance for single land users and communities, regulating
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services related to climate regulation and carbon sequestration play a central role at the global
level [1]. Tropical ecosystems can store between 208 Gt C and 288 Gt C of carbon in above and below
ground biomass [2–4]. Latin America’s forests hold 49% of the total carbon biomass in the tropics [4].
Additionally, tropical forest ecosystems are considered hotspots of biodiversity; it is estimated that
between 50–80% of all terrestrial species are located in these ecosystems [5,6].
Anthropogenic activities have affected tropical forests in terms of degradation, forest cover loss
and fragmentation [7,8]. Deforestation and forest degradation contributed between 10% and 20%
of global anthropogenic greenhouse emissions between 1990–2005 [4,9]. Globally the annual rate
of net forest loss has declined from 7.3 M ha year−1 in the 1990s to 3.3 M ha year−1 between 2010
and 2015. This decreasing tendency has been also observed in tropical forests, with a decline from 9.5
(1990s) M ha year−1 to 5.5 M ha year−1 (2010–2015) [10]. Despite a recent trend of reduced deforestation
rates in the tropics, the annual loss is still remarkably high, and an unknown amount of carbon is
possibly being emitted by degradation rather than by deforestation processes [11,12].
The Amazon Basin and Ecuadorian forest ecosystems have experienced similar dynamics since
1990. Deforestation in the Amazon Basin was specifically high with an annual rate of net deforestation
of −0.45% for the 1990s, whereas annual deforestation for Ecuador was −0.65% during the same
period [2,13]. Although for Ecuador the annual rate of net deforestation has decreased to −0.48% for
the period 2014–2016, it remains high in contrast to other countries of the region [13,14]. The main
drivers that lead to deforestation are road construction, oil extraction, land use change from forests
to agricultural crops and grasslands, and finally a growing population density in formerly forested
areas [15–18].
Besides the negative effect of deforestation, it is important to highlight the impact of forest
degradation on ecosystem integrity by reducing the availability of goods and services; such as carbon
or water regulation [19–22] and biodiversity [23–28], due to species extinction, loss of natural habitats
and changes in species distribution [29]. In Latin America, around 70% of forest degradation is driven
by logging activities, followed by firewood, charcoal extraction and forest fires [30,31]. The intensity
of harvesting activities has a direct influence on forest structure, which is related to the reduction of
carbon stocks, timber volume and species composition through vegetation loss and tree damage [32–34].
A logging intensity of 4.5 to 5.7 trees ha−1 could result in a reduction of aboveground stand biomass
by 17% to 26%; meanwhile, a high logging intensity of 10 trees ha−1 reduced biomass by 48% [33,35].
According to Rutishauser et al. [36], when forests lose between 10% to 25% of above carbon stocks
due to logging, forest recovery will take among 12 to 43 years, which shows the significant impact of
logging activities.
Due to the anthropogenic impact on forest ecosystems in recent decades, there has been a continuous
debate on what kind of conservation strategies would provide a better solution for ecosystem services’
conservation. It has been shown that governmental conservation strategies (e.g., protected areas)
can contribute to the protection of tropical ecosystems by reducing deforestation [37–39]. These areas
have expanded around the tropics and today represent almost 27% of the forest area [40,41]. In Ecuador,
protected areas represent almost 20% of the territory [42]. However, due to use restrictions, protected
areas do not always generate benefits for local communities [43–45]. Therefore, strategies based on
incentives for forest conservation (IFC) can be more attractive to local people as they are assumed to
contribute to alternative income and poverty alleviation. Such strategies could also be an adequate
way of combining ecosystem conservation and the provision of natural resources [46–48]. This is
key since local communities play an important role in the management and conservation of natural
resources. For example, in Ecuador it is estimated that between 5 and 7.5 M ha of forest belongs to
indigenous communities [49,50]. This emphasizes how important these actors are for land use decisions.
On the other hand, community land forest traditionally aiming to preserve forest lands for future
generations, has as well shown promising results for conservation. Some studies indicate that forest
loss can be lower in these cases or even similar to protected areas [51–53]. In Ecuador, Jones et al. [54]
and Mohebalian and Aguilar [55], found that areas with IFC (Socio Bosque program) in the Amazon
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region are less deforested than areas that are not part of the program. However, Sánchez-Azofeifa et al. [56]
and Pfaff et al. [57] found that areas with IFC do not have lower deforestation rates than other areas.
Many studies analyzing conservation measures such as IFC or protected areas have been focused
on assessing effects of deforestation [51–56,58,59]. However information on forest cover change does
not take into account forest integrity parameters in order to measure potential degradation effects
of ecosystem services. In our study we incorporated both into our assessment since we evaluated
deforestation after the implementation of IFC and the potential degradation effects. Forest degradation
is defined as the reduction of goods and ecosystems services (e.g., timber or carbon) due to anthropogenic
disturbances [60–62]. As indicators of forest degradation we used carbon stocks, total tree volume
and species richness. Species richness was selected as a basic indicator related to forest ecosystem
composition and function [23,25–28]. Due to the fact that IFC poses restrictions of access and use of
protected old-growth forests, it is possible that anthropogenic pressures could be deviated towards
adjacent forests, leading to higher pressure on logged or successional forests. Under this scenario,
IFC could create leakage effects at a landscape level, which to our knowledge is an important research
gap, and of particular importance for the Ecuadorian Central Amazon region. Therefore, we assessed if
IFC has an influence on ecosystem services degradation beyond the areas which are under conservation.
This is an important scientific contribution to the land sparing/land sharing debate for tropical
lowland ecosystems [63–67]. The results could improve the understanding of compatibility or
incompatibility of conservation measures and timber production at a landscape level as basis for
multifunctional landscapes.
In our study area logging activities are an important potential driver of degradation, especially
when sustainability criteria are not applied in practice. Despite the considerable logging activities
that are taking place in the lowland forests of Ecuador, scientific information related to the impacts
of timber extraction on ecosystems services is still scarce. For this reason, we analyzed how logging
activities affect ecosystem services in landscapes with and without the presence of IFC. While logging
is an important driver of degradation in many areas of the world, agricultural use and pasture
management are important drivers of deforestation. These activities can lead to the establishment of
mosaics of successional forest stages, with rather unknown potential to contribute to forest ecosystem
services. In the Central Amazon region, many successional forests result mainly from abandoned
pastures; nevertheless, the potential contribution of this forest type has been overlooked. We took
into consideration this knowledge gap and we evaluated the contribution of these forests types to
the maintenance of ecosystem services in landscapes with and without IFC. The comprehensive
consideration of all dominant forest types (old-growth, logged and successional forests) in combination
with IFC, allows for a better decision-making process in the context of forest landscape conservation,
sustainable use and restoration.
We focused on the Socio Bosque program in Ecuador which is an IFC program that began in
2008 with the aim of conserving forest, reducing deforestation and improving living conditions in
local communities [68,69]. Communities that voluntarily join the program sign a 20-year contract
with the Ecuadorian government in order to protect their forest (no extractive use being allowed in
the forest). In turn, communities receive cash compensations ranging from USD 0.70 to USD 35.00 per
ha year−1 , depending on the total size of the conserved forest [68–70]. Since the program holds
almost 1.6 M ha under long-term protection, Socio Bosque has become an important conservation
strategy in Ecuador [69].
We tested five research questions and hypotheses related to forest degradation and deforestation.
(1) The IFC-regime has a general positive effect on carbon stocks, timber volume and species richness
in forest landscapes across all forest types (old-growth, logged and successional forest). The second
and third hypotheses are related to assessing interactions between forest types and landscapes with
and without IFC. (2) Old-growth forests under IFC have higher amounts of carbon stocks, timber volume
and species richness than old-growth forest in non-IFC landscapes. (3) Logged and successional
forests adjacent to old-growth forest under IFC have lower carbon stocks, timber volumes and species
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2.2. Data Collection
2.2. Data Collection
2.2.1. Plot Design
2.2.1. Plot Design
Throughout the three provinces, eight landscapes (sites) of approximately 10 × 10 km were selected
Throughout the three provinces, eight landscapes (sites) of approximately 10 × 10 km were
(four IFC and four non-IFC landscapes); they were characterized by lowland forests between 335
selected (four IFC and four non-IFC landscapes); they were characterized by lowland forests
between 335 and 1100 m above sea level and were allocated in different parishes which represent
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and 1100 m above sea level and were allocated in different parishes which represent independent
administrative units. Since our aim was to evaluate whether IFC have an influence on forest degradation
and deforestation, we used a randomized block design. Each block was composed of one landscape
where Socio Bosque was stablished (hereafter referred to as IFC landscape) and one landscape without
this conservation program (hereafter called non-IFC landscape) (Figure 2a). The Socio Bosque program
protects approximately 1.6 M ha through collective and individual contracts, 64% of the conservation
area of the program is concentrated in the provinces of Pastaza, Napo and Orellana. Within the three
provinces 98.4% of the area conserved by Socio Bosque program is covered by collective contracts
(linked to communities) [68–70], which is related to the large extension of community forests in
the country (5 to 7.5 M ha of total forest) [49,50]. It is important to highlight that in IFC landscapes,
Socio Bosque has been implemented only in old-growth forests. Due to the fact that this is a voluntary
program there may be confounding variables that could influence our results. To address this
issue our blocked landscapes were randomly selected across the Central Amazon region in Ecuador.
Moreover, we controlled potential confounding variables (Tables A1 and A2) such as forest cover,
percentage of agricultural land, ecosystem type, altitude, soil type and demographic characteristics
(population density, distance from landscape to large cities and distance from households within
landscapes to forest). Through analysis of variance we confirmed that all those variables were similar
and comparable between landscapes within blocks (Table A3). As a result, the randomized block
design used in this study ensured that confounding variables were balanced across the treatment (IFC
landscapes/with Socio Bosque) and control (non-IFC landscapes/without Socio Bosque). Consequently,
the main difference of degradation effects on ecosystem services and species richness can be attributed
to the presence or absence of the IFC program and not to confounding variables.
Each landscape included three forest types. The first type was old-growth forest, which is
a mature forest with low or not known human disturbance [74,75]. Secondly, logged forests were
considered, which were defined as areas with forest interventions carried out in the last two to four
years mainly under the Simplified Forest Harvesting Program (Spanish acronym PAFSI). The PAFSI
program is characterized by non-mechanized activities where timber is harvested under a selective
logging procedure; after the forest intervention, the area cannot be logged for the following five years.
According to records from the Ministry of Environment of Ecuador (MAE), this program is performed in
relatively small areas (11 to 24 ha on average) with average intensity of 11–24 m3 ha−1 (standing volume
approved by MAE) [76–79]. Logged forests with interventions older than four years were not included
in our study, this means that logged forests in our study are comparable in regard to time and that
intervention and differences in our target variables can therefore be attributed to differences in logging
intensity. The third type of forest was successional forest, resulting from abandoning previously cleared
forest (second growth forest) [74,80]. We randomly selected successional areas; this resulted in areas of
abandoned pastures between 12 and 28 years of recovery. In order to ensure that the comparison of
the successional forests in landscapes with IFC and without IFC is adequate, an analysis of variance
was carried out considering the age of the successional forests as a dependent variable, resulting in no
statistical differences between the ages of the successional forests near IFC and successional forest in
landscapes without the program (Table A4).
In our IFC landscapes, only old-growth forests were under the Socio Bosque program and extractive
use is not allowed in these areas. In IFC landscapes, logged and successional forests are located
outside the Socio Bosque program and have no land use restrictions; therefore, can be used by their
owners. For simplicity and to facilitate the interpretation from now on, logged and successional forests
will be called as logged forests near IFC and successional forests near IFC. Old-growth forests in
non-IFC landscapes were communal areas with no current use that communities set aside for future
needs (e.g., to satisfy land demands from upcoming generations). These were mature forests reported
by local people during mapping exercises. However, the absence of previous human interventions in
these sites cannot be assured. In order to map the aforementioned forest types, we used secondary
information (e.g., land cover maps and PAFSIs records) available from the Ministry of Environment of
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Table 1. Equations for biomass and carbon stock calculation.
Equation
"
AGBtree = exp

−1.803−0.976E+0.9676
h ln(ρ) i
+2.673 ln(DBH) − 0.0299 ln(DBH)2

Reference
#
(1)

Chave et al. [89]

AGBpalm = exp(− 3.3488 + (2.7483 × ln(DBH))

(2)

Goodman et al. [94]

DDWbiomass = V × ρclass

(3)

Pearson et al. [86]
Ravindranath and Ostwald [87]

SDWbiomass = V × ρ

(4)

Pearson et al. [86]
Ravindranath and Ostwald [87]

L = dry matter

(5)

Pearson et al. [86]

DOM = DDWbiomass +SDWbiomass +L

(6)

Pearson et al. [86]
Ravindranath and Ostwald [87]

SOC = BD × %CO × Deep

(7)

Pearson et al. [86]
Ravindranath and Ostwald [87]

(8)

FAO [97]

dh = 1.59 × D × h−0.091

(9)

Chamber et al. [98]

Total Biomass = TAGB + DOM + SOC

(10)

Pearson et al. [86]
Ravindranath and Ostwald [87]

V = π4 ×

(D21 +D22 )
2

×l

AGBtree: Above-ground carbon in trees. AGBpalm: Above-ground carbon in palms. DDWbiomass: Downed dead wood.
SDWbiomass : Standing dead wood. L: Litter. DOM: Dead organic matter. SOC: Soil organic carbon. TAGB: Total above
ground biomass. V: Volume. WD: Wood density. D1: Diameter minimum. D2: Diameter maximum. l: Length.
BD: Bulk density. %CO: Carbon organic content. DBH: Diameter at breast height. ρ: Wood density. E: environmental stress.
h: height. Carbon conversion factor: 0.47 [88].

SOC was estimated from bulk density, the concentration of organic carbon content (%), and the soil
depth (0–30 cm). Bulk density was calculated from the oven-dried weight of soil from a known volume
of sampled material at 105 ◦ C until reaching a constant weight. In this case, two samples were taken
from each of the plots (40 m × 40 m). For concentration of organic carbon content (0–30 cm horizon),
samples were taken at the corners of two subplots (Figure 2b). The wet digestion method of Walkley
and Black was used for this purpose [86,87,99].
Total tree volume was calculated considering the DBH (≥10 cm), the total tree height and the form
factor (0.56) [97]. A total of 668 trees total heights were measured. Log–log linear regression considering
total height as the dependent variable and DBH as the independent variable provided the best fit to
estimate the height of the remaining trees (Equation (11)).


lnHt =0.786+0.5956(lnDBH) p < 0.0001; R2 = 0.69

(11)

where:
Ht = Total tree height;
DBH = Diameter at breast height.
We also determined the species richness (number of species of trees and palms per plot) [100,101]
and the importance value index (IVI) (Equation (12)) [100,102] since these variables can be interpreted
as an indicator of conservation, ecosystem function and, therefore, diversity-related ecosystem
services [23,25–28,103].
IVI= DoR + DR + FR
(12)
where:
IVI = Importance index value;
DoR = Relative dominance;

Forests 2019, 10, 442

8 of 26

DR = Relative density;
FR = Relative frequency.
The annual rate of net deforestation was calculated following the procedure specified by MAE [13]
comparing the forest area at parish level between 2000–2008 and 2008–2016 and using Equation (13).
We used land use and land cover maps from 2000, 2008 and 2016, which can be downloaded from
the platform of the interactive environmental map provided by the Ministry of Environment of Ecuador
(http://mapainteractivo.ambiente.gob.ec/portal/).

Deforestation rate =

A2
A1

1/(t2 − t1)
−1

(13)

where:
A1 = Forest area at the beginning of the period;
A2 = Forest area at the end of the period.
2.2.2. Statistical Analysis
General mixed models were used to test the degradation effects. Analyses of variance (ANOVA LSD
Fisher p ≤ 0.05) were performed considering the fixed effects conservation regime (IFC and non-IFC),
forest type (old-growth, logged and succession forest) and their interaction. As random effects,
we considered block and landscape. Assumptions of normality and homoscedasticity were evaluated,
and criteria penalized likelihood (AIC–BIC) was applied to select the best model for AGC stocks
(Mg C·ha−1 ), DOM (Mg C·ha−1 ), SOC (Mg C·ha−1 ), total carbon stocks (Mg C·ha−1 ), timber volume
(m3 ha−1 ) and species richness. For AGC, DOM and timber volume outliers were excluded.
We considered those plots as outliers which had a value greater than twice the standard deviation
from the mean of each one of the forest types.
With regard to the hypothesis of deforestation, ANOVA was performed to check for statistical
differences in annual rates of net deforestation between the periods 2000–2008 and 2008–2016 for IFC
and non-IFC, respectively. Normality and homoscedasticity assumptions were evaluated.
In addition, cluster analysis taking into account species importance index value (IVI, a measure
of ecological importance) [100,102] was applied in order to evaluate the similarity of the forest types
between IFC and non-IFC landscapes.
3. Results
3.1. Degradation
Regarding the hypothesis of ecosystem services’ degradation, we present analyses of variance for
carbon stocks, total tree volume and species richness comparing IFC vs. non-IFC landscapes; as well
as forest types and their interaction with and without IFC (Table 2, Figures 3 and 4). In addition,
we conducted a similarity analysis considering the IVI per species for the different forest types under
IFC and non-IFC (Figure 5).
IFC vs. non-IFC landscapes did not show statistical effects on ecosystem services independently
from the forest type in terms of carbon stocks, timber volume and species richness (Table 2). This implies
that IFC-regime does not have a general effect on carbon stocks, timber volume and species richness in
forest landscapes across all forest types (old-growth, logged and successional forest).
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Table 2. Analysis of variance for carbon stocks, timber volume and species richness.
IFC vs. non-IFC

Forest Type

Interaction: Forest Types
Influenced by IFC and Non-IFC

p-Value

p-Value

p-Value

AGC (Mg C·ha−1 )

0.4624

<0.0001 ***

C·ha−1 )

0.6044

SOC (Mg C·ha−1 )

0.3738

C·ha−1 )

Timber volume (m3 ha−1 )
Richness (#sp./plot)

R2

n

0.0696 *

0.61

70

0.0974 *

0.1619

0.12

67

0.2755

0.1753

0.53

72

0.6208

<0.0001 ***

0.0459 **

0.66

72

0.4330

<0.0001 ***

0.3498

0.57

68

0.8933

<0.0001 ***

0.0570 *

0.65

72

Dependent Variable

DOM (Mg

Total carbon (Mg

IFC: incentive-based conservation program AGC: Above ground carbon. DOM: Dead organic matter. SOC: Soil
carbon.
p-value
≤ 0.10. ** p-value ≤ 0.05. *** p-value ≤ 0.0001.
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3.1.2. Influence of IFC, Non-IFC and Forest Types on Ecosystem Services Degradation
Here we present results of interactions between forest types and landscapes with and without
IFC. We analyze whether old-growth forests under IFC have higher amounts of carbon stocks,
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3.1.1. Influence of Forest Types on Ecosystem Services Degradation
In this section, we analyze potential degradation effects of logging activities and the restoration
potential of successional forests in comparison to old-growth forests. The following results show
means by forest types independent of whether plots were located in IFC or non-IFC landscapes.
There were statistical differences (p ≤ 0.05) between old-growth, logged and successional forest with
respect to AGC, total carbon, timber volume and species richness (Table 2). These results show that there
is a degradation of ecosystem services (carbon and volume) and species richness in the logged forest
when compared to old-growth forest (Figure 3). In the case of DOM, there is a significant difference
at p ≤ 0.10. SOC did not show significant differences (Table 2). Old-growth forest had the highest mean
of AGC with 166 Mg C·ha−1 , followed by logged forest with 113 Mg C·ha−1 and successional forest
with 93 Mg C·ha−1 .
Total carbon stocks were about 237 Mg C·ha−1 for old-growth forest, 177 Mg C·ha−1 , for logged
forest and 153 Mg C·ha−1 in the successional forest. As expected, timber volume was higher in
the old-growth forest with 387 m3 ha−1 as well as statistically different from logged (265 m3 ha−1 )
and successional forest (228 m3 ha−1 ). DOM across the forest types was between 10–12 Mg C·ha−1 ,
whereas SOC for all forest types ranged between 48–53 Mg C·ha−1 (Table A6).
Species richness differed between the evaluated forest types. We found an average of 55 species
per plot in old-growth forests, 50 species in logged forests and 34 species in successional forests
(Figure 3, Table A6).
3.1.2. Influence of IFC, Non-IFC and Forest Types on Ecosystem Services Degradation
Here we present results of interactions between forest types and landscapes with and without
IFC. We analyze whether old-growth forests under IFC have higher amounts of carbon stocks, timber
volume and species richness than old-growth forest in non-IFC landscapes. Moreover, we present
information on logged and successional forests adjacent to old-growth forest under IFC and logged
and successional forest in non-IFC landscapes.
Statistical differences were found for interactions between IFC landscapes, non-IFC landscapes
and forest types, namely for AGC (p ≤ 0.10), total carbon (p ≤ 0.05) and richness (p ≤ 0.10) (Table 2, Figure 4).
The mean AGC for old-growth forest under IFC was 159 Mg C·ha−1 , whereas for old-growth forest with
non-IFC it was 172 Mg C·ha−1 , showing no statistical difference between them. However, when comparing
AGC from different forest types, we found significant differences. An interesting result was that logged
forests near areas under IFC (Socio Bosque) had higher amounts of AGC (125 Mg C·ha−1 ) than logged
forest in non-IFC landscapes (101 Mg C·ha−1 ). Successional forest near IFC and in non-IFC landscapes
had the lowest AGC of between 95–91 Mg C·ha−1 . Old-growth forest total carbon stocks were similar,
having 228 Mg C·ha−1 for IFC and 246 Mg C·ha−1 for non-IFC landscapes; but, were much higher
compared to other forest types. Logged forest near IFC stored 190 Mg C·ha−1 and 163 Mg C·ha−1 in
non-IFC areas; the successional forest had 157 Mg C·ha−1 and 149 Mg C·ha−1 respectively (Figure 4;
Table A7).
No significant differences were found for species richness of old-growth forest under IFC
and non-IFC (55 species each per plot), and logged forests in non-IFC landscapes (53 species).
In contrast, species richness of logged forests near IFC (46 species) were statistically different from
old-growth forests nearby. Surprisingly, these significances did not occur between logged forests
and old-growth forests in non-IFC landscapes. Successional forests had the lowest number of species
per plot with 36 species in IFC and 31 species in non-IFC landscapes (Figure 4).

Successional forest near IFC and in non-IFC landscapes had the lowest AGC of between 95–91 Mg
C·ha−1. Old-growth forest total carbon stocks were similar, having 228 Mg C·ha−1 for IFC and 246 Mg
C·ha−1 for non-IFC landscapes; but, were much higher compared to other forest types. Logged forest
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services, we estimate an average timber volume in old-growth forests of 387 m ha , which is within
the range of other studies from the Pan-Amazon region reporting between 240 m3 ha−1 and 425 m3
ha−1 [14,34]. Therefore, our results for carbon stocks and volume suggest that the sampled old-growth
forests have an adequate conservation status, with carbon and volume levels similar to the ones
reported for undisturbed old-growth forest or with minimal impact [104–106].
As reported by Hososuma et al. [30] and Kissinger et al. [31], 70% of the forest degradation effects
in Latin America are related to timber extraction, which is consequently the main degradation driver.
Our analyses also revealed that logged forests show signs of degradation due to timber extraction,
which were reflected in 25% less total carbon stocks, 32% less AGC and timber volume compared with
old-growth forests. Logged areas followed mainly the criteria of PAFSI program (selective logging);
in this sense, harvest intensity and the extent of damage caused by intervention are important factors
that influence the forest’s ability to recover and maintain ecological functions [34,107]. According to
Sist and Nascimiento [34], only 50% of the commercial stand volume would recover after 30 years,
under reduced impact logging (RIL) techniques with an average extraction intensity of 6 trees ha−1
and 20% of damage caused by harvest. West et al. [35] compare above-ground biomass (AGB) of
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conventional logging (CL) and RIL and show that plots under CL lose 26% of AGB while those with RIL
lose 17%. They conclude that after 16 years RIL plots recovered by 100% (2.8 Mg ha−1 year); whereas
CL plots only recovered 77% (0.5 Mg ha−1 year). While Rutishauser et al. [36], mention that a forest
may require 12, 43 or 75 years of recovery if logging activities reduce 10%, 25% or 50% of the ACG.
Logging activities cause considerable degradation in forest stands and can produce significant
changes in the structure. In addition, in the Amazon region logging activities could contribute to
land use change [108]. Forest degradation and deforestation are important factors in our study area
since in Ecuador 63% of the volume containing high-quality timber that can be logged legally is
located in Amazon lowland forests [109]. Therefore, the Amazon lowland forest is attractive for timber
harvesting. Considering the substantial degradation of these ecosystems due to logging, it is important
to prevent further illegal timber extraction in logged areas. In addition, a cascading use (Cascading use:
“is a strategy to use raw materials such as timber or other biomass, in chronologically sequential steps
as long, often and efficiently as possible for materials and only to recover energy from them at the end of
the product life cycle. It is the intention that the increased cascading use of wood will contribute to more
resource efficiency and consequently reduce pressure on the environment” [110] ) of timber products
can be an adequate strategy for reducing further carbon losses in order to increase forest resource
efficiency and reduce pressure on forest ecosystems [110]. Since cascading use is a strategy that requires
efficiency within industries for processing timber after harvesting, any planning of large-scale use of
Amazon timber potential has to be accompanied by strict control of logging intensities and recovery
periods as well as the setting up of an efficient timber processing infrastructure. As a complement
thereto, the conservation of old-growth forest areas through IFC programs (Socio Bosque) is necessary.
This is particularly relevant to the area that was studied, since Pastaza, Napo and Orellana contain
about 5.5 M ha of forest, corresponding to 43% of the total forest area of the country [71,109].
Successional forests in our study areas were between 12 and 28 years. In comparison to
the other forest types, they had the lowest values of AGC, total carbon, timber volume and species
richness. They were statistically different from old-growth and logged forests (except for volume in
logged forest) (Figure 3). According to our results, successional forest could hold between 56–64%
of AGC (Mg C·ha−1 ), total carbon stocks (Mg C·ha−1 ) and timber volume (m3 ha−1 ) in contrast to
old-growth forest, and among 82% to 87% in comparison to logged forest. Despite these low amounts
(93 Mg C·ha−1 average) compared with the other forest types, it is important to highlight the potential
of naturally regenerated forests for landscape restoration and carbon sequestration [111], especially in
landscapes where logging is carried out in order to compensate carbon losses from forest interventions.
For example, if we consider that in the provinces of Pastaza, Napo and Orellana a total of 3597
ha year−1 of forest have been regenerated between 2014 and 2016 [13], the potential sequestered
carbon for the next three decades would be 334,521 Mg C considering the AGC average of our data
(successional forest between 12 to 28 years). It is noteworthy to mention that our successional forests
can sequester around 71 Mg C·ha−1 in AGC between 12 and 16 years; while after 25 and 28 years
of regeneration this amount reaches 140 Mg C·ha−1 . Therefore, the potential for carbon stock can
be higher if those forests reach a middle age of regeneration, with most likely additional positive
side-effects on biodiversity indicators.
Based on our results, successional forests contribute to compensate carbon losses from logging on
a landscape scale. Moreover, they can serve as an effective tool for biological corridors to improve
connectivity; and in addition, provide goods and services to local communities helping with livelihoods
diversification [74,112].
4.1.2. Influence of IFC, Non-IFC and Forest Types on Ecosystem Services Degradation
We found that, in the Ecuadorian Amazon lowland forest, there was no difference in carbon
stocks, timber volume and species richness between old-growth forest with IFC and old-growth
forest in non-IFC landscapes. Old-growth forests in IFC and non-IFC showed no degradation of
ecosystem services since they had carbon stocks and volume contents similar to mature forests with
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adequate conservation in other Amazonian forests [104–106]. As we note in the previous sections,
there is a lack of studies analyzing the effects of conservation policies and degradation in Ecuador.
In our extensive search, we found the work of Mohebalian and Aguilar [55] who detected degradation
effects in areas not enrolled in the Socio Bosque program, but the differences were statistically not
significant. They also found a higher presence of timber species in Socio Bosque areas than in other
areas, which indicates harvesting activities in non-Socio Bosque lands. However is important to point
out that this study was performed in private landholdings, whereas our study was performed in
communal lands. In the Central Amazon region (Pastaza, Napo and Orellana) 98% of Socio Bosque
program area is under communal tenure, which highlights the importance of our results.
Other studies in the tropics mention that areas without a conservation strategy could have positive
outcomes for community forestry compared to state protection. When people have ownership or
management rights over ecosystem resources, they will genuinely support conservation objectives in
comparison to a situation of restricted access [52,113,114]. Yet, such community protection will only
function if embedded in a context where utilization of resources is possible, e.g., in nearby designated
areas [115,116]. Bray et al. [51], Naughton-Treves et al. [117] and Porter et al. [53] found that forest loss
on communal lands was lower or equal to that in protected areas. Despite the fact that old-growth
forests in non-IFC landscapes do not show evidence of degradation, it is important to consider that
the Ecuadorian Central Amazon currently has a low population density [118], and households still
manage a considerable amount of land, so they resort to their own forests in order to satisfy the demand
for forest products. Nevertheless, as soon as the resources in private lands are depleted, it is likely
that the remaining forests, especially those without any protection status, will be more vulnerable.
In that context, IFC can become more important for maintaining forest integrity, especially when forest
pressure increases in the future. Given the fact that currently there are still areas of old-growth forest
which have not been protected, the importance of policies aiming to conserve or otherwise manage
forests sustainably is significant. Such policies can take the form of programs like Socio Bosque,
governmental or communal protected areas, or any other strategy.
Our study identified an unexpected positive effect for logged forests near IFC forests, as these forests
had higher AGC stocks (125 Mg C·ha−1 ) than logged forests in non-IFC landscapes (101 Mg C·ha−1 ).
When these forests were compared with old-growth forests, we estimated a reduction in AGC of 21% in
logged forests near IFC and 41% in logged forests in non-IFC landscapes. Such findings are surprising
and suggest that the presence of a conservation program in the area has effects on how logging is
performed. The adequate conservation of old-growth forest, as well as less degradation of logged
forests on IFC landscapes, can be related to a greater presence of governmental representatives who
are negotiating, monitoring and controlling IFC areas. Consequently, people living close to those
areas could feel more pressure to follow the forest regulations, since there is a higher probability of
being caught breaking the law than in non-IFC landscapes, where government presence could be more
scarce. Jones et al. [54] reported that people living around Socio Bosque areas perceive more restrictions
and a fast response by environmental authorities when illegal activity occurs. Our results show that is
possible to balance and integrate forest conservation and timber production [66]. Nevertheless, it is
necessary to implement improved forest management procedures, like reduced impact logging (RIL),
which may result in lower forest degradation. Runting et al. [66] show that extreme land use sharing
or extreme land use sparing in forest landscapes is not necessarily the optimal solution. At landscape
level, mixed land use with both approaches is probably the better option to guarantee conservation of
ecosystem services [66,67].
Species richness is an important attribute that can influence ecosystems services and also reflects
anthropogenic impact. Studies show a positive relationship between species richness and ecosystem
services [23,25–28]. The number of species per plot that we found in old-growth forests under IFC
versus non-IFC was the same. Cluster analyses showed that they were also similar in composition,
suggesting that there is no species loss when we compare old-growth forests across landscapes.
In contrast, Shahabuddin and Rao [114] mentioned that areas without conservation strategies “fall
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short of the needs of comprehensive biological conservation,” implying that state protection is more
effective and that communal forest conserves an altered species composition and tends to lose species,
often those with the highest conservation value.
Logged forests had a similar number of species per plot in comparison with old-growth forests, but,
as expected, they showed a change in species composition due to human intervention. The surprisingly
high values of species richness in logged forests located in non-IFC landscapes could thus be attributed
to a post-logging stimulation of pioneer species which had been suppressed before and reached the DBH
threshold of this study after logging interventions [119–121]. Our results on species composition
confirm this finding and are in line with results of stronger logging disturbances in forests without
the presence of IFC.
As expected, successional forests near IFC and in non-IFC landscapes showed the lowest carbon
stocks, timber volume, and species richness; in addition, they presented a different species composition
(Figure 5) in contrast to old-growth forest and logged forest. Nevertheless, due to increase in population
growth, deforestation and land abandonment, successional forest can become more important in
the tropics [122,123]. Therefore, this forest type will play a relevant role and should be included in
conservation strategies or incentives programs since they can contribute to landscape restoration
and provision of ecosystems services, and in addition help to support biodiversity of old-growth
forest [124–126].
4.2. Deforestation
The parishes in this study showed two trends: (i) in parishes influenced by IFC, the deforestation
decreased from −1.09% in 2000–2008 to −0.18% in 2008–2016, implying a significant (p = 0.04)
and positive change of deforestation. (ii) The parishes without IFC, on the other hand, showed
an increase of forest loss changing from −0.41% in 2000–2008 to −0.61% for 2008–2016, but the change
was not statistically different between the periods (p = 0.15); nevertheless, it is worth emphasizing that
deforestation has increased in the absence of a formal conservation strategy.
This is in line with studies carried out in other tropical regions; for example, Bruner et al. [38]
assessed 93 protected areas across the tropics and found that only 17% of the areas had a net forest
clearance since their establishment. Nagendra [39] evaluated 49 locations where protected areas
had a lower rate of clearance than in surrounding areas. Similar results were found by Mohebalian
and Aguilar [55] regarding areas with Socio Bosque program in Ecuador, according to which these areas
are 9% less likely to be deforested. Jones et al. [54] mention that this program can reduce the average
annual deforestation rate (forest cover change) in the Ecuadorian Amazon region by 0.4% - 0.5% in
contrast to areas without it. At the national level, Cuenca et al. [127] suggest that between 1.5% to 3.4%
of the forest might have been deforested in 2014 if Socio Bosque would not have been implemented.
Understanding how IFC influences forest conservation with in situ data has important implications
for future policies. The relation between IFC and deforestation is assumed to be due to financial
compensation and higher governmental presence in controlling illegal activities, which are thus seen
as important factors for avoiding deforestation in areas with IFC programs [54]. However, incentives
do not always have a major effect on the reduction of forest cover loss; Sanchez-Azofeifa et al. [56]
and Pfaff et al. [57] found that payments for ecosystem services in Costa Rica have little effect on
declining deforestation rates between 1997–2000. Though, it is possible that there was an influence of
conservation policies implemented previously, or that these areas were not under high deforestation
pressure [1].
5. Conclusions
The main focus of recent research has been the evaluation of the effect of IFC on forest cover loss.
Though this kind of analysis provides important information about the effectiveness of the programs
in maintaining forest cover, it does not indicate the condition of ecosystems and their functionality
as a result of anthropogenic activities. We reduce this knowledge gap through the incorporation
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of forest degradation aspects into the assessment of ecosystems services and species richness in
landscapes with and without IFC. The adequate conservation of ecosystem services in IFC areas
and the unexpected positive side-effect of IFC on adjacent forest types, suggests that conservation
strategies and logging activities are getting more compatible at a landscape level, without deviating
higher pressure (leakage effect) to adjacent forest types. Additionally, at the parish level, we found
a decrease of deforestation rates after the implementation of the IFC program. People living around
Socio Bosque areas were probably restrained from illegal logging, overexploitation or land use
conversion in adjacent areas due to a greater presence of governmental representatives or higher
environmental awareness of the society. Our results are supporting evidence for the importance of IFC
as an alternative conservation strategy to maintain forest integrity. Since the IFC program is a main
step to articulate forest conservation with REDD+ schemes (Reducing Emissions from Deforestation
and Forest Degradation), our results are very pertinent for the actual conservation debates in Ecuador.
In this study, we also considered two important drivers of deforestation and degradation that
affect ecosystem services and species richness: (i) timber extraction and (ii) conversion of old-growth
forests into pastures or agricultural lands. There is evidence of a significant reduction of carbon stocks
and timber volumes as a consequence of logging activities in comparison to old-growth forests. However
the carbon storage is significantly higher than successional forests resulting from abandoned pastures
or agricultural lands. Sustainable forest management can consequently be considered as important
tool for climate change mitigation where the agricultural frontier puts old growth forests under risk of
conversion. Long term studies are needed to evaluate the effect of logging intensities and frequency,
in order to find an optimal balance between climate change mitigation potential and financial returns
of forest interventions. The considerable carbon stocks of successional forests on abandoned lands
could make them a promising but overlooked instrument for restoration programs. They could help to
offset the negative impacts of degradation (logging) and forest cover loss (deforestation) on a landscape
level and therefore should be incorporated into the REDD+ strategies as part of the climate change
mitigation efforts.
Finally, considering the enormous potential of timber and other natural resources in the Amazon,
there is an urgent need for land use planning. In this sense, the incorporation of landscape approaches
can serve as an integral tool to prioritize areas for conservation, sustainable forest management
and restoration.
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Appendix A
Table A1. Environmental variables considered for the block design.
Environmental Variables
Altitude m a.s.l.

Landscape

Forest Cover 1 (%)

Agricultural Land 1 (%)

Ecosystem 2

Soil Type 3

Soil Texture 4

Mean Distance from
Plots to Roads (m)

(mean)

Min.

Max

IFC-1 (block 1)

71.52

27.31

tropical lowland forest

Inceptisol/Andisol

medium–moderately coarse

3328.86

887.9

560.0

1180.0

Non-IFC-1 (block 1)

57.6

39.32

tropical lowland forest

Inceptisol/Andisol

medium–moderately coarse

1087.61

667.0

479.0

1049.0

IFC-2 (block 2)

72.62

25.77

tropical lowland forest

Inceptisol/Andisol

fine

1312.41

525.6

403.0

758.0

Non-IFC-2 (block 2)

81.84

16.77

tropical lowland forest

Inceptisol/Andisol

fine–medium

1302.99

568.6

403.0

1028.0

IFC-3 (block 3)

65.03

28.59

tropical lowland forest

Inceptisol

fine–medium

1487.63

429.4

348.0

688.0

Non-IFC-3 (block 3)

50.17

43.13

tropical lowland forest

Inceptisol

fine–medium

826.91

372.2

299.0

600.0

IFC-4 (block 4)

61.83

34.21

tropical lowland forest

Inceptisol/Andisol

fine–medium

988.60

552.7

331.0

819.0

Non-IFC-4 (block 4)

49.37

48.16

tropical lowland forest

Inceptisol/Andisol

fine–medium

1181.18

451.3

315.0

654.0

Source:

1

2

3

4

MAE [128]; MAE and FAO [109]; SIGTIERRAS [129]; MAGAP [130].
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Table A2. Demographic variables considered for the block design.
Demographic Variables (Socio-Economic)
Landscape

Population Density
(hab. per km2 ) 1

Mean Distance from
Households within
Landscapes to Forest (km) 2

Distance from Landscape
to Large Cities (km) 2

IFC-1 (block 1)

12.68

2.82

24.00

Non-IFC-1 (block 1)

9.44

2.65

30.42

IFC-2 (block 2)

9.00

2.38

46.83

Non-IFC-2 (block 2)

9.33

2.03

60.50

IFC-3 (block 3)

18.09

2.05

35.84

Non-IFC-3 (block 3)

21.24

1.43

58.24

IFC-4 (block 4)

24.22

0.83

10.20

Non-IFC-4 (block 4)

29.77

1.12

16.80

1

INEC [118]; 2 Based on own information gathered through 673 surveys and eight community workshops
(one per landscape) within the eight landscapes comprised by the LAFORET Project, Thünen Institute of International
Forestry and Forest Economics, Germany.

Table A3. Analysis of variance between IFC and Non-IFC landscapes considering cofounding variables.
IFC vs. non-IFC
Factor

IFC
Mean (std.err)

Non-IFC
Mean (std.err)

p-Value

Forest (%)

67.75 (5.67)

59.75 (5.67)

0.3569

Agricultural land (%)

28.97 (5.07)

36.85 (5.07)

0.3143

Mean Altitude m a.s.l.

598.90 (84.21)

514.78 (84.21)

0.5064

Mean Distance from plots to roads (m)

1779.38 (379.25)

1099.67 (379.25)

0.2520

Population Density (hab. per km2 )

16.00 (4.22)

17.45 (4.22)

0.8166

Distance from households within the landscapes to forest (km)

2.02 (0.39)

1.81 (0.39)

0.7099

Distance from landscape to large cities (km)

29.22 (9.39)

41.49 (9.39)

0.3911

Table A4. Analysis of variance of successional forest age between IFC and Non-IFC landscapes.
Variable

IFC (mean/Std. err.)

Non-IFC (mean/Std. err.)

p-Value

Successional forest age

20 (1.26)

19 (1.26)

0.6439

Table A5. Mean values and standard error of AGC, DOM, SOC, total carbon, timber volume and species
richness for landscapes with IFC and Non-IFC.
Variable

IFC

S.E.

Non-IFC

S.E.

AGC (Mg

C·ha−1 )

126.62

4.81

121.23

4.93

DOM (Mg

C·ha−1 )

11.37

0.54

10.94

0.52

SOC (Mg C·ha−1 )

51.44

5.31

48.70

5.31

Total carbon (Mg C·ha−1 )

191.77

10.43

185.97

10.43

Volume (m3 ha−1 )

303.39

15.65

283.23

15.94

Richness (#species/plot)

46.11

2.56

46.64

2.56

AGC: Above ground carbon. DOM: Dead organic matter. SOC: Soil organic carbon.
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Table A6. Mean values and standard error of AGC, DOM, SOC, total carbon, timber volume and species
richness for forest types.
Variable

Old Growth Forest

S.E.

Logged Forest

S.E.

Successional Forest

S.E.

C·ha−1 )

165.63

5.87

112.97

5.87

93.17

5.75

DOM (Mg C·ha−1 )

11.60

0.67

11.86

0,64

10.01

0.64

C·ha−1 )

52.57

5.39

48.19

5.39

49.45

5.39

AGC (Mg

SOC (Mg

C·ha−1 )

236.85

10.40

176.75

10.40

153.01

10.40

Volume (m3 ha−1 )

387.29

16.09

264.78

16.09

227.85

16.42

Richness (#species/plot)

55.17

2.26

49.92

2.26

34.04

2.26

Total carbon (Mg

AGC: Above ground carbon. DOM: Dead organic matter. SOC: Soil organic carbon.
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Table A7. Mean values and standard error for AGC, DOM, SOC, total carbon, timber volume and species richness for IFC, non-IFC and forest types.
Variable

Old-Growth
Forest with IFC

S.E.

Old-Growth Forest in
Non-IFC Landscapes

S.E.

Logged Forest
Near IFC

S.E.

Logged Forest in
Non-IFC Landscapes

S.E.

Successional
Forest Near IFC

S.E.

Successional Forest in
Non-IFC Landscapes

S.E.

AGC (Mg C·ha−1 )

159.36

7.94

171.90

8.28

125.37

7.94

100.57

8.28

95.13

7.94

91.20

7.94

DOM (Mg C·ha−1 )

12.02

0.97

11.18

0.93

12.85

0.93

10.88

0.89

9.26

0.93

10.76

0.89

C·ha−1 )

50.91

5.78

54.24

5.78

51.26

5.78

45.12

5.78

52.16

5.78

46.75

5.78

SOC (Mg

C·ha−1 )

227.60

12.78

246.10

12.78

190.39

12.78

163.10

12.78

157.32

12.78

148.71

12.78

Volume (m3 ha−1 )

380.28

22.35

394.30

23.16

283.62

23.16

245.95

22.3

246.28

22.35

209.42

24.07

Richness (#species/plot)

55.17

3.19

55.17

3.19

46.67

3.19

53.17

3.19

36.50

3.19

31.58

3.19

Total carbon (Mg

AGC: Above ground carbon. DOM: Dead organic matter. SOC: Soil organic carbon.
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Table A8. Annual rate of deforestation at a parish level for areas influence by IFC and Non-IFC
between 2000–2008 and 2008–2016.
IFC–Non-IFC

Annual net Deforestation Rate
(%) 2000–2008

Annual net Deforestation Rate
(%) 2008–2016

Tendency
↓↑

IFC 1

−0.77

0.78

↓

Non-IFC 1

−0.36

−0.49

↑

IFC 2

−1.23

−0.33

↓

Non-IFC 2

−0.55

−0.68

↑

IFC 3

−1.31

−0.41

↓

Non-IFC 3

−0.53

−0.43

↓

IFC 4

−1.06

−0.76

↓

Non-IFC 4

−0.18

−0.85

↑

↓ Decrease of the annual net deforestation rate between periods 2000–2008 to 2008–2016 at a parish level. ↑ Increase
of the annual net deforestation rate between periods 2000–2008 to 2008–2016 at a parish level. Source: SUIA, (2018).
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