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Abstract 

Background:  The reliable monitoring, reporting and verification (MRV) of carbon emissions and removals from 
the forest sector is an important part of the efforts on reducing emissions from deforestation and forest degrada-
tion (REDD+). Forest-dependent local communities are engaged to contribute to MRV through community-based 
monitoring systems. The efficiency of such monitoring systems could be improved through the rational integration 
of the studies at permanent plots with the geospatial technologies. This article presents a case study of integrating 
community-based measurements at permanent plots at the foothills of central Nepal and biomass maps that were 
developed using GeoEye-1 and IKONS satellite images.

Results:  The use of very-high-resolution satellite-based tree cover parameters, including crown projected area (CPA), 
crown density and crown size classes improves salience, reliability and legitimacy of the community-based survey of 
0.04% intensity at the lower cost than increasing intensity of the community-based survey to 0.14% level (2.5 USD/ha 
vs. 7.5 USD/ha).

Conclusion:  The proposed REDD+ MRV complementary system is the first of its kind and demonstrates the 
enhancement of information content, accuracy of reporting and reduction in cost. It also allows assessment of the 
efficacy of community-based forest management and extension to national scale.
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Background
The reliable monitoring, reporting and verification 
(MRV) of anthropogenic greenhouse gas emissions and 
removals from the forest sector is one of the most impor-
tant elements necessary for the implementation of a per-
formance-based reducing emissions from deforestation 
and forest degradation (REDD+) mechanism [1–3]. A 
few of the critical challenges of the REDD+ MRV systems 
are the reliable estimation of deforestation, afforesta-
tion, forest enhancement and degradation [3]. Currently, 
satellite-based monitoring systems are in vogue for the 
monitoring of forest cover gain and loss, facilitating the 

estimation of carbon fluxes from deforestation and affor-
estation [4].

On the other hand, using remote sensing to quantify 
carbon fluxes associated with forest enhancement and 
degradation in forest land remaining as forest over the 
given monitoring period is not possible on an operational 
scale, due to the complexities involved in detection and 
quantification [5]. In many developing countries, there is 
a low capacity for remote sensing-based monitoring and 
reporting of emissions from degradation (and remov-
als from regrowth and afforestation) on a national level 
[6]. Estimates of above-ground biomass (AGB tons of 
dry weight) gain or loss in these cases are best collected 
by either forest inventory or production consumption 
surveys [7]. However, there is also a lack of govern-
ment-endorsed programs that instill a dedicated effort 
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for consistently monitoring forests on a national scale 
[7], due to the cost and time intensiveness of the field 
inventories.

In this context, Danielsen et al. [8] and Palmer [9] have 
explained the role of community-based forest monitor-
ing systems and presented experiences from different 
countries in terms of optimizing field inventories, accu-
racy, economics, legitimacy, coupling and scalability to 
national systems. There is a very strong linkage between 
indigenous peoples and community forestry with less 
deforestation, degradation and improved enhancement 
[10–12]. The community-based monitoring systems 
involve scientifically identified, permanent sample plots 
over individual community forest (CF) areas, protocol 
development, training and periodic measurements of dif-
ferent parameters at specified intervals [13].

A few critical challenges of these community-based 
monitoring systems include the efficacy of high-intensity 
annual monitoring using permanent sample plots, lack of 
spatial extrapolation power to address changes beyond 
the sample plots, such as forest cover loss and degrada-
tion, and the reliable quantification of carbon dynam-
ics over the entire study area [14]. Danielsen et  al. [15] 
stressed the need for reliable third-party evaluations 
with a detailed explanation of the potential disadvan-
tages of community monitoring, such as biased report-
ing by communities, intimidation of communities for 
biased reporting and over-burdening communities with 
workloads from state-owned systems [9]. Skutsch et  al. 
[16] and Bavikatte and Jonas [17] stressed the need for 
the rational integration of geospatial technologies to 
improve the efficacy of community monitoring systems. 
Remote-sensing-based monitoring of forest degradation/
enhancement essentially involves two main approaches 
[18]: first, detection indicated by a change in canopy 
cover or proxies and second, the quantification of gain or 
loss in AGB. Both approaches provide spatially explicit 
estimates with wall to wall coverage, enabling the under-
standing of dynamics beyond point-based estimates [4, 
19]. The reliable remote-sensing-based visual indicators 
and systematic information systems could also extend 
objectivity to verification and third-party evaluations [1, 
20]. The multi-resolution satellite systems help to address 
biomass estimations at the species, stand and forest type 
levels, enabling the spatial linking of different scales 
of information to reach from the community level to 
national estimates [21, 22].

Against this background, the present study is con-
ducted with a focus to develop operationally feasible 
synergistic community forestry monitoring approach 
drawing the strengths and benefits of both remote sens-
ing and community monitoring resulting in higher inte-
grated value of salience, reliability and legitimacy as 

against standalone methods. We present very-high-res-
olution satellite-based tree cover parameters, including 
crown projected area (CPA), crown density and crown 
size classes, and discuss how these work as simple indi-
cators for monitoring CFs, as well as their potential use 
by communities. This paper also demonstrates the devel-
opment of remote-sensing-based temporal spatial bio-
mass estimates with better accuracies using optimized 
community-based field inventories. The added advantage 
of spatially explicit biomass dynamics in understand-
ing leakage, additions and persistence are demonstrated 
through the comparative evaluation of CF areas, where 
conservation practices are followed with non-CF areas. 
We also show, through comparative scoring, how the use 
of community monitoring in conjunction with remote 
sensing could create more value when added to the MRV 
system in terms of salience, reliability and legitimacy.

Methods
Study site description
We conducted the study in the Kayarkhola watershed of 
the Chitwan District, Nepal (Fig. 1). The total study area 
is 8002 ha, in which 2385 ha is under 16 community for-
estry (CF) units owned by community forest user groups 
(CFUG) and 5617 ha is under non-CFs (government and 
leasehold forests, including miscellaneous land cover). 
The study area is located at a latitude of 27.668–27.776 
and a longitude of 84.556–84.695 [23]. The Kayarkhola 
watershed is one of three watersheds in Nepal where 
the REDD+ pilot project (2009–2013) has been imple-
mented. Under the Forest Carbon Trust Fund (FCTF), 16 
CFUGs received seed grants of US $21,905 in 2011 [24], 
US $24,691 in 2012 [25] and US $25,659 in 2013 [26].

Datasets
To assess and monitor the forest parameters in this study, 
orthorectified IKONOS-2 (August 3, 2002) and Geo-
Eye-1 (November 2, 2009, and December 15, 2012) satel-
lite images were used at 1 and 0.5  m spatial resolution, 
respectively.

Watershed boundary delineation was completed 
through spatial analysis using a 20  m-resolution topo-
graphic digital elevation model (DEM). A GIS-based 
participatory approach was used for the boundary delin-
eation of the 16 CFs involving CFUGs and a district for-
est officer (Fig. 1 and Additional file 1: Appendix S1). The 
CF area was subtracted from the watershed boundary, to 
extract biophysical parameters for both CF and non-CF 
regimes.

Land cover assessment and change analysis
Tree cover area was extracted using the GEOgraphic 
object-based image analysis (GEOBIA) technique [27], 
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performed on high-resolution satellite images (IKONOS 
and GeoEye-1) to delineate tree cover and non-tree cover 
areas. The segmentation parameters used include scale—
400, shape—0.7, and compactness—0.3. The non-tree 
cover areas were further classified as agriculture, settle-
ments, barren areas and water. The 2009 land cover map 
was used as a reference to classify the 2002 and 2012 sat-
ellite images. The tree cover loss and gain were estimated 
for the periods of 2002–2009 and 2009–2012 using the 
change matrix method [28].

Tree cover assessment: forest change analysis
Tree cover assessment was completed using three param-
eters: (1) crown projected area (CPA), (2) crown density 
and (3) crown sizes. CPA represents the aggregate area 
of all tree crowns vertically projected onto the ground 
surface. The sum of crown areas for all trees was meas-
ured on a fixed plot area and then divided by the ground 
area of the plot to give the crown density or closure. All 
1  ha grids covering more than 10% tree crown density 
were treated as forests, and the remainder were <  10% 
crown density. Later, all forested grids were further clas-
sified into three forest crown density classes of 10–40%, 
40–70% and > 70%. The transformation to higher crown 
density classes was considered an enhancement, while 
transformation to lower crown density classes was con-
sidered a degradation (Methodology details in Additional 

file  1: Appendix S2). The forests of Nepal are reported 
to be of middle age with less complex canopies [29], as 
observed over the study area, with trees largely belonging 
to the less than < 100 cm diameter class (Additional file 1: 
Appendix S3). Accordingly, in terms of the progression in 
crown size classes during 2002–09 and 2009–12 across 
the watershed, CF and non-CF areas were analyzed for 
use as proxy indicators of forest enhancement.

Field‑based biomass estimations
The field-based biomass estimations were obtained from 
two sets of samples. The first set belongs to the com-
munity measurements, where the members of CFUGs 
carried out field measurements annually in permanent 
sample plots from 2009 to 2013. A total of 140 permanent 
circular sample plots (area 250  m2 and radius 8.92  m) 
covering 3.5 ha were established for field measurement in 
all CFs, with a sampling intensity of 0.147% (Fig. 1).

The approach for the second set of samples was focused 
on building the CPA-biomass model and to carry out the 
spatial biomass estimation for the entire watershed area. 
Based on the overall understanding gained from com-
munity-based field data on the variability of biomass, 
we have taken approximately 1/3 of the community field 
sampling intensity (51 out of 140) to cover 2.55 ha of for-
est area in the entire watershed with a sampling intensity 
of 0.043%. Additionally, we have increased the size of the 

Fig. 1  Study area map
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plot to a 500 m2 circular plot to obtain more local vari-
ance. Field campaigns were conducted from December 
2009 to December 2010.

In each plot for both sampled streams, tree param-
eters including DBH (only > 5 cm), height, crown diam-
eter, and species were recorded in addition to geographic 
coordinates. A GPS receiver for location identification, 
TruPulse 360B for tree height measurement and diam-
eter tape for DBH measurement were all used in the field. 
Plot-level AGB values (in tons) were calculated using the 
allometric equation given by Chave et al. [30] for tropi-
cal, moist hardwood forests, which were upscaled at 1 ha. 
Wood specific gravities for each tree species were taken 
from data published by Chaturvedi et al. [31].

Spatial AGB model
For spatial AGB, a linear regression relationship was 
developed using field-based biomass data from the center 
of 1 ha grid and CPA obtained from the 2009 GeoEye-1 
image. The model was calibrated and validated using 31 
plots (60%) and 20 plots (40%), respectively, based on 
measured AGB values from the field data. A significant 
correlation coefficient allowed us to use the same linear 
regression model to estimate the biomass using CPA 
maps for the entire study area for 2002 and 2012. Based 
on individual time spatial AGB maps, biomass spatial 
change maps at the two time intervals of 2002–2009 and 
2009–2012 were prepared to assess the gain and loss of 
biomass over the entire watershed, for both CF and non-
CF areas.

Comparison of remote‑sensing‑based and field‑based AGB
The community-based permanent field plot measure-
ments have given us information on AGB (tons/ha) and 
the mean annual increment over 140 locations for the 
years 2009 and 2012. From the biomass maps of 2009 and 
2012 over these 140 locations, remote sensing model-
based biomass estimates were extracted and then com-
pared with community-based biomass values, with the 
root mean square error determined to analyze the statis-
tical significance.

REDD+ MSRL index
The aspects governing the operational feasibility and 
sustainability of our approach and proposed framework 
were analyzed using salience, reliability and legitimacy 
parameters as identified by Danielsen et  al. [15]. Sali-
ence reflects how knowledge outcome answer right ques-
tion, outcome provided is in useful form and time, offers 
an opportunity to relate results to policies and actions. 
The contextualization in terms of adopting local con-
text, potential to couple with national systems, linkages 
to performance and support to undertake diagnostic/

prescriptive actions are the variables taken to assess sali-
ence. The reliability refers to meeting standards of scien-
tific plausibility, technical adequacy about data, methods 
used, analysis applied and robustness of conclusions. The 
information content, accuracy, cost effectiveness and 
repeatability are the variables taken to assess reliabil-
ity. Legitimacy offers an opportunity for involvement of 
stakeholders with appropriate mechanisms to facilitate 
the expression of values and the resolution of conflicts 
with end users. The potential to remove bias, transpar-
ency of the process, scope for participatory process and 
mutual trust among the stakeholders involvement are the 
variables used for legitimacy assessment [8, 15, 32].

The different variables selected as above for salience, 
reliability and legitimacy in accordance with REDD+ 
monitoring context were ranked on 1–3 scale (Table 4). 
The score values were assigned based on the tools 
and methods used and their output characteristics as 
explained in Table 4 for each variable. In order to assess 
the integrated effect of all the parameters and assess 
potential adoptability, we developed the REDD+ MSRL 
Index (Monitoring with salience reliability legitimacy) 
using the following formula:

where Si, is the score of the ith variables of salience, reli-
ability and legitimacy, i = 1,2, …12 and Maxi = Max {Si}

Results
Land cover change analysis
In the study area, the total tree cover area has increased 
from 5584 to 5864 ha during 2002–2009 and to 5892 ha 
by 2012 at the watershed level. A similar increase is also 
found in both CF and non-CF areas of the watershed 
(Table 1). However, from the tree cover change dynam-
ics (Fig. 2 and Additional file 1: Appendix S3), it can be 
found that CFs are stable and improved, compared to 
non-CF areas and changes at the watershed level. In the 
CF areas, 90% of the tree cover remained the same with-
out conversion during the periods of 2002–09 and 2009–
12. In addition, the conversion of non-tree cover into tree 
cover has resulted in an 8% increase, and tree cover to 
non-tree cover only increased by 1% in CF areas. 

Forest crown density change: enhancement 
and degradation
The areas under all forest crown density classes were 
found to have increased during the periods of 2002–09 
and 2009–12 in both the CF and non-CF areas, signifying 

REDD +MSRL index

(Monitoring with salience reliability legitimacy)

=

∑12
n=1 (Si)

∑12
n=1 (Maxi)

,
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a net positive growth of forests in the watershed (Table 1). 
The enhancement is largely due to the conversion of the 
40–70% class into the > 70% crown density class, in both 
CF and non-CF areas. The degradation is found to be 
highest in the non-CF areas, where 155 ha of the > 70% 
crown density class is converted into the 40–70% crown 
density class (Fig. 2 and Additional file 1: Appendix S3).

Assessment of CPA and tree crown sizes
An accuracy of 83% was achieved in the delineation of tree 
crowns, as observed through the relationship determined 
between the number of segmented and observed tree 
crowns (Additional file 1: Appendix S5). Spatial maps over 
the watershed can be seen in Additional file 1: Appendix 
S6. The CPA in the higher crown size class of > 30 m2 was 
found to have increased by 59.4% during 2002–2009 and 
by 0.4% during 2009–2012 at the watershed level, with a 

Table 1  Status of  different monitoring parameters 
extracted from satellite data 2002, 2009, 2012

Area (ha)

2002 2009 2012

1. Land cover

 Watershed

  Tree cover with < 10% crown 
density

1221 991 975

  Tree cover with > 10% crown 
density (Forest)

4363 4873 4917

  Subtotal: tree cover 5584 5864 5892

  Agriculture and built-up area 2110 2021 2021

  Barren area 272 83 56

  Water body 36 34 33

  Total watershed 8002

 CFs

  Tree cover with < 10% crown 
density

500 376 378

  Tree cover with > 10% crown 
density (Forest)

1667 1946 1976

  Subtotal: tree cover 2167 2322 2354

  Agriculture and built-up area 49 34 26

  Barren area 167 26 3

  Water body 2 3 2

  Total CFs 2385

 Non-CFs

  Tree cover with < 10% crown 
density

721 615 598

  Tree cover with > 10% crown 
density (forest)

2696 2927 2940

  Subtotal: tree cover 3417 3542 3538

  Agriculture and built-up area 2061 1987 1995

  Barren area 105 57 53

  Water body 34 31 31

  Total Non-CFs 5617

2. Tree crown size

 Watershed

  < 15 m2 2191 1453 1454

  15–30 m2 2024 2228 2247

  > 30 m2 1369 2183 2191

  Total 5584 5864 5892

 CFs

  < 15 m2 843 575 581

  15–30 m2 816 887 901

  > 30 m2 508 860 872

  Total 2167 2322 2354

 Non-CFs

  < 15 m2 1348 878 872

  15–30 m2 1208 1341 1347

  > 30 m2 861 1323 1319

  Total 3417 3542 3538

Table 1  continued

Area (ha)

2002 2009 2012

3. Forest crown density (%)

 Watershed

  10–40 3631 3885 3919

  40–70 512 717 726

  > 70 220 271 272

  Total 4363 4873 4917

 CFs

  10–40 1391 1547 1571

  40–70 193 286 291

  > 70 83 113 115

  Total 1667 1946 1976

 Non-CFs

  10–40 2241 2338 2348

  40–70 318 432 435

  > 70 137 157 157

  Total 2696 2927 2940

4. Above ground biomass (AGB)

 Watershed

  Total AGB (ton) 2,661,790 2,928,074 2,985,291

  Average AGB (ton/ha) 342 354 360

  Standard deviation AGB 121 123 130

 CFs

  Total AGB (ton) 1,120,050 1,236,838 1,265,923

  Average AGB (ton/ha) 370 392 405

  Standard deviation AGB 103 103 110

 Non-CFs

  Total AGB (ton) 1,541,740 1,691,236 1,719,368

  Average AGB (ton/ha) 324 331 367

  Standard deviation AGB 128 128 134
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Fig. 2  Changes in different biophysical parameters extracted from satellite data during 2002–2009 and 2009–2012, in CFs and non-CFs areas. a 
Land cover change. b Tree crowns size (m2) change. c Lower crown density class. d Higher crown density class
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total area increase of 872 ha over the > 30 m2 crown size 
class, indicating a positive growth of forests (Table 1).

Comparison of remote‑sensing‑based and field‑based AGB
A linear regression model was obtained to map AGB at 
the watershed level (AGB = 0.0543 * CPA − 62.078 with 
R2 = 0.76). An 84% accuracy was achieved between the 
predicted and observed biomass values using 20 sample 
locations (Fig.  3). AGB values from maps (Additional 
file 1: Appendix S7) were extracted over 140 sample plot 
locations where community inventory-based biomass 
estimations were available. The estimates were aggre-
gated over 15 CFs (One CF was excluded from the anal-
ysis because that was not delineated in 2009 and thus 
not permanently observed by CFUG)  using the corre-
sponding sample plots for each CF (Table 2). The annual 
increase in biomass of 2.37 tons/ha was estimated by the 
community-based inventory, whereas the CPA model-
based estimates were 2.61  tons/ha with a 0.95  tons/ha 
root mean square error (Table 2).

Spatial biomass change
The AGB during 2002–2009 and 2009–2012 increased by 
116,788 and 29,085 tons, respectively, over CF areas with 
an annual increase of 7.7 and 4  tons/ha during 2002–09 
and 2009–2012, respectively (Additional file  1: Appendix 
S4). The assessment over the watershed area, including CF 
and non-CF areas, reveals that the study area has largely 
acted as a sink through the increased biomass by 266,284 
and 57,217 tons during 2002–09 and 2009–12, respectively.

Cost comparison
The cost comparison of three different approaches (1) 
Community based monitoring (CM) without using 
remote sensing (2) Remote Sensing  +  Profession-
als based monitoring (RS  +  P) and (3): Remote Sens-
ing  +  Community based monitoring (RS  +  CM) is 
presented in Table 4. The cost estimation involved three 
components satellite data cost, field inventory and image 
interpretation analysis. The community based monitor-
ing for the year 2009 and 2012 costs USD16,000 cover-
ing CF area of 2385 ha with sampling intensity of 0.147%/
year. Accordingly, the average per ha cost is found to be 
USD 7.5  ha. For the remote sensing based monitoring, 
optimal sampling intensity of 0.043% has been achieved 
using remote sensing based stratification across CF and 
non-CF areas covering the entire watershed for the year 
2009. The CPA based biomass model developed for 2009 
using this field data was used to generate biomass esti-
mates for the year 2012 without further fieldwork. Hence 
the RS  +  P approach resulted in an average monitor-
ing cost of USD 4/ha due to reduction in field sampling 
intensity for the year 2009 and avoiding sampling for the 
year the 2012 by using CPA based biomass model. The 
RS +  CM based cost is found further reduced to USD 
2.5/ha when the field inventory cost of professionals is 
replaced with the cheaper per plot cost of community 
based monitoring (Table 3). This reduced cost is realized 
despite including cost of satellite data for both the years 
and professional’s cost for data interpretation. Apart 
from realizing the cost benefits, the increased number of 

Fig. 3  (Left side scatterplot) A linear regression model fitting between CPA and biomass values, (right side scatterplot) validation of biomass model 
and (bottom table) the statistical values of linear regression model
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products and information generated using remote sens-
ing approach is also presented in Table 3.

REDD + MSRL Index
The comparative score values against different variables 
of salience, reliability and legitimacy for Community 
based monitoring (CM) and Remote Sensing  +  Com-
munity based Monitoring (RS + CM) methods are pre-
sented in Table  4. Both the methods were scored with 
equal and high score values against contextualization. 
The variable for diagnostic/prescriptive support has got 
lowest score for CM method among all variables of sali-
ence. The RS + CM method is weighted with score value 
of 11 for salience against score value 8 of CM method. 
The variables on information content and cost effective-
ness of reliability parameter are found with low score 
of CM method as compared to RS +  CM method. The 
CM method is weighted with high scores for variables on 
participatory process and mutual trust. The integrated 
REDD+ MSRL Index of CM and RS + CM methods are 
0.72 and 0.86 respectively.

Discussion
Several studies have been conducted over our REDD+ 
pilot study areas in Nepal to assess the potential applica-
tion of remote sensing to estimate tree canopy diameters, 
and these studies reported a strong relationship between 
CPA and ground measured biomass [33, 34]. The present 
study adds a temporal change component to these earlier 
studies through the conjunctive use of remote sensing 
and community inventories to develop salient, reliable 
and legitimate monitoring methodology.

Remote sensing‑based canopy indicators and biomass 
estimation: integration with community monitoring
This potential for canopy parameters to work as proxy 
indicators of the reduction/increase of biomass [18] 
reflects forest  degradation/enhancement (Additional 
file 1: Appendix S6). Additionally, spatially explicit tem-
poral CPA maps can provide strong secondary support 
for plot level community measurements, as a means for 
third-party evaluations or verification of changes within 
and outside CF areas.

As a proof-of-principle, we generated a range of CPA 
templates representing the basal area and analyzed the 
capacity of communities to understand such image 
templates (Additional file  1: Appendix S8) through a 
two-day field orientation workshop with 30 representa-
tives of CFUGs. Here, we propose the use of Google 
Earth high-resolution temporal images and cost-effec-
tive software such as Easy Acreage (http://easyacre-
age.esoftfinder.com/) to develop simple operational 

packages for developing CPA-based maps and quantita-
tive assessments.

The development of temporal biomass maps using the 
strong relationship between remote sensing-based CPA 
and community-based biomass measurements yielded 
two important useful outcomes in terms of extending 
the area under the assessment beyond community forest 
areas (Table  3), then adopting optimized field sampling 
only to develop a CPA-based biomass model and produce 
a model-based biomass maps for three periods. This has 
essentially eliminated community-based monitoring for 
2002 and 2012 but to use CPA-based biomass model of 
2009 to produce biomass maps for 2002 and 2012 and 
hence has optimized the cost (Table 3). Hence, the study 
clearly documents trade-offs that exist between monitor-
ing costs and precision, and this translates to REDD+ 
benefits as a need for promoting effective REDD+ moni-
toring systems [15, 18].

CF and non‑CF change dynamics: an upscaling framework
We have up scaled our plot-level estimates to a watershed 
using CPA-based biomass model representing Shorea 
robusta and a mixed, broad-leaved forest type category, 
which could be further used to upscale across identical 
forest type under a similar bioclimatic region (Additional 
file 1: Appendix S9). The forest type map of Nepal DFRS 
[29] clearly depicts six major forest types, which are 
embodiments of climatic, physiographic and physiogno-
mic expressions that provides a reliable framework for 
developing underneath stand level models and up scal-
ing, as demonstrated in the study.

This kind of community driven remote sensing-based, 
bottom up sub-national assessment aggregated over the 
country could be explored for seamless flow into national 
monitoring systems to support national level forest ref-
erence level (FRL) for REDD+  and to build salience, 
reliablity and legitimacy for community-based inven-
tory systems [8, 35]. For example, such an upward flow 
of community data into Landsat TM-based global forest 
monitoring systems [36] could contribute to the valida-
tion, improvement, and evolution of national forest mon-
itoring systems.

Operational feasibility analysis REDD+ MSRL index
The score values of different variables of salience, reli-
ability and legitimacy have brought out the strengths and 
weaknesses of both the methods. The spatial explicit, 
synoptic, multi-scale nature and visualization benefits 
of remote sensing have added advantage for higher scor-
ing of several variables for RS + CM method. The higher 
scores are gained especially for variables like coupling 
local systems to national systems, enhancing information 

http://easyacreage.esoftfinder.com/
http://easyacreage.esoftfinder.com/
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Table 4  Comparative assessment (on 1–3 score value) of  potential adaptability of  Community based monitoring (CM) 
and Remote Sensing + Community based Monitoring (RS + CM) methods

No Parameters CM method ranking RS + CM method ranking Remarks

A. Salience

 1 Contextualization High (3) High (3) Both the methods relies on local 
context of forest characteristics, 
measurements and change.

 2 Coupling to national 
systems

Medium (2) High (3) RS + CM methods facilitate the 
concept of Danielsen et al. [15] on 
integration of local community 
monitoring through multi-scale 
approach

 3 Linkages to perfor-
mance

Medium (2) High (3) Due to spatial explicit wall–wall 
information, linking to payments 
becomes more reliable using 
RS + CM, and also addressing 
leakage

 4 Diagnostic/prescriptive 
support

Low (1) Medium (2) RS + CM due to spatial character 
and synergy with local ground data 
helps planning for local prescrip-
tions for forest management

B. Credibility

 5 Informative Medium (2) High (3) RS + CM produces 70% of CM inputs 
with spatial explicitness to identify 
areas of positive, negative change, 
leakage over large area, CM limits to 
plot or limited traverses

 6 Accuracy High (3) High (3) Both produces > 80% accurate 
information

 7 Cost effectiveness Medium (2) High (3) RS + CM is estimated as less costly 
(Ref Table-4)

 8 Repeatability Medium (2) Medium (2) Risk of communities with drawing 
from measurements exists. RS + CM 
models need to be developed on 
region specific context, current 
approach given do not work for old 
growth forests

C. Legitimacy

 9 Removal of bias Low (1) Medium (2) Intrinsic and extrinsic factors of CM 
potentially can induce bias [15]. 
RS + CM introduces bias due to 
interpretation/model inaccuracies 
but can be improved

 10 Transparency Medium (2) High (3) Geospatial methods known as best 
visualization tools, open access data 
and platforms, hence RS + CM is 
more transparent

 11 Participatory High (3) Medium (2) RS + CM builds models on commu-
nity data, hence relatively extrinsic 
and might suffers from non partici-
pation

 12 Mutual trust High (3) Medium (2) RS + CM involves professionals and 
community, hence potential risks 
exists for mistrust, can taper down 
over time

REDD+ MSRL index:potential adoptability 0.72 0.86

High = 3, Medium = 2 and Low = 1
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content and cost-effectiveness. Our assessment indi-
cates the need for improving the participatory process 
and mutual trust even after integrating community sam-
pling into the remote sensing based approach to enhance 
the legitimacy of the system. This is due to the fact that 
RS +  CM method involve professionals and communi-
ties of different disciplines and hence the potential risk 
for mistrust might arise on technicalities and capabili-
ties leading to failure of effective implementation of the 
monitoring as a joint approach. Similarly, parameters 
like repeatability and removal of bias are found to be 
challenging variables for both the approaches owing to 
their inherent limitations as mentioned in Table  4. Our 
proposed REDD+  MSRL Index has essentially taken 
into account these variable strengths and weaknesses of 
different variables of salience, reliability and legitimacy 
reflecting higher index value of 0.86 of RS + CM method 
against 0.72 of CM method. Based on this, it can be con-
cluded that RS  +  CM method enhanced the effective-
ness of REDD+ monitoring. Even our community-based 
monitoring cost is also found to be along similar lines 
of experience elsewhere in the world (Additional file  1: 
Appendix S10).

It is to be noted that as part of developing 
REDD+  MRV system, the earlier studies were focused 
to develop ecologically sound forest change reporting 
databases and systems [23, 28, 37–41], understand and 
implement how communities perceive and practice sci-
entific data and tools [8, 32, 42–45] and the challenges 
in evolving further technological improvements and 
capacity building towards institutionalizing such sys-
tems [46, 47]. However, our study has drawn strengths 
from understanding of individual streams of biophysi-
cal and social studies and developed unique method 
of integrating frontier technology based information 
with local community measurements and adopted 
novel way of testing its complementarity, efficacy and 
scalability using REDD+  MSRL Index. The proposed 
REDD+ MRV complimentary system is found enhanc-
ing information content and accuracy of change report-
ing, many fold reduction in cost, assessing efficacy of 
community forest regimes against non-community 
forest regimes, extending spatial framework to couple 
local systems to national monitoring systems. In this 
view, the study adds novelty to take forward in evolv-
ing socially acceptable REDD+ MRV systems and could 
draw necessary attention from policy makers for an 
appropriate uptake.

The recent developments in the global forest watch, 
upcoming regional cooperation systems such as SAARC 
for providing low-cost high-resolution satellite data, 
consortium-based approaches, open source software 
platforms, satellite data, innovative participatory and 

capacity-building tools can all extend an enormous scope 
to implant these systems among CFUGs to monitor and 
report forest changes [46]. Considering the great degree 
of promise reported in the success stories of the capaci-
ties of communities to produce accurate forest invento-
ries [8], developing synergies with such emerging open 
source geospatial  technologies could be a more positive 
endeavor to achieve in the near future.

Conclusions
With the judicious and conjunctive use of approaches, 
remote sensing technology would be an additional, com-
plementary asset for community-based forest moni-
toring, as well as for enhancing the effectiveness of 
REDD+  MRV systems. The high-resolution satellite-
based tree cover monitoring products would be useful 
and strengthen third-party level evaluations. The national 
frameworks facilitating forward and backward coupling 
of the inventory systems could be leveraged from our 
proposed conjunctive approach to remote sensing and 
community monitoring systems. The global and regional 
cooperation and extended availability of open access geo-
spatial services is strongly needed for testing and estab-
lishing such systems across different forest landscapes, as 
well as evolving as an approach with wider applicability.
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