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Abstract

Identifying drivers of deforestation is crucial for developing targeted conservation and
land management strategies, and satellite data provide a long time series of data to
understand deforestation dynamics. However, the timing of imagery after forest loss
may affect classification accuracy, and optimal timing may be different for different
drivers. Studies of broad-scale drivers across large and pan-tropical regions have
shown that using time series can improve driver classification from satellite imagery,
but requiring multi-year information means waiting longer after forest loss to classify
what drives it. Our previously introduced model, Cam-ForestNet, was developed to
use single-date imagery to classify fifteen direct detailed deforestation and degra-
dation drivers for Cameroon. Here, we test whether the overall and per-class clas-
sification performance of Cam-ForestNet can be improved by either using imagery
taken longer after a forest loss event or by incorporating a greater number of images,
with performance evaluated using macro-average and per-class F1 scores to enable
broad comparability across different contexts. Combining data up to four years after
forest loss leads to improved model performance overall (macro-average F1 score)
and for nearly all individual classes (per-class F1 scores). The classification of deg-
radation drivers and slow-growing plantation benefitted most by incorporating time
series data. However, when comparing approaches using only a single image from
different years after a forest loss event, images from the first year following an event
performed best, both overall (macro-average F1 score) and for most classes (per-
class F1 scores), offering a promising strategy for relatively fast analysis of deforesta-
tion and degradation drivers following forest loss. We conclude that whilst multi-year
imagery is beneficial, relying on a single image from the first year after forest loss still
provides valuable and timely insights into the nature of drivers of forest loss.
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1. Introduction

Commitments such as the European Union Deforestation Law [1] and pledges made
at COP26 [2] show international ambition to slow down deforestation in the tropics.
However, recent overall trends do not show a decline in forest loss [3]. This is mir-
rored in Cameroon, which had the 4" highest increase in primary forest loss world-
wide in 2022 [4], and the 7" highest tropical primary forest loss in 2023 [3]. Despite
this, Cameroon aims to achieve deforestation-free agriculture by 2035 to align with its
pledge from the 2021 Glasgow Leaders’ Declaration on Forests and Land Use and
the objectives from its 2030 National Development Strategy [5]. Cameroon’s National
Adaptation Plan also treats forests as both vulnerable ecosystems and important
resources for adaptation, promoting actions like helping communities become more
resilient, managing forests sustainably, restoring damaged areas, and reducing
carbon emissions through programmes like REDD+ [€]. Its Nationally Determined
Contribution (NDC) commitments aim to lower emissions by 32% by 2035 compared
to their 2010 baseline [7].

Identifying and tracking deforestation drivers with high spatial and temporal reso-
lution is needed to design and evaluate the potential of interventions [8,9]. Detecting
degradation drivers is also necessary since they impact forest functions, properties
and services (e.g., carbon storage, biological productivity) [10] and degradation
is often the first step before deforestation [11]. Here, we focus on ‘direct’ drivers,
meaning the land use leading to the forest loss (e.g., conversion to agriculture land)
and not the underlying driver which could have led to the conversion (e.g., change
in the price of a commaodity). Current solutions to detect these drivers geospatially
are either manual [12,13] which can be subjective and time consuming [9]; only
cover broad classes with insufficient information about driver types (e.g., ‘plantation’
or ‘small-scale agriculture’ but not crop types) [14—16]; and are often not country-
specific [9,17,18]. Some regional studies exist for other countries [11,16,19-25], but
as far as we are aware, not for Cameroon (besides our previous own study, [26]. Fol-
lowing an alternative approach focussing on detailed drivers, in [27] we collated an
independent dataset of fifteen drivers, and in [26] we describe Cam-Forest, a model
to classify these fifteen direct deforestation and degradation drivers for Cameroon.

Examples of direct drivers include smallholder agriculture such as small-scale
maize plantation, selective logging, mining, and agro-industrial plantation expan-
sion such as oil palm or rubber. Deforestation drivers can be classified using either
single-date or temporal methods, with various methods chosen depending on the
use cases, making it challenging to find the most suitable strategy. In addition to our
own Cam-ForestNet [26], some studies in other countries used single-date imagery in
their classification [16,20—22,25] while others have opted for time series either using
composites [11] or temporal segmentation, i.e., partitioning time series into trends or
trajectories [23,24]. Various studies in other tropical countries have also used both
single-date and temporal classifications separately to compare the two approaches,
and tested different methods, including: Convolutional Neural Network (CNN) with
the time series concatenated as input, combined with a Long-Short Term Memory
module (CNN-LSTM), or with an attention mechanism (CNN-Attention LSTM) [18]; a
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LSTM, a 3D-CNN with the time dimension treated as a third spatial dimension, a hybrid 2D-CNN/LSTM, a Convolutional
Long Short-Term Memory neural network (ConvLSTM), a CNN +Multi-Head Self-Attention model (CNN-MHSA), and a
CNN-Transformer [9]; and finally a Temporal Attention U-Net [19].

These comparisons have generally concluded that using temporal data does increase the accuracy of deforestation
drivers’ classification, and attention-based models are especially efficient [9,18,19], with improvements attributed to dis-
tinct spectral-temporal patterns of crops with different growth patterns [18]. But these studies generally are at large scale
and test general driver classifications (e.g., ‘Commercial agriculture’ or ‘Large-scale cropland’). There is reason to believe
these findings may not be consistent for detailed drivers in a single country. Indeed, continental scale land-use types may
be more easily distinguished by their spatial patterns, while temporal patterns become more useful at the pan-tropical
level [9]. Little single-country work (notable exception being [18]) has assessed the potential of temporal methods, and
none that we are aware of are in Central Africa or use detailed classes of deforestation drivers. It remains unclear whether
a single image is enough, or whether the timing of such an image matters, to produce accurate deforestation driver classi-
fication in a context such as Cameroon.

In this paper, we test the value of time series data and temporal features for detailed classification of direct deforesta-
tion and degradation drivers in Cameroon with Cam-ForestNet. We hypothesise (1) that using images in multiple years
will increase the performance of our approach, since visual distinctions between drivers may appear at different times
after the forest loss events [18]. Further, we hypothesise (2) that, to focus on the deforestation driver and not follow-on
land uses, images captured near the time of forest loss event will produce better classifications. This is particularly likely in
Cameroon, where land conversions are rapid and newly deforested land often experiences non-linear land use transitions,
i.e., multiple transformations in the years following the forest loss [28]. In addition, we consider the suitability of different
performance metrics for decision-making and policy in this context.

To test these hypotheses, we here ask two research questions: (1) Does combining images from multiple years after
the forest loss event improve classification of deforestation and degradation drivers?; (2) Does the ‘best’ time (i.e., the
timing providing the highest classification performance) after the forest loss event for single image classification differ by
driver?

2. Materials and methods
2.1. Time series dataset construction

We used our previously created reference dataset for classifying deforestation drivers in Cameroon using satellite imagery
and auxiliary data, described in [27], as a basis for analysis. There, we selected the single image with the lowest cloud
cover in the five years following a known forest loss event using the intersection of Global Forest Change (GFC) with
open-access databases with known land uses (see Fig 1 in [27]). Among the data sources, 60% use direct field obser-
vations. Data for categories such as ‘Other’, ‘Grassland/Shrubland’, ‘Small-scale oil palm plantation’, and certain points
under ‘Other small-scale plantation’ and ‘Wildfire’ are derived from classification algorithms. However, as detailed in the
‘Technical Validation” section of [27], both the original data creators and our team conducted thorough validation checks to
ensure the accuracy and reliability of the dataset.

We used ‘forest loss polygons’ to describe these intersections, which correspond to forest loss areas where we
know the follow-up land use, or the direct deforestation/degradation driver. Here, we used a similar approach but,
instead of looking at all the images in the five years following the forest loss event, we filter the data to select, for each
forest loss polygon, the image with the lowest cloud cover in each of the following five years after the loss event (only
using images with a cloud cover <20%). This creates a new dataset with up to five images per forest loss event. The
20% cloud cover threshold was chosen based on a process of trial and error, as described in [27]. This threshold pro-
vided a practical balance between retaining enough usable images and ensuring adequate visual quality for accurate
interpretation.
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Fig 1. Geographical distribution of the 1,783 locations in the subset used in this study, by class. The study area is Cameroon.

https://doi.org/10.1371/journal.pone.0340610.9001

The GFC product the exact time of the loss is not known, only the year in which the forest loss event occurred. This is
because the GFC product identifies forest loss using the maximum annual decline in tree cover and the largest annual
decrease in the minimum growing season Normalized Difference Vegetation Index (NDVI) [29]. In our approach, if y
represents the year of forest loss, then y + y, indicates the year that occurs y, years after the forest loss event. However,
because of the way that GFC is created, this means that the satellite image we use may not have been taken exactly y,
years after the event.

Due to cloud filtering, not all forest loss polygons in [27] provide us with an image each year. Table 1 gives the number
of locations (or forest loss polygons) where we have at least one image for each year considered. For instance, there are
2,396 locations where we get at least one image with a cloud cover below 20% from both the first and second year follow-
ing the forest loss event.

To be able to assess the benefit of multiple years of images, we create a new dataset (representing a subset of [27])
retaining only locations where we have images for each of the four years following the forest loss. We chose this cut-off
due to the large drop in number of qualifying locations when looking at five versus four consecutive years (Table 1). We
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Table 1. Number of locations with at least one image with a cloud cover below 20% in each year
after the forest loss event. Due to the drop-off in number of locations for all five years, in this anal-
ysis we only considered images up to four years after loss.

Years after the forest loss event (e.g., Y1 =first Number of locations where we have at least
year after the forest loss event) one image for all years considered

Y1 2,809

Y1&Y2 2,396

Y1&Y2&Y3 2,207

Y1&Y2&Y3&Y4 2,090

Y1&Y2&Y3&Y4&Y5 1,215

https://doi.org/10.1371/journal.pone.0340610.t001

split our data into five cross-validation folds (see Section 2.2 for details) and performed additional filtering to ensure the
model is exposed only to spatially disjoint pixels. We excluded locations where forest loss polygons overlap, and filtered
the data to maintain a minimum distance of 100 metres between the edges of forest loss polygons in different folds. After
these exclusions, a total of 1,783 locations remained, with more than 70% of the data being at least 250 metres from the
edges of forest loss polygons in other folds. Fig 1 shows the study area and the geographical distribution of our data.

Our subset includes around 70% of the original 2,529 locations [26], but with uneven loss of data in the fifteen classes
(Table 2). Further, slight differences in the filtering used to create both datasets results in more images for some classes
in this dataset compared to the original one. The overwhelming majority of images are from December-February, corre-
sponding to the dry season in Cameroon and therefore the least cloud cover (Fig 2).

Table 2. Composition of the dataset used in this study, representing a time series of images created based on the approach in [27], here
termed the ‘original dataset’. In bold we highlighted the classes with a small number of images (<50) in our new subset with an asterisk,
which we will need to consider when interpreting results. Metrics are based on very small sample sizes, so should be interpreted with cau-
tion. Note that it is possible to have more images in the new dataset. In the original dataset [26,27], for each image we 1) selected the image
with the lowest cloud cover from the five years following loss and then, 2) discarded images smaller than 10kB, which were blank/partially
blank, without replacement. So, if the lowest cloud cover image was in the fifth year, this loss location could be removed from the original
dataset, whereas in the new approach it could be retained. In addition, in [26], some images were discarded when splitting the data into train-
ing, validation and testing datasets to guarantee a minimum distance of 100 metres between the edges of forest loss polygons in different
splits to minimise the impact of spatial autocorrelation.

Class Number of locations in the orig- Number of locations in the new % of original loca-
inal single-image approach [26] subset for time series analyses tions retained

Oil palm plantation 157 56 36%

Timber plantation 303 346 114%

Fruit plantation (e.g., banana)* 36 29% 81%

Rubber plantation* 109 21* 19%

Other large-scale plantation (e.g., tea, sugarcane)* 98 37* 38%

Grassland/Shrubland* 80 7* 9%

Small-scale oil palm plantation 252 73 29%

Small-scale maize plantation 326 349 107%

Other small-scale plantation 142 140 99%

Mining 166 89 54%

Selective logging 513 262 51%

Infrastructure* 54 38* 70%

Wildfire 118 131 1%

Hunting 117 126 108%

Other 58 79 136%

https://doi.org/10.1371/journal.pone.0340610.t002
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Fig 2. Time distribution of images in the new dataset by class and by time difference (in years) between the image capture and the forest loss
event. S2 Table details the number of images per month and dry/rainy season by years after the forest loss event, both overall and by driver class.

https://doi.org/10.1371/journal.pone.0340610.9002

2.2. Five-fold data split for cross validation

We perform a stratified five-fold cross validation to avoid obtaining a potential ‘lucky split’, i.e., an unusually good model per-
formance just because of how the data happens to be split [30]. This is especially prone to happen with a small dataset such
as ours where the split could be unrepresentative [30,31]. In five-fold cross-validation, the data is divided into five equally
sized parts (or folds). In each round, one of these folds is used for testing, while the remaining four folds are used for training
and validating the model. This process is repeated five times, with each fold being used as a test set exactly once. With this
approach, we ensure that the model is not simply overfitting to a specific split of the data and can be generalised on new
unseen data. While a larger holdout set (e.g., 30%) may further strengthen confidence in generalisability, our combined use
of 80:20 splitting and cross-validation offers a reliable compromise between data sufficiency and evaluation rigor.

We apply stratification to preserve class distribution across all folds. Following [26], we did not use a spatially parti-
tioned dataset, as doing so would limit the inclusion of samples from the full diversity of ecological sub-biomes across
Cameroon. Instead, to minimise spatial autocorrelation [32—34], we enforced a minimum distance of 100 metres between
the edges of forest loss polygons in different folds. This was achieved by starting with a 1 km separation threshold and
iteratively relaxing it in 100-metre increments until a viable split was obtained, discarding too-close polygons which could
not be assigned. The 100-metre threshold was selected as a pragmatic compromise: it is large enough to reduce local
spatial autocorrelation and prevent very close observations from being assigned to different folds, yet not so large that
it substantially limits the number of available samples [26]. This threshold has been used in similar fine-scale remote-
sensing studies [35,36] precisely because it balances spatial independence with data retention. Within the 80% subset
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used for training and validation, we further partitioned the data into 80% for training and 20% for validation, again
maintaining class balance via stratified sampling. To ensure spatial independence, validation forest loss polygons were
required to be at least 100 metres away from any training forest loss polygon. If a validation forest loss polygon violated
this condition, it was swapped with a spatially distant training polygon of the same class. In cases where no suitable swap
could be identified, the polygon was reassigned to the training set. S1 Table shows the composition of the folds.

2.3.Testing hypothesis 1: ‘More data = a more accurate classification?’

We test whether adding more data from different years following the forest loss event will improve the performance of
driver classification using our model Cam-ForestNet [26], up to four years after the loss event. We adapt Cam-ForestNet
to classify time-series data using the highest class logit. Each image is classified individually and for each image, a logit is
calculated for each class (see Fig 2 in (26)]). The final classification for each forest loss location is then based on the year
with the highest logit value.

To test the first hypothesis, we first classify only with the images in the first year after the forest loss event, then consec-
utively add in images from each year up to four years after the forest loss event. For each combination of years, we main-
tain the same locations in each fold and include images from additional years. Fig 3 summarises the approach chosen.

We also analyse the mean confusion matrices computed across folds to better understand misclassifications. We spe-
cifically examine how misclassifications change when adding data from different years by using a “change matrix.” This
matrix is created by subtracting the normalised mean confusion matrix from images taken one year after the forest loss
event (Y1) from the normalised mean confusion matrix generated using images from all four consecutive years following
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Fig 3. Overview of the methodology used to the test the impact of adding more images from different years after the forest loss event on the
performance of Cam-ForestNet.
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the forest loss event (Y1&Y2&Y3&Y4). This helps us identify which misclassifications increase or decrease when combin-
ing data from multiple years after the forest loss event.

2.4. Testing hypothesis 2: ‘The sooner the better?’

We want to test whether there is an ideal time to look at images following the forest loss event, and to study the differ-
ences between classes. To do this, we use a very similar approach to Section 2.3., but with classification based on each
year’s images individually. We perform the five-fold cross validation for the images in the first year after the forest loss
event, then for the second year after the forest loss, and so on. Fig 4 depicts this approach.

To determine whether changes in misclassifications over time may indicate shifts in land use, we analyse the mean
confusion matrices obtained across folds. A “change matrix” is created by subtracting the normalised mean confusion
matrix from images taken one year after the forest loss event (Y1) from the matrix generated using images taken four
years after the event (Y4). For a more detailed understanding of variations between years, we also look at the other
change matrices created by subtracting the normalised mean confusion matrix from images taken one year after the forest
loss event (Y1) from the matrix generated using images taken three years after the event (Y3), and the matrix generated
using images taken two years after the event (Y2).

2.5. Comparing multi-year and single-year classification

We also assess whether the temporal patterns exploited by Cam-ForestNet correspond with the ‘ideal timings’ identified
with single-year classification models. We examine the distribution of the years, relative to forest loss events, in which the
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highest logit occurs. Specifically, we count the number of cases where the highest logit, which determines the final classifi-
cation, corresponds to the first, second, third, or fourth year following the forest loss.

2.6. Choice of classification assessment metric

Typical performance metrics used for deep learning classification of land use include recall, precision and F1 score

false positives (FP), false negatives (FN), these metrics are defined as [9]:

Recall — correctly classified positives TP
B all positives ~ TP+ FN (1)
Precision — correctly classified positives TP
~ all classified as positive TP+ FP (2)
F1 score — 2 Precision x Recall 2TP
~ " Precision + Recall  2TP+ FP + FN (3)

In remote sensing applications, recall is also referred to as producer’s accuracy, while precision is equivalent to user’s
accuracy [16,37-39].

These metrics can be derived for each class separately or for the whole dataset [16,21]. Overall (e.g., of the dataset
as a whole), precision and recall need to be interpreted with some reservation when there is imbalance between classes
[40], which is common in environmental applications. Instead, in that case, it is best to use macro averages, which treat all
classes equally regardless of data size [9,17,41].

There have been discussions about how to choose and report performance metrics in the medical field depending
on use cases [e.g., 42,43], but this debate is less mature in environmental contexts. In order to select the most relevant
metric for comparing results, it is essential to understand how any results will be interpreted and implemented in real-
world scenarios [44]. Existing studies classifying deforestation drivers (such as those cited in the introduction) tend to
report traditional measures of performance - F1 score, recall, precision — in a machine-learning context, without necessar-
ily evaluating or discussing which are more relevant given the nature of the data and specific real-world applications. By
‘real-world applications’, we mean the practical use of the machine-learning models to provide outputs that are relevant
and accessible for decision-making at national or local scales. For instance, recall minimises false negatives and precision
minimises false positives, while F1 scores balances recall and precision [45], making the model’s objective crucial when
choosing the appropriate metric. The costs, risks, and benefits associated with incorrectly classifying or confusing particu-
lar classes must be considered [46,47], whilst the lack of transparency and interpretability from deep learning models has
been criticised as limiting their use for high stakes decisions [48]. Beyond standard machine learning performance mea-
sures, stakeholders’ preferences, the goal of the model and context-specific limitations or trade-offs need to be considered
to guide the model toward producing outcomes that are interpretable, actionable and valuable for decision-making [46].
Determining the right performance metrics is therefore crucial to build confidence in a model.

To choose the performance metric to use to test our hypotheses, we need to consider if it is more important to avoid
false negatives (recall), have positive predictions be highly accurate (precision), or to consider both as equally import-
ant (F1 score). Our model could be used in different contexts. Examples include: detecting illegal activities (e.g., illegal
logging); land use planning and monitoring, especially for sustainable agriculture; preventing land encroachment and
helping protect land rights; helping supply chain transparency. Limiting false negatives is important to avoid cases of
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illegal activities going undetected, especially in regions with high biodiversity or high importance for local communities.
However, more false positives could be an issue when detecting these illegal activities, resulting in a waste of resources
for investigation but also potential risks on already marginalised communities who would face wrongful penalties. So,
whilst maximising recall could be favourable for detection and prevention, maximising precision may be better for regula-
tion enforcement. Our model could be used in both scenarios, hence why we decide here to focus on F1 score to balance
both. F1 score has also been used as the main metric for model comparison in similar studies [9,16,18,19]. Nevertheless,
we recoghnise that this measure does not consider true negatives and other complementary metrics we are not discussing
here could be useful for a more holistic view of model performance (e.g., fairness or ethical considerations) depending on
the use case [45].

3. Results
3.1. Hypothesis 1: ‘More data = a more accurate classification?’

We trained and tested Cam-ForestNet [26] with images in the first year after the forest loss event, then repeated this con-
secutively adding in images from each year up to four years after the forest loss event. Fig 5 shows the mean F1 scores
obtained across the five folds, by class and overall, for each combination of years. S1 and S2 Figs show the mean recalls
and precisions across fold for each combination of years, displaying similar trends as F1 scores.

For the purposes of results interpretation, we define a ‘notable’ change as when the F1 score varies by more than 5%.
We categorise each class’s result into four categories: 1) similar results no matter the number of years included; 2) nota-
bly better results by having more years included; 3) varying results depending on the years included; and 4) notably worse
results by adding more years beyond the first year following the forest loss event. We primarily discuss the classes where
we consider having ‘enough’ data to draw conclusions (i.e., not identified with an asterisk on Fig 5, meaning there are
more than 50 images for the class in the dataset; Table 2), but note that small classes show either similar or notably better
results when including multiple years.

Using the previously defined categories, our results can be summarised as follows. We obtain similar results no matter
the number of years included for ‘Timber plantation’, ‘Small-scale maize plantation’, ‘Other small-scale plantations’, and
‘Other’. We obtain notably better results when we include data from multiple years after the forest loss event for the macro
average, ‘Oil palm plantation’, ‘Selective logging’, ‘Hunting’ and ‘Mining’. We obtain varying results depending on the years
we include for ‘Wildfire’, but which shows a notably better F1 score with four years combined compared with only includ-
ing the first year after the forest loss event. Similarly, we obtain varying results for ‘Small-scale oil palm plantation’, which
shows a notably better F1 score with three years combined and a notably worse F1 score when looking across all four
years. Finally, we do not obtain notably worse results for any class of interest when we include data from multiple years
after the forest loss.

We found that standard deviations across folds were generally low for F1 scores compared with recalls and precisions
(see S3-S5 Figs). The standard deviation of the macro-average F1 score remains below 5% in all tests. Among the large
classes (i.e.,>50 images in the dataset), we obtain standard deviations above 15% only for ‘Oil palm plantation’ (Y1, Y1&Y2).

To better interpret the results above and understand which misclassifications increase or decrease by using
images from multiple years after the forest loss event, we generate the change matrix on Fig 6, which shows the dif-
ference between the confusion matrices of classification using the first year only and the combination of four consec-
utive years after the forest loss event (normalised mean confusion matrices for each combination of years are shown
in S11-S14 Figs).

Our results show that the effect of including additional images on misclassifications depends on driver types. We
therefore split our interpretation of the change matrix in two groups: degradation drivers and all oil palm plantations. Here,
we categorise ‘Mining’ as a driver of degradation. In Cameroon, mining mainly occurs through artisanal and small-scale
mining (ASM), which primarily leads to forest degradation, though it can also contribute to deforestation [49-51].
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Fig 5. Multi-image model performance for different detailed drivers, categorised by general driver type (a-c) and macro averages of all classes
(d). Each panel shows mean F1 scores obtained when taking into account images in the first year (Y1); in the first and second year (Y1&Y2); in the first,
second and third year (Y1&Y2&Y3); or in the first, second, third, and fourth years (Y1&Y2&Y3&Y4) following the forest loss event. Asterisks * indicate
classes with fewer than 50 images in the dataset (see Table 2).

https://doi.org/10.1371/journal.pone.0340610.9005

3.1.1. Degradation driver classification improves with more data. Combining images from multiple years had
a notable impact on performance for degradation drivers (‘Selective logging’, ‘Wildfire’, ‘Hunting’) (Fig 5). We obtain
notably better results when we include data from multiple years after the forest loss event for ‘Selective logging’ and
‘Hunting’. Fig 6 shows that ‘Hunting’ is less confused with ‘Selective logging’ when combining images from four years
versus the first year. Since they both involve selective rather than clear cutting, we observe a perhaps unsurprising high
feature resemblance between ‘Selective logging’ and ‘Hunting’ (S11-S13 Figs). Here, having more data at different times
increases the capability of Cam-ForestNet to distinguish between ‘Selective logging’ and ‘Hunting’, especially improving
the identification of ‘Hunting’ which is typically harder to detect. We obtain varying results for ‘Wildfire’, but with notably
better results with four years combined compared with using only one year.

Combining images from multiple years improved performance for ‘Mining’, demonstrating the importance of multi-year
data for detection (Fig 5). Fig 6 shows that ‘Mining’ is less confused with ‘Selective logging’ and ‘Small-scale maize plan-
tation” with more years combined. The higher confusion with ‘Selective logging’ in the first year after the forest loss event
suggests that mining activities are not necessarily clear cutting and may happen in stages. In Cameroon, most mining is
artisanal or small-scale mining, which is consistent with a longer time frame for distinctive features to emerge [49,52,53],
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Fig 6. Change matrix created by subtracting the normalised mean confusion matrix from images taken one year after the forest loss event
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(Y1&Y2&Y3&Y4). ‘Notable’ changes are shown in colours. Any change higher or lower than 5% is not coloured as we consider it is not a ‘notable’
change. The colours show whether there has been a positive (green) or negative (red) impact on the confusion matrix by adding Y1&Y2&Y3&Y4 in the
classification. On the diagonal, emphasised with grey borders and a larger font, a positive number shows an increase in correct classification (green)
and a negative number a decrease in correct classification (red). In the rest of the matrix, a positive number shows there has been a higher confusion of
two classes (red) while a negative number shows a decrease in the confusion of two classes (green). The green boxes highlight classes where we have
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classes of interest (i.e., with more than 50 images in the dataset, without an asterisk) in bold.
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which could explain the improved performance seen here. The higher confusion with ‘Small-scale maize plantation’ in
the first year after the forest loss event may be explained by co-location of mining and smallholder agriculture, which is a
documented phenomenon in the neighbouring Democratic Republic of Congo [25].

3.1.2. Large-scale oil palm plantations need time series data. Combining images from multiple years after the
forest loss event improved performance for ‘Oil palm plantation’, demonstrating the importance of longer-term multi-year
data to detect it (Fig 5). Fig 6 shows that ‘Oil palm plantation’ is less confused with ‘Mining’. We suppose it is because oil
palm takes a long time to grow, with trees taking at least three years after planting to reach maturity [54,55].

We obtain varying results when we include data from multiple years after the forest loss event for ‘Small-scale oil palm
plantation’, contrasting with the results for larger industrial areas of oil palm. Nevertheless, Fig 6 and S11-S13 Figs do not
identify any class ‘Small-scale oil plantation’ is consistently confused with, though it shows high F1 scores for any year
combination (above 0.90).

3.2. Hypothesis 2: ‘The sooner the better?’

We trained and tested Cam-ForestNet [26] with images in each of the first four years after the forest loss event. Fig 7
shows the mean F1 scores obtained across the five folds, by class and overall, for each year following the forest loss
event. S6 and S7 Figs show the mean recalls and precisions across folds for each year, which show similar trends as the
F1 scores.

As before, we consider there has been a ‘notable’ change when the F1 score varies by more than 5%, and as before
we categorise results into four categories: 1) classes where we see no changes between the years; 2) classes where we
see notably better results when looking close to the forest loss event; 3) classes where close to the forest loss event is
when we get results among the best ones but we can see similar results at later times; 4) classes where we get notably
better results by looking longer after the forest loss event. Here again, we focus interpretation on classes where we con-
sider having ‘enough’ data to draw conclusions (i.e., not identified with an asterisk on Fig 7, meaning there are more than
50 images for the class in the dataset, see Table 2).

For all classes, the best or close to best result was obtained using images taken in the first year after the forest loss
event. For some classes, results were similar for F1 scores for all years: ‘Timber plantation’, ‘Other small-scale plantation’,
‘Small-scale maize plantation’, ‘Other’, ‘Wildfire’, whilst we obtain notably better results in the first year after the forest loss
event for ‘Small-scale oil palm plantation’. Some classes had variable results, showing similar performance across mul-
tiple years without a clear pattern; ‘Oil palm plantation’ and ‘Selective logging’ obtain notably better F1 scores in the first
and third year following the forest loss event compared to the second and fourth. The macro-average F1 score, ‘Mining’
and ‘Hunting’ shows similar results for all years, with slight decreases in the second, third and fourth year, respectively.

As before, we found that standard deviations across folds were generally low for F1 scores compared with recalls
and precisions (S8-S10 Figs). The standard deviation of the macro-average F1 score remains below 6% in all tests and
among the classes of interest (i.e., with more than 50 images in the dataset), we obtain high standard deviations, i.e.,
above 15%, only for ‘Oil palm plantation’ (all years).

To better interpret these results and understand which misclassifications increase or decrease using images at differ-
ent times, we generate the change matrix, which shows the differences between the first and fourth year after the forest
loss event (Fig 8). The normalised mean confusion matrices for each combination of years are on S11 and S15-S17 Figs.
Following the methodology outlined in Section 2.5., we compare these results with those from the previous section and
examine the ‘best year’ (i.e., with the highest logit) identified by the model for each class in the multi-year classification
(see S20-S22 Figs).

We observe that the ‘optimal’ time to analyse imagery varies depending on the type of drivers, and that many of the
drivers influenced by the combination of years (Section 3.1) were also affected by the choice of year. As before, we high-
light results in two groups: degradation drivers and all oil palm plantations.
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3.2.1.Degradation drivers are not easier to distinguish using later imagery alone. Among degradation drivers,
time difference between the forest loss event and image date had an impact on performance for ‘Selective logging’,
‘Hunting’ and ‘Mining’, while ‘Wildfire’ is not impacted (Fig 7). ‘Selective logging’ and ‘Hunting’ show varying performance
depending on the year we look at and we obtain notably better F1 scores in the first and third year following the forest loss
event for ‘Selective logging’, and notably worse F1 scores in the fourth year following the forest loss event for ‘Hunting’.
Fig 8 and S19 Fig show that variation in performance is linked to how strongly the two classes are confused with one
another in different years. Looking at the ‘best year’ (highest logit; S22 Fig), we also see that Year 4 is less commonly
chosen for ‘Hunting’.

‘Mining’ obtains similar results for all years, but with a decline in F1 score in the third year after the forest loss event
(Fig 7). S18 Fig shows a higher confusion with ‘Small-scale oil palm plantation’ in Year 3 compared with Year 1. We previ-
ously found that combining images from multiple years improved performance for ‘Mining’ (Section 3.1.1). Looking at the
‘best year’ (highest logit; S21 and S22 Figs) selected for the multi-year classification, we see that Year 3 is less commonly
chosen for ‘Mining’, matching with the drop in performance we see with Year 3 in this section.

3.2.2.Small and large oil palm plantation are both well detected by the first year’s imagery. ‘Oil palm plantation’
shows different performance depending on the years selected, showing the timing of the image impacts the identification
of this class (Fig 7). ‘Oil palm plantation’ obtains notably better F1 scores in the first and third year following the forest
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Fig 8. Change matrix created by subtracting the normalised mean confusion matrix from images taken one year after the forest loss event
(Y1) from the normalised mean confusion matrix generated using images from the fourth year after the forest loss event (Y4). ‘Notable’
changes are shown in colours. Any change higher or lower than 5% is not coloured as we consider it is not a ‘notable’ change. The colours show
whether there has been a positive (green) or negative (red) impact on the confusion matrix by adding Y4 in the classification. On the diagonal, empha-
sised with grey borders and a larger font, a positive number shows an increase in correct classification (green) and a negative number a decrease in
correct classification (red). In the rest of the matrix, a positive number shows there has been a higher confusion of two classes (red) while a negative
number shows a decrease in the confusion of two classes (green). The red boxes indicate the classes where we have a decline in F1 score when com-
paring Y1 and Y4. We emphasise the values exhibiting significant variations (i.e., with colours) for classes of interest (i.e., with more than 50 images in
the dataset, without an asterisk) in bold.
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loss event, with more confusion with ‘Selective logging’ and/or ‘Small-scale oil palm plantations’ in other years (Fig 8 and
S18 Fig). We previously found that combining images from multiple years improved performance for ‘Oil palm plantation’
(Section 3.1.1). Looking at the ‘best year’ (the highest logit; S21 and S22 Figs) selected for the multi-year classification,
we see that Year 2 is less commonly chosen, matching with the drop in performance we see here when looking at single
years.

‘Small-scale oil palm plantation’ is the only type of small-scale plantations impacted by the choice of year for images.
We obtain notably better results in the first year following the forest loss event for this class. We previously found that
combining images from multiple years also impacted ‘Small-scale oil palm plantation’ (Section 3.1.1). Looking at the ‘best
year’ (highest logit; S20-S22 Figs) selected for the multi-year classification, we see that Year 1 is more commonly cho-
sen for ‘Small-scale oil palm plantation’, matching with the results here which show notably better results in the first year
following the forest loss event for this class.

4. Discussion
4.1. Understanding misclassifications beyond model errors

Misclassifications described above may be explained by land use dynamics specific to certain drivers. Unlike ‘Small-scale
oil palm plantation’, large-scale ‘Oil palm plantation’ showed notable improved performance with multi-year classification.
These large-scale plantations tend to have a more consistent and predictable progression compared with small-scale
plantations, which typically have more irregular development patterns [25,37,55], which may explain the difference in
these results.

With single-year classification, ‘Hunting’ might perform worse in Year 4 because its subtle disturbance signals may be
fully overgrown by that time and harder to detect, making it more likely to be misclassified as ‘Selective logging’. While we
do not have direct long-term studies on the regrowth of hunting roads in Cameroon, we infer from analogous studies on
logging roads [56] that abandoned forest access routes are subject to natural vegetation recovery. Since hunting paths
are typically narrower and less intensively cleared than logging roads, it also suggests that regrowth may occur even more
rapidly. ‘Mining’ might perform well in Year 1 and 2 because it leaves clear visual traces, such as bare soil and irregular
clearings [25,57,58], that might be easier for the model to detect soon after forest loss. The better performance in Year
1 for ‘Oil palm plantation’ may be due to the distinct appearance of newly established plantations (e.g., bare soil, regular
planting rows, sharp boundaries) [37,59]. The lower performance for ‘Small-scale oil palm plantation’ after Year 1 might
be explained by the fact that these sites are transitioning or mixed-use areas in later years, since smallholder plantations
such as oil palm frequently undergo land-use changes and intercropping or mixed cropping in Cameroon [60—63]. Overall,
this highlights the importance of incorporating contextualised land-use dynamics in modelling, as classification confusion
may not necessarily result from model errors.

The interpretations above are hypotheses informed by common land-use patterns observed in the region, rather than
confirmed land-use transitions for our specific data.

4.2.0verall, combining images in multiple years following the forest loss event is the best choice

While there are differences in best approach for our individual classes, the macro averages of F1 scores improve when
we combine data from multiple years after the forest loss event (Fig 5). Including multiple years in training exposes the
model to the full range of visual variation the different classes take over time and the logit-based selection during test-
ing allows the most confident year-specific prediction to drive the final classification. Combining multiple years may also
improve model performance by increasing training volume, however we did not find this resulted in better performance for
all classes (Fig 5).

For the overall classification, our first hypothesis that combining data from multiple years will improve performance
was found to be generally correct and there is no class where we obtain notably worse results when we include data from
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multiple years after the forest loss event. We also find convincing evidence for our second hypothesis, that we obtain one
of the highest performance close to the forest loss event, since all classes and macro averages get one of their best F1
scores (+/- 5%) using images in the first year after the forest loss event when looking at single-year analyses. However,
our highly curated dataset [27] targets direct drivers, using only forest loss events with recorded land use in the same
year; which may explain the high performance in the year following the forest loss event.

Previous studies have shown improvements using time series for other locations [9,18,19], which is confirmed here for
Cameroon at a national scale and for a more detailed classification of drivers (e.g., no detail about crop types in [9] and
only ‘Palm Plantation’ in [18]).

4.3.Degradation drivers and ‘Oil palm plantation’ benefit the most from the multi-year analysis

Classes with distinct and evolving visual patterns over time, i.e., ‘Selective logging’, ‘Hunting’, ‘Wildfire, ‘Mining’, and ‘Oil
palm plantation’, tend to benefit from multi-year training, as the model may learn to generalise across different disturbance
stages and environmental contexts. With single-year training, these classes often show varying performance depending
on the specific year, likely due to both their temporal dynamics and intra-class visual variability. In such cases, the model
can only learn how a class appears at a particular point in time and may struggle when that appearance changes or lacks
distinction from other classes.

Previous studies have similarly shown that the performance for these classes is influenced by the timing of the imag-
ery. For example, in Suriname, the Republic of Congo, and the Democratic Republic of Congo, extending the period
for analysing satellite imagery from 1 month to 6 months after logging slightly improved the ability to accurately detect
selective logging, likely because signs of disturbance became more visible over time [25]. Another study showed that
attention-based spatio-temporal models relied on a single image shortly after wildfire events to detect them, rather than
multiple images later in the year following the loss [18]. Mining detection has been shown to improve with spatio-temporal
models compared to single-image approaches for pan-tropical studies [18]; and when waiting longer after the disturbance
in Suriname, the Republic of Congo, and the Democratic Republic of Congo [25]. Immature oil palm has been found to be
confused by other classes, and for example could not be identified in the first three years after planting from other imma-
ture monoculture classes such as banana and rubber [55].

4.4. Implications and significance

Our results highlight a trade-off between timeliness and accuracy in detecting deforestation drivers, depending on the
length of the observation window.

We have seen that overall, the best-performing model (macro-average F1 score: 0.88) is obtained when combining
four years’ imagery after the forest loss event, with all classes studied having an average F1 score above 0.80 across the
folds, except for ‘Oil palm plantation’. However, this approach will not allow for quick detection following forest loss events,
but rather serve longer-timescale analyses and planning. This is especially relevant for land-use change monitoring, long-
term landscape management, and post hoc reporting for policy.

In the case of single-year analysis, we saw that looking at the year following the forest loss event is the most effec-
tive approach (macro-average F1 score: 0.78). This result is promising because it would help monitor drivers of active
deforestation. Knowing the driver behind a deforestation event relatively quickly could help determine whether a ground
intervention such as deploying forest rangers or anti-logging patrols would be useful and so help use resources more
efficiently. This makes single-year approaches more appropriate for near-real-time monitoring or enforcement-focused
applications such as detecting illegal mining, logging, or agricultural encroachment. This also simplifies processing meth-
odology and reduces the resources needed for memory, image processing, and model training time compared to time
series classification. Depending on the goal, the most adapted approach could vary between single-year and multi-year
methodology.
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Our results also raise questions about the most useful way to define the ‘direct driver’, which is particularly challenging
when we see dynamics such as transitions in small-scale plantations [60—63]. What we see immediately after the forest
loss does not necessarily correlate with the long-term or even medium-term use of the land. It is therefore important to
ask, from a policy point of view, what the purpose of monitoring is. If our single-image model gives us accurate information
about the follow-up land use after forest loss, it might still be useful to look at time series to better understand land-use
dynamics and the longer-term drivers behind deforestation and forest degradation.

For six classes out of fifteen, having time series data proved to be especially effective. This is notably the case for
‘Selective logging’ (+10% performance with all four years’ imagery compared with only the first), ‘Hunting’ (+20%), ‘Min-
ing’ (+18%) and ‘Oil palm plantation’ (+10%). ‘Selective logging’, ‘Hunting’ and ‘Mining’ reach an F1 score above 0.80
only with the multi-year combination, and ‘Oil palm plantation’, ‘Hunting’, and ‘Mining’ perform particularly poorly with
only Year 1 (i.e., F1 score<0.65). This suggests that satellite-based monitoring in the first year following the forest loss
event is unlikely sufficient to accurately detect these drivers, which could be an issue for the timely identification of illegal
activities which ‘Mining’ and ‘Hunting’ commonly are in Cameroon [64,65]. ‘Selective logging’, also often associated with
illegal activity in Cameroon [66], records an average F1 score below 0.80 when using only Year 1 data, which also may
limit its detectability in the context of illegal land use tracking [66]. For these classes, using only images in the first year
after the forest loss event, we may find improvements with 1) other data, such as additional auxiliary parameters to detect
them (e.g., proximity to water for ‘Mining’ [25], proximity to known oil palm concessions for ‘Oil palm plantation’, wildlife
or poaching risk layers for ‘Hunting’, known existing logging roads for ‘Selective logging’); or 2) a confidence score to
help assess the performance of the classification. Indeed, it is unlikely that the single-image model would be usable for
decision-making otherwise.

4.5. Limitations and future research direction

In this study we use a dataset developed using all open data identifiable, and after discussion with many experts and
stakeholders [27], and which is the largest open dataset of direct drivers of deforestation in Cameroon that we are aware
of. However, our dataset is still relatively small, and some features are likely missing. For example, due to the data
sources used, we only capture a specific set of land uses, and we likely miss most smaller-scale, illegal or uncontrolled,
and quick land-use changes. For instance, in this study, it is interesting to notice that, as time passes, ‘Small-scale maize
plantation’ is not particularly confused with other small-scale plantations. Maize grows quickly and is useful to claim land
quickly [67,68], which then gives occupancy rights to the users of the land [69,70]. There is evidence indicating that once
a land is used and its de facto rights acquired, smallholder farmers in Cameroon may choose to diversify or switch from
maize to more lucrative crops when opportunities arise, often a few years later [63,71,72]. In the time frame we look at
and with the dataset we have, we do not notice this tendency, but it could be either because we do not look long enough
after the forest loss event, or because the data sources we used for labelling maize show longer-standing maize plan-
tations. In addition, we recognise that data availability is skewed towards the dry season, and specific ecozones due to
cloud cover, which introduces biases in ecological and spatial representation and can affect the generalisability of the
results. As in other studies of tropical forests using optical imagery (e.g., [73,74]), our use of dry-season imagery reflects a
common methodological constraint caused by cloud cover during the rainy season. Here, we do not use a cloud masking
algorithm and only focus on high quality imagery with low cloud cover using a 20% threshold. This approach prioritises
data quality and interpretability, but we acknowledge that it may introduce seasonal sampling bias, especially impacting
rainfed and short-cycle agricultural classes.

There are various methods for time-series classification and whilst here we chose the highest logit approach to clas-
sify images and combine different years, this is not the only available approach. We use our original Cam-Forest CNN
approach to test whether time series provide improvements, using post-hoc aggregation of single-image classifications
and not temporal modelling, but we do not explore other techniques such as attention mechanisms or 3D-CNNs for
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instance, which have been used in other studies [9,18,19]. Nevertheless, our analysis of performance with single images
in different years (Section 3.2.) shows that these approaches most likely would not provide improvements using the same
timeframe, as we do not see any class where we get notably better results compared with the first year after the forest
loss event. In addition, we already achieve high F1 scores across most classes (above 0.80, except for ‘Oil palm planta-
tion’), suggesting that the use of a more complex model may not yield substantial benefits. Our results are shown based
on F1 scores to assess performance, which may not always be the most suitable approach depending on the application
the model is used for and the needs of the users (though we present results for precision and recall in the appendix and
find little qualitative difference).

To improve applicability for real-world applications, future work could focus on generating confidence scores to assign
for each forest loss event classified, as deep learning has been criticised for not providing interpretable models with
accessible outputs that can be used for decision making [48]. A recent study to classify oil palm provided map outputs
showing the probability of oil palm in a given pixel to display the model certainty [75]. Such an output could help the use
Cam-ForestNet for decision-making at national or local scales. Further research is needed to find the most suitable way
to assess the confidence in the model and have a better understanding of uncertainty. Promising options to generate a
confidence score include the classification logits, using a softmax function on the classification logits, looking at multiple
top classification logits instead of only the highest one, or other techniques to assess uncertainty such as Monte Carlo
dropout or Bayesian Neural Networks.

5. Conclusion

Understanding the drivers of deforestation and forest degradation is essential for designing effective responses, whether
for enforcement, conservation planning, or sustainable land use governance. This study contributes to that goal by
demonstrating how incorporating multi-year Earth observation imagery into the Cam-ForestNet approach enhances the
classification of direct deforestation and degradation drivers.

The findings indicate that using imagery from up to four years after a forest loss event significantly improves model per-
formance, with a five-fold cross-validation approach yielding average F1 scores above 0.80 for all classes except ‘Oil palm
plantation’. Performance particularly improves for degradation drivers, ‘Mining’, and slow-growing large-scale plantations
(i.e., ‘Oil palm plantation’), which exhibit both high temporal dynamics and high intra-class visual variability. However, this
approach does not support rapid monitoring of deforestation and forest degradation. When considering single-date mod-
els, results from using imagery from the year immediately following forest loss were also promising and produced some
of the strongest results across all classes. This suggests that timely detection of deforestation drivers is feasible and can
support more immediate monitoring and response efforts. Nevertheless, challenges remain for degradation drivers (‘Hunt-
ing’, ‘Selective logging’) and long-maturing drivers (‘Oil palm plantation’, ‘Mining’), which appear to require additional data.

This research highlights the trade-offs between approaches that prioritise rapid detection and those that aim for more
comprehensive, long-term analysis. It provides useful guidance on how model design can be aligned with different policy
goals, such as forest law enforcement, land use planning, or results-based conservation finance. Beyond performance
metrics, we also recognise the importance of building models that are transparent, reliable, and usable in real-world con-
texts. To that end, our future work will focus on improving model interpretability, incorporating uncertainty measures, and
ensuring alignment with operational forest governance needs in Cameroon.

Supporting information

S1 Table. Number of locations in each fold. The values correspond to the single-year analysis. When combining
multiple years, the number of images is equal to the number of locations listed here multiplied by the number of years
combined.

(XLSX)
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S2 Table. Number of images per month and per dry/rainy season as a function of years after the forest loss event,
both in total and disaggregated by driver class.
(XLSX)

S1 Fig. Mean recalls obtained when taking into account images in the first year (Y1); in the first and second
year (Y1&Y2); in the first, second and third year (Y1&Y2&Y3); or in the first, second, third, and fourth years
(Y1&Y2&Y3&Y4) following the forest loss event. The asterisk * indicates the classes with fewer than 50 images in the
filtered dataset (see Table 2).

(PNG)

S2 Fig. Mean precisions obtained when taking into account images in the first year (Y1); in the first and sec-
ond year (Y1&Y2); in the first, second and third year (Y1&Y2&Y3); or in the first, second, third, and fourth years
(Y1&Y2&Y3&Y4) following the forest loss event. The asterisk * indicates the classes with fewer than 50 images in the
filtered dataset (see Table 2).

(PNG)

S3 Fig. Means and standard deviations of F1 scores for all folds by class when taking into account images in the
first year (Y1); in the first and second year (Y1&Y2); in the first, second and third year (Y1&Y2&Y3); or in the first,
second, third, and fourth years (Y1&Y2&Y3&Y4).

(PNG)

S4 Fig. Means and standard deviations of recalls for all folds by class when taking into account images in the
first year (Y1); in the first and second year (Y1&Y2); in the first, second and third year (Y1&Y2&Y3); or in the first,
second, third, and fourth years (Y1&Y2&Y3&Y4).

(PNG)

S5 Fig. Means and standard deviations of precisions for all folds by class when taking into account images in the
first year (Y1); in the first and second year (Y1&Y2); in the first, second and third year (Y1&Y2&Y3); or in the first,
second, third, and fourth years (Y1&Y2&Y3&Y4).

(PNG)

S6 Fig. Mean recalls obtained when taking into account images in the first (Y1), second (Y2), third (Y3), or fourth
year (Y4) following the forest loss event. The asterisk * indicates the classes with fewer than 50 images in the filtered
dataset (see Table 2).

(PNG)

S7 Fig. Mean precisions obtained when taking into account images in the first (Y1), second (Y2), third (Y3), or
fourth year (Y4) following the forest loss event. The asterisk * indicates the classes with fewer than 50 images in the
filtered dataset (see Table 2).

(PNG)

S8 Fig. Means and standard deviations of F1 scores for all folds by class when taking into account images in the
first (Y1), second (Y2), third (Y3), or fourth year (Y4) following the forest loss event.
(PNG)

S9 Fig. Means and standard deviations of recalls for all folds by class when taking into account images in the
first (Y1), second (Y2), third (Y3), or fourth year (Y4) following the forest loss event.
(PNG)
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$10 Fig. Means and standard deviations of precisions for all folds by class when taking into account images in
the first (Y1), second (Y2), third (Y3), or fourth year (Y4) following the forest loss event.
(PNG)

S$11 Fig. Mean confusion matrix for all folds when taking into account images in the first year following the forest
loss event.
(PNG)

S$12 Fig. Mean confusion matrix for all folds when taking into account images in the first and second years follow-
ing the forest loss event.
(PNG)

S$13 Fig. Mean confusion matrix for all folds when taking into account images in the first, second, and third years
following the forest loss event.
(PNG)

S$14 Fig. Mean confusion matrix for all folds when taking into account images in the first, second, third, and
fourth years following the forest loss event.
(PNG)

$15 Fig. Mean confusion matrix for all folds when taking into account images in the second year following the
forest loss event.
(PNG)

$16 Fig. Mean confusion matrix for all folds when taking into account images in the third year following the forest
loss event.
(PNG)

S$17 Fig. Mean confusion matrix for all folds when taking into account images in the fourth year following the
forest loss event.
(PNG)

S$18 Fig. Change matrix created by subtracting the normalised mean confusion matrix from images taken one
year after the forest loss event (Y1) from the normalised mean confusion matrix generated using images from the
third year after the forest loss event (Y3). The colours show whether there has been a positive (green) or negative (red)
impact on the confusion matrix by adding Y3 in the classification. On the diagonal, a positive number shows an increase
in correct classification (green) and a negative number a decrease in correct classification (red). In the rest of the matrix, a
positive number shows there has been a higher confusion of two classes (red) while a negative number shows a decrease
in the confusion of two classes (green). Any changes higher or lower than 5% is in white as we consider it is not a ‘nota-
ble’ change.

(PNG)

$19 Fig. Change matrix created by subtracting the normalised mean confusion matrix from images taken one
year after the forest loss event (Y1) from the normalised mean confusion matrix generated using images from
the fourth year after the forest loss event (Y2). The colours show whether there has been a positive (green) or nega-
tive (red) impact on the confusion matrix by adding Y2 in the classification. On the diagonal, a positive number shows an
increase in correct classification (green) and a negative number a decrease in correct classification (red). In the rest of the
matrix, a positive number shows there has been a higher confusion of two classes (red) while a negative number shows a
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decrease in the confusion of two classes (green). Any changes higher or lower than 5% is in white as we consider it is not
a ‘notable’ change.
(PNG)

S20 Fig. Years with the highest logit chosen in the test step when taking into account images in the first (Y1) and
second (Y2) years following the forest loss event.
(PNG)

S21 Fig. Years with the highest logit chosen in the test step when taking into account images in the first (Y1), sec-
ond (Y2), and third (Y3) years following the forest loss event.
(PNG)

S22 Fig. Years with the highest logit chosen in the test step when taking into account images in the first (Y1), sec-
ond (Y2), third (Y3), and fourth (Y4) years following the forest loss event.
(PNG)

Acknowledgments

We would like to thank: Justin Kamga and Christiane Zébazé from FODER, our co-authors in [26,27] for their help design-
ing Cam-ForestNet and understanding processes for creating policy evidence in Cameroon; and Jeremy Irvin from Stan-
ford University for sharing their code.

Positionality statementWe acknowledge that this research has mostly been done from abroad and lead by non-Cameroonian
researchers. However, we have made sure to speak to various local and international experts to make sure of the reliability
of our decisions, especially when designing the original Cam-ForestNet model in [26,27], co-authored with Justin Kamga and
Christiane Zébazé from the Cameroonian non-profit environmental association Foréts et Développement Rural (FODER).

Author contributions

Conceptualization: Amandine Debus, Emilie Beauchamp, Emily R. Lines.
Data curation: Amandine Debus.

Formal analysis: Amandine Debus.

Funding acquisition: Amandine Debus, Emily R. Lines.
Investigation: Amandine Debus.

Methodology: Amandine Debus, Emilie Beauchamp, Emily R. Lines.
Project administration: Emily R. Lines.

Software: Amandine Debus.

Supervision: Emilie Beauchamp, Emily R. Lines.

Validation: Amandine Debus.

Visualization: Amandine Debus.

Writing — original draft: Amandine Debus.

Writing — review & editing: Amandine Debus, Emilie Beauchamp, Emily R. Lines.

References

1. Regulation (EU) 2023/1115 of the European Parliament and of the Council on the making available on the Union market and the export from the
Union of certain commodities and products associated with deforestation and forest degradation and repealing Regulation (EU) No 995/2010.
2023. http://data.europa.eu/eli/reg/2023/1115/oj/eng

PLOS One | https://doi.org/10.137 1/journal.pone.0340610 February 6, 2026 22/25



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340610.s022
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340610.s023
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340610.s024
http://data.europa.eu/eli/reg/2023/1115/oj/eng

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

UNCCD. Glasgow Leaders’ Declaration on Forests and Land Use. 2021. [Cited 2024 December 2]. https://www.unccd.int/news-stories/statements/
glasgow-leaders-declaration-forests-and-land-use

Forest Pulse: The Latest on the World’s Forests. World Resources Institute Research. 2024. [Cited 2024 December 2]. https://research.wri.org/gfr/
latest-analysis-deforestation-trends

How much forest was lost in 20227 World Resources Institute Research. 2023. [Cited 2024 December 2]. https://research.wri.org/gfr/
global-tree-cover-loss-data-2022

5. CAF I. Cameroon CAFI Letter of Intent. 2024. [Cited 2025 February 11]. https://www.cafi.org/
towards-deforestation-free-agriculture-cafi-and-cameroon-sign-2025-2035-letter-intent

Ministére de I'Environnement, de la protection de la nature et du développement durable. Plan National d’Adaptation aux Changements Clima-
tiques du Cameroun. 2025. https://unfccc.int/sites/default/files/resource/NAP_Cameroon_2015.pdf

NNah Ndobe S. Overview and Analyses of Key National Policies, Strategies and Action Plans Relevant to Deforestation, Child and Forced Labour,
and Smallholder Inclusion in Cameroon [Internet]. 2019 Jul [cited 2025 Feb 12]. https://www.proforest.net/fileadmin/uploads/proforest/Documents/
Publications/Overview_and_Analyses_-_Cameroon_June_2021.pdf

Seymour F, Harris NL. Reducing tropical deforestation. Science. 2019;365(6455):756—7. https://doi.org/10.1126/science.aax8546 PMID: 31439784

Masolele RN, De Sy V, Herold M, Marcos D, Verbesselt J, Gieseke F. Spatial and temporal deep learning methods for deriving land-use following
deforestation: A pan-tropical case study using Landsat time series. Remote Sens Env. 2021;264:112600. https://doi.org/10.1016/j.rse.2021.112600

Lapola DM, Pinho P, Barlow J, Aragdo LEOC, Berenguer E, Carmenta R, et al. The drivers and impacts of Amazon forest degradation. Science.
2023;379(6630):eabp8622. https://doi.org/10.1126/science.abp8622 PMID: 36701452

Dalagnol R, Wagner FH, Galvao LS, Braga D, Osborn F, Sagang LB. Mapping tropical forest degradation with deep learning and Planet NICFI
data. Remote Sens Env. 2023;298:113798.

Branthomme A, Merle C, Kindgard A, Lourenco A, Ng WT, D’Annunzio R. How much do large-scale and small-scale farming contribute to global
deforestation?: Results from a remote sensing pilot approach. 2023. [Cited 2023 June 8]. https://www.fao.org/documents/card/en/c/cc5723en

Finer M, Novoa S. Patterns and drivers of deforestation in the Peruvian Amazon. Monitoring of the Andean Amazon Project; 2017. https://maaproj-
ect.org/2017/maap-synthesis2/

Curtis PG, Slay CM, Harris NL, Tyukavina A, Hansen MC. Classifying drivers of global forest loss. Science. 2018;361(6407):1108-11. https://doi.
org/10.1126/science.aau3445 PMID: 30213911

Sy VD, Herold M, Achard F, Avitabile V, Baccini A, Carter S. Tropical deforestation drivers and associated carbon emission factors derived from
remote sensing data. Environ Res Lett. 2019;14(9):094022. https://doi.org/10.1088/1748-9326/ab3c1b

Ramachandran N, Irvin J, Sheng H, Johnson-Yu S, Story K, Rustowicz R. Automatic deforestation driver attribution using deep learning on satellite
imagery. Global Environ Change. 2024;86:102843.

Masolele RN, Marcos D, De Sy V, Abu I-O, Verbesselt J, Reiche J, et al. Mapping the diversity of land uses following deforestation across Africa.
Sci Rep. 2024;14(1):1681. https://doi.org/10.1038/s41598-024-52138-9 PMID: 38242938

Pisl J, Ruwurm M, Hughes LH, Lenczner G, See L, Wegner JD. Mapping drivers of tropical forest loss with satellite image time series and
machine learning. Environ Res Lett. 2024;19(6):064053.

Masolele RN, De Sy V, Marcos D, Verbesselt J, Gieseke F, Mulatu KA. Using high-resolution imagery and deep learning to classify land-use follow-
ing deforestation: a case study in Ethiopia. GISci Remote Sens. 2022;59(1):1446—72.

Hartanti BSI, Vito V, Arymurthy AM, Setiyoko A. Multimodal SuperCon: Classifier for Drivers of Deforestation in Indonesia. arXiv. 2022. https://doi.
org/arXiv:2207.14656

Kaselimi M, Voulodimos A, Daskalopoulos |, Doulamis N, Doulamis A. A vision transformer model for convolution-free multilabel classification of
satellite imagery in deforestation monitoring. IEEE Transactions on Neural Networks and Learning Systems. 2023;34(7):3299-307. https://doi.
org/10.1109/TNNLS.2023.3245678

Mitton J, Murray-Smith R. Rotation Equivariant Deforestation Segmentation and Driver Classification. arXiv. 2021. https://doi.org/2110.13097

De Marzo T, Gasparri NI, Lambin EF, Kuemmerle T. Agents of Forest Disturbance in the Argentine Dry Chaco. Remote Sensing. 2022;14(7):1758.
https://doi.org/10.3390/rs 14071758

Shimizu K, Ota T, Mizoue N, Yoshida S. A comprehensive evaluation of disturbance agent classification approaches: strengths of ensemble classifi-
cation, multiple indices, spatio-temporal variables, and direct prediction. ISPRS J Photogramm Remote Sens. 2019;158:99-112.

Slagter B, Reiche J, Marcos D, Mullissa A, Lossou E, Pefia-Claros M, et al. Monitoring direct drivers of small-scale tropical forest disturbance in
near real-time with Sentinel-1 and -2 data. Remote Sens Env. 2023;295:113655.

Debus A, Beauchamp E, Kamga J, Verhegghen A, Zébazé C, Lines ER. Evaluating satellite data and deep learning for identifying direct deforesta-
tion drivers in Cameroon. Remote Sens Appl: Soc Environ. 2025;39:101653.

Debus A, Beauchamp E, Acworth J, Ewolo A, Kamga J, Verhegghen A, et al. A labelled dataset to classify direct deforestation drivers from Earth
Observation imagery in Cameroon. Sci Data. 2024;11(1):564. https://doi.org/10.1038/s41597-024-03384-z PMID: 38821976

Mertens B, Lambin EF. Land-cover-change trajectories in southern Cameroon. Ann Am Assoc Geogr. 2000;90(3):467—-94.

PLOS One | https://doi.org/10.1371/journal.pone.0340610 February 6, 2026 23/25



https://www.unccd.int/news-stories/statements/glasgow-leaders-declaration-forests-and-land-use
https://www.unccd.int/news-stories/statements/glasgow-leaders-declaration-forests-and-land-use
https://research.wri.org/gfr/latest-analysis-deforestation-trends
https://research.wri.org/gfr/latest-analysis-deforestation-trends
https://research.wri.org/gfr/global-tree-cover-loss-data-2022
https://research.wri.org/gfr/global-tree-cover-loss-data-2022
https://www.cafi.org/towards-deforestation-free-agriculture-cafi-and-cameroon-sign-2025-2035-letter-intent
https://www.cafi.org/towards-deforestation-free-agriculture-cafi-and-cameroon-sign-2025-2035-letter-intent
https://unfccc.int/sites/default/files/resource/NAP_Cameroon_2015.pdf
https://www.proforest.net/fileadmin/uploads/proforest/Documents/Publications/Overview_and_Analyses_-_Cameroon_June_2021.pdf
https://www.proforest.net/fileadmin/uploads/proforest/Documents/Publications/Overview_and_Analyses_-_Cameroon_June_2021.pdf
https://doi.org/10.1126/science.aax8546
http://www.ncbi.nlm.nih.gov/pubmed/31439784
https://doi.org/10.1016/j.rse.2021.112600
https://doi.org/10.1126/science.abp8622
http://www.ncbi.nlm.nih.gov/pubmed/36701452
https://www.fao.org/documents/card/en/c/cc5723en
https://maaproject.org/2017/maap-synthesis2/
https://maaproject.org/2017/maap-synthesis2/
https://doi.org/10.1126/science.aau3445
https://doi.org/10.1126/science.aau3445
http://www.ncbi.nlm.nih.gov/pubmed/30213911
https://doi.org/10.1088/1748-9326/ab3c1b
https://doi.org/10.1038/s41598-024-52138-9
http://www.ncbi.nlm.nih.gov/pubmed/38242938
https://doi.org/arXiv:2207.14656
https://doi.org/arXiv:2207.14656
https://doi.org/10.1109/TNNLS.2023.3245678
https://doi.org/10.1109/TNNLS.2023.3245678
https://doi.org/2110.13097
https://doi.org/10.3390/rs14071758
https://doi.org/10.1038/s41597-024-03384-z
http://www.ncbi.nlm.nih.gov/pubmed/38821976

PLO\Sﬁ\\.- One

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

Hansen MC, Potapov PV, Moore R, Hancher M, Turubanova SA, Tyukavina A. High-resolution global maps of 21st-century forest cover change.
Science. 2013;342(6160):850-3. https://doi.org/10.1126/science. 1244693

A. Ramezan C, A. Warner T, E. Maxwell A. Evaluation of sampling and cross-validation tuning strategies for regional-scale machine learning classi-
fication. Remote Sensing. 2019;11(2):185. https://doi.org/10.3390/rs11020185

Raschka S. Model evaluation, model selection, and algorithm selection in machine learning. 2020. http://arxiv.org/abs/1811.12808

Kattenborn T, Leitloff J, Schiefer F, Hinz S. Review on Convolutional Neural Networks (CNN) in vegetation remote sensing. ISPRS J Photogramm
and Remote Sens. 2021;173:24-49.

Feng H, Wang Y, Li Z, Zhang N, Zhang Y, Gao Y. Information leakage in deep learning-based hyperspectral image classification: a survey. Remote
Sensing. 2023;15(15):3793. https://doi.org/10.3390/rs15153793

Geib C, Aravena Pelizari P, Schrade H, Brenning A, Taubenbock H. On the effect of spatially non-disjoint training and test samples on estimated
model generalization capabilities in supervised classification with spatial features. IEEE Geosci Remote Sensing Lett. 2017;14(11):2008-12.
https://doi.org/10.1109/Igrs.2017.2747222

White JC, Hermosilla T, Wulder MA, Coops NC. Mapping, validating, and interpreting spatio-temporal trends in post-disturbance forest recovery.
Remote Sens Env. 2022 Mar 15;271:112904.

Shumba T, De Vos A, Biggs R, Esler KJ, Ament JM, Clements HS. Effectiveness of private land conservation areas in maintaining natural land
cover and biodiversity intactness. Glob Ecol Conserv. 2020;22:e00935. https://doi.org/10.1016/j.gecc0.2020.e00935

Descals A, Wich S, Meijaard E, Gaveau DLA, Peedell S, Szantoi Z. High-resolution global map of smallholder and industrial closed-canopy oil
palm plantations. Earth Syst Sci Data. 2021;13(3):1211-31.

Hansen JN, Mitchard ETA, King S. Detecting deforestation from Sentinel-1 data in the absence of reliable reference data. 2022. http://arxiv.org/
abs/2205.12131

Olofsson P, Foody GM, Herold M, Stehman SV, Woodcock CE, Wulder MA. Good practices for estimating area and assessing accuracy of land
change. Remote Sens Environ. 2014;148:42-57.

Johnson JM, Khoshgoftaar TM. Survey on deep learning with class imbalance. J Big Data. 2019;6(1). https://doi.org/10.1186/s40537-019-0192-5

Narasimhan H, Pan W, Kar P, Protopapas P, Ramaswamy HG. Optimizing the Multiclass F-Measure via Biconcave Programming.
In: 2016 IEEE 16th International Conference on Data Mining (ICDM) [Internet]. 2016 [cited 2025 Jan 29]. https://ieeexplore.ieee.org/
document/7837956/?arnumber=7837956&tag=1

Hicks SA, Striimke |, Thambawita V, Hammou M, Riegler MA, Halvorsen P, et al. On evaluation metrics for medical applications of artificial intelli-
gence. Sci Rep. 2022;12(1):5979. https://doi.org/10.1038/s41598-022-09954-8 PMID: 35395867

Flach P. Performance Evaluation in Machine Learning: The Good, the Bad, the Ugly, and the Way Forward. AAAI. 2019;33(01):9808—14. https://
doi.org/10.1609/aaai.v33i01.33019808

Ali S, Upadhyay S, Hiranandani G, Glassman EL, Koyejo O. Metric elicitation; moving from theory to practice. 2022. http://arxiv.org/abs/2212.03495

Schlosser T, Friedrich M, Meyer T, Kowerko D. A consolidated overview of evaluation and performance metrics for machine learning and computer
vision. 2024.

Bhateja C, O’Brien J, Hashmi A, Prakash E. Cost and Reward Infused Metric Elicitation. 2025. http://arxiv.org/abs/2501.00696

Zhang Y, Bellamy RKE, Varshney KR. Joint optimization of Al fairness and utility: A human-centered approach. In: Proceedings of the AAAI/ACM
Conference on Al, Ethics, and Society. 2020. 400—6. http://arxiv.org/abs/2002.01621

Rudin C. Stop Explaining Black box machine learning models for high stakes decisions and use interpretable models instead. Nat Mach Intell.
2019;1(5):206—15. https://doi.org/10.1038/s42256-019-0048-x PMID: 35603010

Kamga MA, Nguemhe FSC, Ayodele MO, Olatubara CO, Nzali S, Adenikinju A. Evaluation of land use/land cover changes due to gold mining activ-
ities from 1987 to 2017 using landsat imagery, East Cameroon. GeoJournal. 2020;85(4):1097—114.

Tegegne YT, Lindner M, Fobissie K, Kanninen M. Evolution of drivers of deforestation and forest degradation in the Congo Basin forests: Exploring
possible policy options to address forest loss. Land Use Policy. 2016;51:312—24. https://doi.org/10.1016/j.landusepol.2015.11.024

Megevand C. Deforestation Trends in the Congo Basin: Reconciling Economic Growth and Forest Protection. 2013 Feb [cited 2025 May 2]; https://
hdl.handle.net/10986/12477

Funoh KN. The impacts of artisanal gold mining on local livelihoods and the environment in the forested areas of Cameroon. Report No.: Working
Paper 150 [Internet]. 2015 [cited 2025 Feb 2]. https://www.cifor-icraf.org/publications/pdf_files/\WPapers/WWP150CIFOR.pdf

Verhegghen A, Beauchamp E, Seigneret A. Democratizing earth observation to improve transparency in land use governance. 2021. [Cited 2022
January 6]. https://www.iied.org/20696x

Kome GK, Tabi FO. Towards sustainable oil palm plantation management: effects of plantation age and soil parent material. Agric Sci.
2019;11(1):54-70.

Ordway EM, Naylor RL, Nkongho RN, Lambin EF. Oil palm expansion and deforestation in Southwest Cameroon associated with proliferation of
informal mills. Nat Commun. 2019;10(1):114. https://doi.org/10.1038/s41467-018-07915-2 PMID: 30631076

PLOS One | https://doi.org/10.1371/journal.pone.0340610 February 6, 2026 24125



https://doi.org/10.1126/science.1244693
https://doi.org/10.3390/rs11020185
http://arxiv.org/abs/1811.12808
https://doi.org/10.3390/rs15153793
https://doi.org/10.1109/lgrs.2017.2747222
https://doi.org/10.1016/j.gecco.2020.e00935
http://arxiv.org/abs/2205.12131
http://arxiv.org/abs/2205.12131
https://doi.org/10.1186/s40537-019-0192-5
https://ieeexplore.ieee.org/document/7837956/?arnumber=7837956&tag=1
https://ieeexplore.ieee.org/document/7837956/?arnumber=7837956&tag=1
https://doi.org/10.1038/s41598-022-09954-8
http://www.ncbi.nlm.nih.gov/pubmed/35395867
https://doi.org/10.1609/aaai.v33i01.33019808
https://doi.org/10.1609/aaai.v33i01.33019808
http://arxiv.org/abs/2212.03495
http://arxiv.org/abs/2501.00696
http://arxiv.org/abs/2002.01621
https://doi.org/10.1038/s42256-019-0048-x
http://www.ncbi.nlm.nih.gov/pubmed/35603010
https://doi.org/10.1016/j.landusepol.2015.11.024
https://hdl.handle.net/10986/12477
https://hdl.handle.net/10986/12477
https://www.cifor-icraf.org/publications/pdf_files/WPapers/WP150CIFOR.pdf
https://www.iied.org/20696x
https://doi.org/10.1038/s41467-018-07915-2
http://www.ncbi.nlm.nih.gov/pubmed/30631076

PLO\Sﬁ\\.- One

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.
72.

73.
74.

75.
76.

Kleinschroth F, Healey JR, Sist P, Mortier F, Gourlet-Fleury S. How persistent are the impacts of logging roads on Central African forest vegeta-
tion?. Journal of Applied Ecology. 2016;53(4):1127-37.

Blanche MF, Dairou AA, Juscar N, Romarice OMF, Arsene M, Bernard TL. Assessment of land cover degradation due to mining activities using
remote sensing and digital photogrammetry. Environ Syst Res. 2024;13(1):41.

Tamfuh PA, Musi EN, Fils SCN, Ateh KI, Aye AB, Tata E, et al. Mapping land use/land cover changes caused by mining activities from 2018 to 2022
using Sentinel-2 imagery in Bétaré-Oya (East-Cameroon). J Geosci Geomatics. 2024;12(1):12-23.

Xu K, Qian J, Hu Z, Duan Z, Chen C, Liu J, et al. A new machine learning approach in detecting the oil palm plantations using remote sensing data.
Remote Sensing. 2021;13(2):236. https://doi.org/10.3390/rs13020236

Nchanji YK, Nkongho RN, Mala WA, Levang P. Efficacy of oil palm intercropping by smallholders. Case study in South-West Cameroon. Agroforest
Syst. 2016;90(3):509-19.

Li L, Dong J, Njeudeng Tenku S, Xiao X. Mapping oil palm plantations in cameroon using PALSAR 50-m Orthorectified Mosaic Images. Remote
Sensing. 2015;7(2):1206—24. https://doi.org/10.3390/rs70201206

Nkembi L, Mubeteneh TC, Nji AD, Forghab NE, Nkengafac NJ. Farmland management strategies by smallholder farmers in the Mount Bamboutos
landscape in Cameroon. In: Nishi M, Subramanian SM, editors. Ecosystem restoration through managing socio-ecological production landscapes
and seascapes (SEPLS). Singapore: Springer Nature; 2023. p. 97-116.

Ndip FE, Molua EL, Mvodo M-ES, Nkendah R, Djomo Choumbou RF, Tabetando R, et al. Farmland Fragmentation, crop diversification and
incomes in Cameroon, a Congo Basin country. Land Use Policy. 2023;130:106663. https://doi.org/10.1016/j.landusepol.2023.106663

INTERPOL. Project ENACT Strategic Assessment: lllegal Gold Mining in Central Africa [Internet]. 2021 May [cited 2025 Apr 11]. https://enact-af-
rica.s3.amazonaws.com/uploads/pages/1709666680570-policy-brief-31.pdf

Nlom JH. A bio-economic analysis of conflicts between illegal hunting and wildlife management in Cameroon: The case of Campo-Ma’an National
Park. J Nat Conserv. 2021;61:126003.

Alemagi D, Kozak RA. lllegal logging in Cameroon: Causes and the path forward. Forest Policy and Economics. 2010;12(8):554—61. https://doi.
org/10.1016/j.forpol.2010.07.008

Yemefack M. Modelling and monitoring soil and land use dynamics within shifting agricultural landscape mosaic systems in southern Cameroon.
ITC Enschede and Utrecht University; 2005. https://ris.utwente.nl/ws/portalfiles/portal/31335654 3/yemefack.pdf

Tchatchoua Djomo R. Shifting land tenure, dispute resolution, rural migration and legal pluralism in Cameroon. 2021. [Cited 2025 May 21]. https:/
www.plaas.org.za/wp-content/uploads/2021/10/YARA-Rosine-Tchatchoua-D-October-2021.pdf

International Land Coalition. Uniting for land rights in Cameroon. 2021. [Cited 2025 June 11]. https://d303cb4w253x5q.cloudfront.net/media/docu-
ments/ILC_contribution_analysis_2028631_6_cameroon_low_res_E6VH61D.pdf

Coulibaly M, Ifionu D, Hamidou A. Cameroon, Light Country Assessment of Governance of Tenure. 2022. https://d303cb4w253x5q.cloudfront.net/
media/documents/Cameroon_LCA_Final_-_Eng.pdf

Meyo ESM, Egoh IM. Assessing the impacts of variable input costs on maize production in Cameroon. Agric Sci. 2020;11(11):1095.

Nkembi L, Nkengafac NJ, Mubeteneh TC, Herman DN, Forghab NE. Production diversity and constraints in smallholder farms in the Bamboutos
mountain. Int J Res Rev. 2021;8.

Cunningham D, Cunningham P, Fagan ME. Identifying biases in global tree cover products: A case study in Costa Rica. Forests. 2019;10(10):853.

Reiche J, Hamunyela E, Verbesselt J, Hoekman D, Herold M. Improving near-real time deforestation monitoring in tropical dry forests by combining
dense Sentinel-1 time series with Landsat and ALOS-2 PALSAR-2. Remote Sens Environ. 2018;204:147-61.

Clinton N, Vollrath A, D’annunzio R, Liu D, Glick HB, Descals A, et al. A community palm model. 2024. http://arxiv.org/abs/2405.09530

Debus A, Beauchamp E, Lines ER. Labelled dataset to classify direct deforestation drivers in Cameroon: time series (1.00). Zenodo. 2025. https://
zenodo.org/records/14860587

PLOS One | https://doi.org/10.1371/journal.pone.0340610 February 6, 2026 25/25



https://doi.org/10.3390/rs13020236
https://doi.org/10.3390/rs70201206
https://doi.org/10.1016/j.landusepol.2023.106663
https://enact-africa.s3.amazonaws.com/uploads/pages/1709666680570-policy-brief-31.pdf
https://enact-africa.s3.amazonaws.com/uploads/pages/1709666680570-policy-brief-31.pdf
https://doi.org/10.1016/j.forpol.2010.07.008
https://doi.org/10.1016/j.forpol.2010.07.008
https://ris.utwente.nl/ws/portalfiles/portal/313356543/yemefack.pdf
https://www.plaas.org.za/wp-content/uploads/2021/10/YARA-Rosine-Tchatchoua-D-October-2021.pdf
https://www.plaas.org.za/wp-content/uploads/2021/10/YARA-Rosine-Tchatchoua-D-October-2021.pdf
https://d3o3cb4w253x5q.cloudfront.net/media/documents/ILC_contribution_analysis_2028631_6_cameroon_low_res_E6VH61D.pdf
https://d3o3cb4w253x5q.cloudfront.net/media/documents/ILC_contribution_analysis_2028631_6_cameroon_low_res_E6VH61D.pdf
https://d3o3cb4w253x5q.cloudfront.net/media/documents/Cameroon_LCA_Final_-_Eng.pdf
https://d3o3cb4w253x5q.cloudfront.net/media/documents/Cameroon_LCA_Final_-_Eng.pdf
http://arxiv.org/abs/2405.09530
https://zenodo.org/records/14860587
https://zenodo.org/records/14860587

