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Data processing for forestry applications is challenged by the increasing availability of multi-source and multi-
temporal data. The advancements of Deep Learning (DL) algorithms have made it a prominent family of meth-
ods for machine learning and artificial intelligence. This review determines the current state-of-the-art in using
DL for solving forestry problems. Although DL has shown potential for various estimation tasks, the applications
of DL to forestry are in their infancy. The main study line has related to comparing various Convolutional Neural
Network (CNN) architectures between each other and against more shallow machine learning techniques.
The main asset of DL is the possibility to internally learn multi-scale features without an explicit feature
extraction step, which many people typically perceive as a black box approach. According to a comprehensive
literature review, we identified challenges related to (1) acquiring sufficient amounts of representative and
labelled training data, (2) difficulties to select suitable DL architecture and hyperparameterization among many
methodological choices and (3) susceptibility to overlearn the training data and consequent risks related to the
generalizability of the predictions, which can however be reduced by proper choices on the above. We recognized
possibilities in building time-series prediction strategies upon Recurrent Neural Network architectures and, more
generally, re-thinking forestry applications in terms of components inherent to DL. Nevertheless, DL applications
remain data-driven, in contrast to being based on causal reasoning, and currently lack many best practices of
conventional forestry modelling approaches. The benefits of DL depend on the application, and the practitioners
are advised to ex ante subject their requirements to operational data availability, for example. By this review, we
contribute to the technical discussion about the prospects of DL for forestry and shed light on properties that

require attention from the practitioners.

Introduction

Various forestry applications are suggested to benefit from
autonomous machines and systems that re-configure them-
selves upon an introduction of new components or information
(e.g. Uusitalo et al., 2006; Nuutinen et al., 2011; Pukkala et al.
2021). As reviewed by Mller et al. (2019), artificial intelligence
could potentially allow for autonomous decision-making in the
planning and implementation of forestry operations by learning
from observations and experiences. Yet, to date, the main use for
artificial intelligence has related to translating data from remote
sensing into forest attributes (Muller et al., 2019). Although
this is valuable, future forestry applications could benefit from
discovering complex or unconventional relationships in different
scales. The more frequent availability of multi-source forest data
due to new remote sensing methods (Kangas et al.,, 2018) may

open possibilities on the above, but also generate challenges
related to considerations of data from multiple sources and
(temporal and spatial) scales (see Seidl et al., 2013, for a review
on scaling issues).

Machine learning is a form of artificial intelligence, in which
a computer is algorithmically trained to perform a task such
as prediction or classification (Hastie et al., 2009; Schmidhuber,
2015). The dictionary definition by Oxford Languages stresses the
ability ‘to learn and adapt without following explicit instructions,
by using algorithms and statistical models to analyse and draw
inferences from patterns in data’. Deep Learning (DL) (LeCun
et al., 1989; see e.g. Graupe, 2016; Deng and Yu, 2013, for
overviews) is a form of machine learning that is based on the
neural network concept that resembles the function of brains.
Each network is composed of many layers that transfer the
input to output by progressively learning higher level features
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(Hatcher and Yu, 2018). These layers in between are called ‘hid-
den layers’ and a network with a sufficiently high number of hid-
den layers can be considered deep (Schmidhuber, 2015; Litjens
et al., 2017), in contrast to more shallow neural networks. DL
can perform learning tasks without the need of human-derived
explanatory variables (LeCun et al., 2015; Schmidhuber, 2015),
by virtue of which it has more potential to learn abstract features
from data (Shao et al,, 2017). The ability to use DL with all kinds
of data, including numbers, images and audio, has paved its
way to a dominant role in the development of predictive sys-
tems for regression and classification problems (Hatcher and Yu,
2018).

The feasibility of machine learning approaches was recently
reviewed for applications such as Earth observation (Sal-
cedo-Sanz et al., 2020), change detection (Shi et al., 2020) and
fire management (Jain et al., 2020). Rammer and Seidl (2019)
and Reichstein et al. (2019) provided perspectives of using DL
to enhance the modelling of biotic damages (namely, bark
beetle outbreaks) and geoscientific processes, respectively. There
are additional implementation-specific reviews of DL for image
analysis and segmentation (Hoeser and Kuenzer, 2020; Hoeser
et al.,, 2020) that are applicable to the aforementioned domains
and remote sensing-based inventories (see also Kattenborn
et al.,, 2021). Finally, Diez et al. (2021) meritoriously reviewed
DL algorithms both in general and with respect to applicability
in various forest inventory tasks based on imagery acquired
using unmanned aerial systems. Nevertheless, the existing
reviews are not informative on the applicability of DL for forest
inventory and planning applications. In the reviews, DL was
predominantly applied to analyses of remotely sensed images,
whereas its benefits with other forestry data types are unknown
and may depend on factors such as operational data availability
in an application. Supervised learning to map the input data to
meaningful labels has been extensively studied using linear and
non-linear models, nearest neighbour search, support vector
machines and decision trees such as the random forest. A
forest modeller would likely benefit from guidance for choosing
between DL and these approaches, some of which may have
more conservative training data demands.

This article aims to present the state-of-the-art of DL as appli-
cable to various forestry applications, mainly those related to
forest inventory. The main article text is intended as an easy-
to-approach counsel to especially point out DL counterpoints to
conventional forestry modelling. The article is augmented by a
Supplementary data file with technical definitions on DL archi-
tectures. Those are described with a special focus on their impor-
tance and implementation in these applications. A literature
review of studies employing DL in forest inventory and planning
was conducted to figure out the effect of architecture and input
data-specific parameters on the obtained results. Based on the
review, strengths and opportunities of applying DL are identified
and discussed with current problems and challenges. The text is
structured as follows:

* Areview of generic concepts and inherent properties of DL that
need attention when applied; in particular, to briefly explain
the key principles of commonly used approaches.

® A quantitative review of DL approaches currently used
in forestry applications; specifically, their architecture and

input data-specific factors and other aspects affecting their
applicability and feasibility.

® A qualitative review of current forestry applications of DL;
specifically, how the inherent aspects of DL methods are cur-
rently realized.

® Summing up ways forward and concluded recommendations.

Generic concepts and rationale behind DL

The interest in DL arouse especially since 2012, when the Con-
volutional Neural Network (CNN)-based AlexNet-architecture of
Krizhevsky et al. (2012) outperformed traditional machine learn-
ing algorithms in image object detection and classification (Ma
etal.,, 2019). We therefore elaborate principles of a CNN as a base-
line technique for the further review. The adoption of a CNN can
be rationalized by juxtaposing to conventional supervised learn-
ing, in which the workflow from data to labels consists of feature
generation, feature selection, classifier design and evaluation
(e.g. Theodoridis and Koutroumbas, 2008). These steps require
hand-crafted adjustments that need to be done application-
and data-specifically involving manual processing and notice-
able expertise (Sothe et al., 2020). In Figure 1, for example, the
image can be analysed by means of statistics extracted from its
histogram or, if information on the co-occurrence of the image
tones is needed, specific second-order statistics (see, e.g. Niemi
and Vauhkonen, 2016). The analyses are complicated in par-
ticular in the latter case due to considerations of the relevant
feature types, extraction scales, and that selected features are
still optimal to model the phenomenon in question when com-
puted from animage rotated slightly differently, for instance. The
extracted features should later comply with the assumptions of
the classifier or regressor such as normality or linearity with the
training data. Considering three-dimensional data or data from
multi-temporal or multiple sources makes the considerations
even more complex, which, on one hand, suggests that avoiding
tasks related to the manual feature selection and classifier design
is an asset. On the other hand, human-interpretable features
designed based on causal reasoning can also be an asset.

Convolutions and CNNs

A CNN uses convolutions to internally extract and analyse data
features and, therefore, avoids manual feature generation and
extraction. A convolution is a linear operation based on multi-
plying input data vectors with weight values given by kernels,
similar to what convolving an image with a filter does in an
image analysis context. Figure 2(a) shows the principle of how
a convolved feature vector is obtained by sliding a kernel over
input data and calculating weighted values based on the weights.
Figure 2(b) shows how the resulting feature map depends on the
number of kernels and each kernel’s dimensions (determined
by width, height and depth depending on the input data) and
stride, which is a number of input unit that controls how the
kernel is moved from one position to the next position. The
CNN learns the weights of the kernels on its own, resulting in a
feature map that represents features rather than pixel values.
The use of many different convolution layers results in different
feature maps: for example, in image analyses, the 1D convo-
lutions may extract spectral information and 2D convolutions
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Figure 1 A schematic example of the unambiguity of feature extraction
for four circular plots to predict a forest attribute for the plot filled by red.
Besides extracting the pixel value of the plot, the co-occurrence of image
tones in the nested squares drawn around the plots could be informative
depending on the application. Relevant textural information can therefore
be (a) 1-dimensional (based on a feature extractor of 1 x 1 pixels), (b) 2-
dimensional (n x n pixels, where n is the size of the pixel neighbourhood)
or (c) multi-dimensional (n x n x m pixels, where m is the multi-
source or multi-temporal data depth). In CNN, the feature extraction can
ideally be replaced by the internal process to move convolution kernels
corresponding to a-c over the entire multi-dimensional data stack and
learn optimal weights for the obtained features based on representative
training data.

spatial features, whereas 3D convolutions can exploit both these
feature types. For instance, Mdyrd et al. (2021) found that 3D
convolutions outperformed 2D ones as they were capable of
learning spatial-spectral features in contrast to just spatial ones,
respectively, when classifying trees of different species based on
hyperspectral images. Stacking convolutional layers with differ-
ent convolution kernels is reasoned as a convolution exploits data
from its extent, and different convolutions may detect different
types of features. As the image data contains local correlation,
the local links within convolutions aim to exploit it for better
features (Liu, 2020).

A typical CNN architecture includes a convolution and pooling
mechanism, which breaks the image down into features anal-
ysed internally within the CNN, fully connected layers to weight
the outputs of convolution/pooling, and prediction (Figure 2c). A
fully connected neural network comprises a sequence of fully
connected layers that link each neuron in one layer to neurons of
another layer. The main advantage of fully connected network
is that it does not consider any particular assumption for the
input data. The major drawback of fully connected networks is
that they are computationally expensive and could be prone to
overfitting (Goodfellow et al., 2016; Chollet, 2018). Pooling is a
subsampling technique and does not implement any weights.
A max-pooling takes a maximum of input elements in a region
defined by the filter. It reduces the feature map dimensions
while maintaining important information needed for the predic-
tion task (Akhtar and Ragavendran, 2020). The convolution and
pooling are usually operated in several rounds so that the former
performs filtering to derive information, and the latter reduces
and focuses the information. Altogether, these steps extend the
field of view from the local computation unit to relationships
all over the data and may mitigate the negative impacts of
overfitting (Singh and Majumder, 2020).

Taken together, the whole CNN can, in principle, learn unique,
hierarchical patterns in multi-dimensional data. In turn, the
learning performance of a CNN depends on several parameters,
affecting the data requirements, processing and computation
burden, and the complexity of the resulting architecture, which
fundamentally needs to be fine-tuned per each application.
Figure 2(c) points out the needs for labelled data, or other
knowledge depending on an application to optimize these
parameters.

Inherent properties that require considerations
by a practitioner

Different CNN architectures will be formed depending on how
the components described in the previous section are arranged.
When constructing a CNN-based analysis, the operator quickly
comes across questions related to CNN architectures, training
and optimal parameterization. To assist in comprehending
these tasks, we have prepared a Supplementary data file that
describes choices related to adopting a CNN at a technical level.
Further, based on overviews such as Schmidhuber (2015) and
Nweke et al. (2018), we identified Recurrent Neural Network
(RNN), Autoencoders and Restricted Boltzmann Machine as
the main additional DL methods with relevance to forestry.
In the Supplementary data file, we provide a basic under-
standing of these approaches’ methodological principles and
differences.

When juxtaposed with any potential application, the afore-
mentioned choices need to be considered with respect to the
volume and cohesion of data available to train the DL framework
for the predictions. One prerequisite to apply DL is access to large
enough amounts of training data which is required to sufficiently
fine-tune the large number of network parameters and at the
same time to prevent overfitting. Regarding forestry applications,
the following data aspects were identified as critical to consider
already when pre-evaluating the suitability of a DL approach for
different applications:
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Figure 2 (a) The principle of obtaining a convolved feature vector [c1, ¢, c3] from an input vector [x1, X2, X3, X4] by sliding a kernel with weights w; and
w». (b) Examples of convolving the input image with two rows and four columns by different kernels delineated by solid line. (c) A schematic diagram
of components and required considerations of a Convolutional Neural Network (CNN). The different CNN architectures are based on concatenating
varying numbers of convolution and pooling, fully connected and prediction layers. The three-dimensional box depicts the convolution kernel and
arrows around it illustrate its operation. Unlike similar representations in other literature sources, the figure highlights where labelled data or other
knowledge should be used to (1) inform on the form of the relationships using (piecewise) linear or non-linear activation functions; (2-3) adjust (hyper-
)parameters according to the prediction performance; or (4) validate predictions. Steps 2-3 are based on comparing the change of an expected loss
(E) between predicted and training features to a threshold (t). These steps differ depending on the operating mode of the CNN (forward-pass or
back-propagation).

¢ Although the amount of required data samples cannot be data have proven to help to improve a DL architecture’s

generically instructed, we note that in the forestry context,
sufficient data to train an efficient and robust DL architecture
corresponds to a number of observations collected in wide-
scale inventories (e.g. national forest inventories). An alterna-
tive is to employ data collected from various remote sensing
platforms. Nevertheless, obtaining sufficient data may require
merging several distinct acquisitions over time, resulting in
potentially significant variations in data quality over the entire
area (see further insights in Kangas et al., 2019).

Data diversity is critical to build an effective deep learning
model with reliable prediction capability (Wong et al., 2016).
With that regard, data augmentation and transfer learning
are DL-related techniques to ease dealing with scarce data
conditions. Data augmentation aims to expand the number
of training examples by generating new synthesized data
based on various transformations applied to available training
data sets (Shorten and Khoshgoftaar, 2019). For instance,
the square windows drawn to Figure 1 could be rotated
or processed utilizing numerous other image processing
techniques to account for varying imaging conditions, thereby
augmenting data. Although the new samples based on data
augmentation are not independent, augmenting the existing

performance and generalization potential. This approach
has been rarely considered in forestry applications so far. In
transfer learning, knowledge obtained from a training process
of one problem is applied to another related problem (Pan
and Yang, 2010). Transfer learning consists of training a DL
architecture with a huge amount of data and then using the
pre-trained model for fine-tuning or calibrating the network
using a restricted number of case-specific training samples.
This approach can be faster and more accurate than training
the network from scratch. It is usually executed by removing
the last units of the trained model and performing the training
process with new units for the new problem (Pan and Yang,
2010).

Target variables in forestry often require predictions for
multiple time points or, in other words, the prediction of
dynamics over time instead of a single state. Although time-
series analyses based on weighting data from different sources
and time points according to the associated uncertainty
have been well-defined in the context of Bayesian filtering
(Sarkkd, 2013), many conventional machine learning methods
applied in forestry have been extensively explored for single
time variable prediction with past data, and broadening this
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perspective with the use of DL methods provides an interesting
possibility.

DL approaches used in forestry applications

Types of applications

Early studies that pioneered the use of DL for forestry focused
on various applications including estimation of forest biophysical
parameters using autoencoders which exploit high-level feature
representations of image data based on decoders and encoders
(Garcia-Gutiérrez et al., 2016; Shao et al., 2017); interpretation
and extraction of LiDAR features using CNN (Ayrey and Hayes,
2018; Contreras et al., 2019); plant pattern identification and
classification (Guan et al., 2015; Mizoguchi et al., 2017; Zou et al.,
2017; Carpentier et al., 2018; Hamraz et al., 2019; Zortea et al.,
2018; Dos Santos et al., 2019; Fricker et al., 2019; Liu et al.,
2019; Marrs and Ni-Meister, 2019; Narine et al., 2019; Martins
etal., 2019; Pelletier et al., 2019; Windrim and Bryson, 2019), tree
attribute prediction (Ercanli, 2020) and semantic segmentation
(Chen et al., 2020). Classification tasks have included, inter alia,
forest pests and diseases (Safonova et al., 2019), forest fire mon-
itoring (Chen et al., 2019), wind damage (Hamdi et al., 2019), and
dead wood as a proxy of forest health or biodiversity from aerial
imagery (Sylvain et al., 2019; Jiang et al., 2019).

There was a notable recent focus on image and object analy-
ses to detect trees and their species using various remote sens-
ing data. Comparing the earlier review of Zhu et al. (2017) to
Kattenborn et al. (2021), who already found about a hundred
studies related to these themes from 2017-2020, this trend
could be assumed to continue strong. We therefore consciously
placed a stronger focus on estimating forestry characteristics
and time-series dynamics (Table 1), which were not covered by
the earlier reviews. In our summary of tree segmentation and
classification tasks (Table 2), we focused on the archetypes of
these studies and direct the reader to Kattenborn et al. (2021)
for more applications.

Additionally, DL has been used for fusing data sources. For
instance, Chang et al. (2019) fused data to combine methods to
simultaneously classify forest cover types and estimate different
forest variables using aerial, satellite, terrain and climate data at
varying resolutions. Shah et al. (2020) used a synergy of Landsat
imagery and Lidar data to produce a canopy height model for a
forested area using CNN.

Suetal. (2019) predicted tree heights over time using the long
short-term memory (LSTM). Extending RNN, LSTM networks are
specialized for processing sequential data as the LSTMs ‘remem-
ber’ their data inputs over a longer time and improve the perfor-
mance of traditional RNN which is only capable of maintaining
the short-term memories.

Relationships between accuracy and input data

Our specific objective for this review was to determine whether
and how DL methods improve the current estimation of forest
variables of interest in terms of an error metric such as the
root mean squared error (RMSE). We aimed at a meta-analysis
between evaluation measures or other performance statistics
and the parameterization of the approach. However, as both of

these were rarely described in numerically comparative terms,
we include as many details as possible that can explain the
performance of the DL and hence its feasibility for the respec-
tive task.

Regarding the estimation of continuous forest inventory vari-
ables (Table 1), different numbers of field plots were utilized for
the training and test datasets. The total number of the field
plots varied from 60 to 17 537. Most of the studies focused on
predicting above-ground biomass, and the best RMSE was 11 per
cent based on 236 field plots for a study area covering 100 km?
(Zhang et al., 2019). Garcia-Gutiérrez et al. (2016), reporting an
RMSE of 15 per cent, similarly applied autoencoders in a smaller
area (4 km?), but they provide no information about the amount
of training and validation data. Ayrey and Hayes (2018) used the
highest number of field plots split to 15 537 samples for training
and additional 1000 for testing and 1000 for validating CNN-
based architectures.

In the structure of DL methods, the size of input data (tiles),
spatial resolution, filters and batch size (the number of training
examples utilized in one iteration) may effectively contribute
to the predictive accuracy, efficiency and training time of the
model. For instance, filter size influences the number of trainable
parameters, and the size of the output depends on the size of
inputs. Pelletier et al. (2019) reported the impact of different
filter sizes (3, 5, 9, 17 and 33) and batch sizes (8, 16, 32, 64
and 128) for crop and forest species detection using temporal
CNN applied on Formosat-2 satellite images resulting in better
accuracy for filter size 9 and batch size 32. Schiefer et al. (2020)
examined the impacts of different spatial resolutions and tile
sizes for tree species discrimination using U-net semantic seg-
mentation model on UAV-derived canopy height models. The
authors claimed that tile size did not represent a meaningful
effect on model accuracy. However, they witnessed that larger
tiles could impact the accuracy of those classes with a low
number of samples because increasing the size of input tiles
reduces the number of samples for underrepresented classes.
Other studies focusing on comparable target variables did not
evaluate (or at least do not report) multiple filter and batch
sizes. Moreover, the size of input data and spatial resolution is
likely to influence the performance of the DL architecture. Current
literature lacks a thorough assessment of these parameters for
forestry prediction tasks. In general, DL hyperparameters may
need to be optimized context-dependently for each application.

Relationships between accuracy, architecture and
methodology

The architecture choice may affect DL results as compared with
conventional machine learning methods for forest variable esti-
mation. Zhang et al. (2019) investigated the use of autoencoders
for forest biomass estimation on Landsat8 and LiDAR data sets.
The autoencoders outperformed traditional k-nearest neighbour,
random forest, support vector regression and multiple stepwise
linear regression approaches by 1 per cent to 7 per cent in
terms of the relative RMSE. According to Ayrey and Hayes (2018),
Inception-V3 or GoogleNet (see the Supplementary data file)
were the most successful CNN architectures for forest above-
ground biomass estimation from LiDAR data with RMSE of 26
per cent or 27 per cent and bias of 0.7 per cent or 2.1 per cent,
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Forestry

respectively. Inception-V3 was the top-performing architecture,
and it outperformed linear mixed model and random forest
predictions by 3-5 per cent difference in RMSE. In another study,
Pelletier et al. (2019) investigated crop and tree species classi-
fication using Formosat-2 time-series data and found CNN to
outperform an RNN alternative.

Compared to a single data source, data fusion-based feature
enrichment by multi-source data may support applications that
entail more temporally, spatially or spectrally varying properties
than single data could deliver. With that regard, Su et al. (2019)
applied joint autoencoder-RNN for tree height growth prediction
upon integration of different datasets, such as tree age, tem-
perature, rainfall, soil and slope position. Chang et al. (2019)
developed a multi-task recurrent CNN to integrate various data
sources, including aerial and satellite image time-series, topog-
raphy, and climate data to classify different forest cover types
and forest variable attributes, such as above-ground biomass,
quadratic mean diameter, basal area and canopy cover. They
concluded that a multi-task method outperformed support vec-
tor machine and random forest algorithms.

As summarized in Table 2, CNN has been a prominent method
for tree detection and classification tasks such as tree species dis-
crimination (Fricker et al., 2019; Carpentier et al., 2018; Liu et al.,
2019; Pelletier et al., 2019), forest damage detection (Hamdi
et al., 2019; Safonova et al., 2019) and tree mortality mapping
(Sylvain et al.,, 2019; Jiang et al., 2019). The CNNs mainly were
used for semantic segmentation and patch-based approaches,
the definitions of which are elaborated in the Supplementary
data file. Besides CNN, deep Boltzmann machines (Guan et al.,
2015) and deep belief network (Zou et al., 2017) were applied
for tree species recognition. A critical limitation on training a
CNN architecture for image classification is the laborious pro-
cess of preparing training sample labels, and consequently, no
training data with wide representation and generality for species
classification are available. For instance, transferring knowledge
from labelled to unlabelled data has been evaluated for sev-
eral classification tasks (e.g. Li et al., 2017), but not representa-
tively for classification tasks in areas within a continuous forest
cover.

Despite the importance of minimizing the loss function, the
related optimization is regularly overlooked and has not received
much attention. Using a proper optimizer is essential in selecting
the beneficial features for predicting the response variable and
fine-tuning the model parameters. It is done by evaluating which
optimizer is more effective and leads to better performance
concerning evaluation criteria (Okewu et al., 2019). As reported in
Tables 1 and 2, most studies utilized classical stochastic gradient
descent, and few studies used more efficient choices based on
adaptive learning rate methods such as Adam and RMSProp
(Mubin et al., 2019).

Discussion

Considering the findings above and in Tables 1 and 2, it is evident
that the applications of DL for forestry are in an early phase. The
primary study line has related to comparing various CNN archi-
tectures between each other and against conventional machine
learning techniques in the estimation of forest attributes. A better
performance was often reported for CNN, but the reason for

this was not explained in terms of simple or complex relation-
ships between the attributes considered, availability of data to
estimate those, or similar. Even though it is not yet possible to
conclude which solution may perform better, in the discussion
we aim at identifying some good practices and challenges in
the current state-of-the-art, and at extending the discussion by
qualitatively collating characteristics of forestry applications and
inherent DL properties.

A selection of studies representing the current
state-of-the-art of DL in forestry

Preceded by initial trials with autoencoders (Garcia-Gutiérrez
et al.,, 2016; Shao et al., 2017), Ayrey and Hayes (2018) is one of
the pioneering studies in using CNN for forest variable estimation,
and many later studies are based on the same principles. Ayrey
and Hayes (2018) identified separate extraction of predictive
metrics and related considerations (e.g. variation in acquisition
parameters, multicollinearity) as weaknesses that could be
circumvented by means of DL. Many CNN architectures were
evaluated and compared with other approaches for LIiDAR-based
forest inventory. Many later studies justify the choice of a DL
method based on the same argumentation that omitting the
step of metric extraction is beneficial.

Chen et al. (2020) introduced a semantic segmentation
approach for LIDAR cloud points for DBH predictions using
the CNN architecture PointNet++. The method automatically
produces tree diameter estimates from an analysis of point cloud
data, indicating that conventional LIDAR and textural features
would result in less accurate results. Although the developed
algorithm and technique are unique to the case, the principles of
semantic segmentation may also have many other applications
in fields related to mimicking segmentation patterns satisfactory
to the user of the data.

Among applications related to modelling forestry dynamics
over time, Su et al. (2019) employed DL in predicting the height
growth of large trees based on tree age, temperature rainfall,
soil and slope data. Although developed for powerline safety
assessment, the method showed potential for modelling the
time-series of tree heights of fast-growing Eucalyptus species.
The study hints at hyperparameter choices and configurations as
critical factors influencing the accuracy of the DL network, which
was illustrated by choosing one activation function over another
and then comparing the resulting RMSE. The best-performing
approach was to merge the extraction capabilities of an autoen-
coder with the forecasting capabilities of the LSTM. This is one of
the hybrid ideas that we see can yield satisfactory results.

Chang et al. (2019) presented a DL approach that employed
several methods and principles. The hybrid DL approach concur-
rently classified forest types and estimated forest parameters
including above-ground biomass, basal area, canopy cover and
mean diameter based on the openly available optical remote
sensing, terrain and climate data. An RNN based on the LSTM
constituted an umbrella to combine classification and regression
and learn from a complexity of the data, showing here as a time-
series. The interesting point in this research is the high efficiency
of the RNN to combine (fuse) different data sources as input
variables. Yet, this work can also be criticized for lacking details
preventing the replication of the analyses (see below).
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Mdyrd et al. (2021) evaluated the integration of hyperspec-
tral remote sensing and LiDAR-derived canopy height model for
boreal tree species classification using CNN. They compared 3D-
CNNs based on the use of spectral-spatial information (con-
trasted to 2D-CNN that would only use spatial information) with
benchmarks conventionally used for this task. The 3D-CNNs out-
performed a support vector machine and an artificial neural
network by 3-5 percentage point improvement to the overall
classification accuracy and other benchmarked methods by a
much wider margin. The CNN was trained from scratch, and
data augmentation was implemented to overcome the negative
impact of a limited number of labelled training samples. Upon
analysis of input image patch sizes, the smallest (4 m) and largest
(10 m) tested patches were found to result in the highest (87 per
cent) and lowest (85 per cent) overall accuracy, respectively, but
this cannot be considered a significant difference. Importantly,
they analysed the CNN solutions to discover the spectral and
spatial features that had positively impacted the classification,
thereby providing a useful interpretation of the CNN result that
can otherwise be considered as a black box.

Current challenges, reproducibility of the results and
replicability of the methods

The crucial factor for the success of a DL model is the accessibility
to a sufficient amount of training data. A specific challenge is the
requirement to have annotated (labelled) data for the training
(Padarian et al., 2019). In many real-world forestry problems, it
may be challenging to acquire massive amounts of such labelled
information. Based on field inventories, collecting large amounts
of observations is difficult and expensive, requiring extensive field
campaigns over large areas. Although it is nowadays feasible to
use various remote sensing techniques (Kangas et al., 2018), it
remains a problem that these observations usually need to be
interpreted, i.e. refined to labelled information. In this aspect,
forestry applications may differ from many fields where the appli-
cation of the DL can employ databases of labelled data collected
in huge amounts from cash and credit card transactions and simi-
lar registers or by means of social media and other crowdsourcing
approaches.

No similar label generator can easily be identified for forestry
applications, except possibly for harvester data (Uusitalo et al.,
2006), which however need to be linked to other data sources
for prediction purposes. Although there is a great potential to
use smartphone applications such as iNaturalist to collect taxa
observations, those usually need to be annotated by experts for
reliability (Lahti et al., 2021) and accounted for location biases
originating from the behaviour of the observers (Mononen et al.,
2018). Measuring forest parameters requires a sample to cover
the entire forest variation under sufficient visibility for the (at the
moment, proprietary) interpretation algorithms (Pitkdnen et al.,
2021). Only public participation applications that collect opinions
(e.g. Kangas et al., 2015) could be used directly as the people are
reliable sources on their own preferences. Those could be used as
reference data for DL to learn generally appealing location, aes-
thetic and natural properties related to trees and other aspects
based on multi-source data.

To compensate for the small number of data samples, Shao
et al. (2017) used LiDAR data as synthetic data; however, no
assessment was provided to indicate the accuracy improvement.

Among the studies reviewed by Kattenborn et al. (2021), 60 per
cent used visual interpretation to generate the training data,
whereas the remaining 17 per cent or 22 per cent were based on
pure in situ or combined visual and in situ observations, respec-
tively. Further studies should obviously generate more efficient
and robust means to the data generation. Another, more generic
solution that appears under-utilized in forest variable estimation
is the use of the transfer learning method, which is beneficial
to propagate the knowledge learned from a large-scale dataset
to a comparatively small-scale dataset (Zhang et al., 2019). In
addition, the use of data augmentation could possibly mitigate
the negative impacts of issues related to training data limitation.
Standard data augmentation techniques based on changing grey
level values or mirroring datasets might not work or be sufficient
when aiming to learn 3D-structural phenomena. With some data,
such as synthetic aperture radar (SAR) reflectivity including both
amplitude and phase components, one might even end up with
very implausible results with standard data augmentation so that
more research on proper techniques is needed.

Currently, the literature lacks guidance on the appropriate
amount, extent, geographical coverage and distribution, and so
on, related to training data. Although specific guidelines have
not been reported, obviously more geographically distributed
observations could improve the predictive accuracy and gener-
alization ability. Having sufficient data and choosing a proper
approach to partition training, testing and validation subsets is
particularly important. The training and validation subsets should
be independent of each other, but represent the whole variation
observed in the population. If the samples are divided randomly,
the representativeness of divided samples will most likely vary.
Therefore, the random splitting of the labelled data into train and
test samples may cause overestimations of the accuracy. Some
of the studies for forest variable estimation studies utilized the
random sampling for dividing the ground truth data to train and
test data (Su et al,, 2019; Zhang et al., 2019; Narine et al., 2019;
Shah et al., 2020). Although this approach is simple and widely
used, it may limit the transferability of the model to new areas.

Increasing the number of neurons in DL has is a high chance
of solving complicated problems. As a result, a deep network can
highly adapt itself to the training data. However, adding more
fully connected and convolutional layers leads in increasing the
depth and complexity of the network, and as a result, the model
could be prone to excessive running times and overfitting. The
latter leads to degrading quantitative and qualitative accuracy.
Selecting the appropriate number of neurons in the hidden layer
and suitable hyperparameters provides the opportunities to opti-
mally solve these problems. The learning rate is one well-known
hyperparameter that relates to the rate of updating weights in
the analysis. Most of the forest variable estimation studies utilized
conventional optimizers of the hyperparameters based on the
stochastic gradient descent algorithm, whereas more efficient
approaches could be based on adaptive learning rate methods.
Many studies report no information on the used optimizer (Gar-
cia-Gutiérrez et al., 2016; Ayrey and Hayes, 2018; Ercanli, 2020;
Chen et al., 2020), whereas few studies used dropout and batch
normalization to reduce overfitting and improve the generaliza-
tion capability in the training process (Ayrey and Hayes, 2018;
Chang et al., 2019; Shah et al., 2020). There may be room to
improve the model accuracy and generalization abilities by fur-
ther studying the optimization of the parameters involved. Apart
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from the importance of proper parameter optimization, it would
be essential to investigate and evaluate the effect of varying sub-
sample of input data for creating training, test and validation
splits in accordance with the choice of filters and optimizers
used in the training process. Moreover, although most of the
studies only utilized limited numbers of field plots and achieved
promising results over a single study area, the reproducibility of a
DL result has not yet been investigated over new (independent)
datasets and separate study areas.

Moreover, issues related to the replicability of the methods
were noted especially when reviewing the earliest DL studies, but
also among more recent ones. For instance, based on publica-
tions of Ayrey and Hayes (2018) and Chang et al. (2019), it is
not possible to determine what was the exact modelling unit and
method to derive the response variable for those units. Especially
linking field data measured from circular plots with pixels corre-
sponding to the plot is nontrivial (cf., Figure 1), but required when
training convolutions for the response values to be predicted. It
is possible that the reviewers of the early DL manuscripts might
not have been familiar enough with the methodology to ask
crucial questions on the implementations. Similar signs of under-
maturation can be pointed out from the recent DL applications
as there were in the proliferation of nearest neighbour imputa-
tions until exemplary guidance on feature selection and cross-
validation (e.g. Packalen et al., 2012). Our findings call for similar
investigations and how-to-instructions on DL.

Perspectives of data dimensions on choosing a
modelling approach

Over the last decades, various machine learning algorithms have
been applied for regression and classification of tree and stand
parameters. Comparisons of DL approaches with these algo-
rithms cannot be considered satisfactory so far. This is especially
true if the validation is extended to qualitative aspects such
as the fitness of the DL method to the data availability and
similar prerequisites of the given task. It is not clear all along the
studies whether the reported excellent performances of DL can
be attributed to the method itself or methodical aspects such
as no independent validation, undetected overfitting or a lack of
proper comparison to other feasible methods.

A study on using DL for estimating the tree height-diameter
relationship (Ercanli 2020) can be used as a cautionary exam-
ple on potentially choosing an excessively complex approach
to model a simple phenomenon. Although mentioning DL in its
title, the algorithm described by Ercanli (2020) was a common
Multilayer Perceptron (MLP), the structure of which was grown
to include 100 neurons within nine hidden layers in the best-
performing version. Its performance was compared with non-
linear regression and mixed-effects modelling, indicating the MLP
to outperform the conventional methods. Although there can be
possible overfitting issues due to evaluating the network with
specific data, Ercanli (2020) is brought up here to proclaim the
rationale of the modelling choices. The height-diameter mod-
elling is a well-known and thoroughly studied problem in the
field of forest biometrics. Because of measuring trees within plots
and plots within stands, the data become nested with a hier-
archical structure of errors. Therefore, a general recommenda-
tion is to adopt a mixed-effects modelling approach to manage

the hierarchical errors, but also because in a practical case the
parameters associated with the random effects are unknown
and must be predicted. For the latter, the mixed-effects mod-
elling approaches offer undisputed benefits due to calibration
abilities employing the Best Linear Unbiased Prediction, which
is elaborated by Mehtdtalo et al. (2015). Ercanli (2020) did not
address the hierarchical data structure, whereas predicting the
random stand effects or calibrating the predictions with a limited
number of observations would have resulted in a comparative
evaluation accounting for all the possibilities of the modelling
methods in a practical situation. Even if DL approaches may not
have a similar theoretical basis for these aspects as statistical
analysis, accounting for the hierarchical structure that is visible
in the data, for instance, must be developed in the future.

Apart from the above example, Mohamedou et al. (2019) did
not find the MLP approach to add value over diameter increment
predictions. As reasons, they suggest a better parameterization
of the linear mixed-effects model according to causal reasoning
on the biophysical phenomenon. Predictions of inventory totals
or attributes of major species based on high-resolution auxiliary
data are generally found challenging to improve, especially in
boreal forest conditions. For instance, Niska et al. (2010) found
the artificial neural networks and k-nearest neighbour predictions
comparably accurate for the total attributes. The methods dif-
fered in accuracy for plot and stand levels, and it is typical to
get similarly contradictory performances between methods in
predicting species-specific and minor species’ properties (Varvia
et al.,, 2019). Better performances of different methods can also
be just by a chance because of the small proportion of the better-
predicted phenomena in the data or similar.

We cautiously suggest that in all the above cases, the poten-
tial of a method may be related to the number of dimensions
of the predicted phenomena. Estimating forest growing stock
or biomass is a traditional modelling task, which is essentially
doable with a 1D approach (i.e. using a vector of explanatory
features based on a 1D feature extractor as in Figure 1(a)). The
possibilities to extract additional information for 1D vectors with
CNN are probably limited to what can be achieved by prop-
erly adding interaction terms etc. to conventional parametric
or non-parametric modelling. On the contrary, tree detection,
segmentation and species recognition are 2D tasks (Figure 1(b))
and correspond to generic image object detection and classifica-
tion, for which the CNN first broke through. It is further possible
that CNNs turn out more useful in tasks where the modelled
phenomenon requires considering multiple scales or the time
dimension (Figure 1(c); see below).

Future DL studies could benefit from lessons learned
with other modelling approaches

Various DL approaches were applied to single tree-level inventory
that constitute a chain of events of individual tree detection,
feature extraction and estimation of tree attributes in terms of
conventional methods. It is instructive to consider best practices
that already exist for these steps in the literature without the
DL intervention. There is a number of approaches to carry out
individual tree detections as reviewed by Koch et al. (2014),
Zhen et al. (2016) and Lindberg and Holmgren (2017). Among
these techniques, integrating external knowledge into the image
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analysis of remotely sensed data has been beneficial for the
success rates regardless of whether the knowledge was obtained
by learning from previous algorithm runs (Heinzel et al., 2011),
estimating the total stem number based on other data (Ene et al.
2012) or point processes (Kansanen et al., 2016), employing prior
knowledge on allowable tree dimensions (L&hivaara et al., 2014,
Swetnam and Falk, 2014; Sackov et al., 2017), or combining tree
detection and size modelling (Kansanen et al., 2019). All the listed
considerations could logically be attempted by means of DL, but
this ambition was missing from the studies we came up with.

Fassnacht et al. (2016) provide generally applicable recom-
mendations on tree species classification from remotely sensed
data. Although not covering DL methods, Fassnacht et al. (2016)
concluded that ‘[m]ost studies followed data-driven approaches
and pursued an optimization of classification accuracy, while a
concrete hypothesis or a targeted application was missing in
all but a few exceptional studies’. They further encourage more
research on the causal understanding of the traits that affect the
remotely sensed signal and therefore affect which tree species
can or cannot be classified under given conditions. Even if provid-
ing an otherwise meritorious study of DL and other methods for
species classification, Mdyrd et al. (2021) can be categorized as a
purely data-driven and algorithm benchmarking study. Moreover,
it could be questioned that since the CNN method required data
augmentation, would the compared methods not have benefit-
ted from the similar expansion of the training data? In principle,
manually rotating the images (cf., Figure 1) or using appropriate
textural features could have yielded the same result also with a
more traditional approach, but obviously based on a much higher
manual processing burden.

Instead of decimal improvements to RMSE figures, it may be
more fruitful to use DL in applications that require producing
something the conventional methods cannot. The CNN’s ability
tointernally learn features from data may be considered as such.
Applications specifically benefitting from that can be identified
by juxtaposing with traits described in earlier literature based
on other methods. First, discussing scale issues in the context
of modeling ecosystem structure and functioning, Seidl et al.
(2013) hinted that existing models could be reviewed to learn
on scale-dependencies for various applications. Even in the case
where tree-level results were aimed for, Maltamo et al. (2009)
and Vauhkonen et al. (2010) found beneficial to, in addition to
parameters extracted from the tree segments, also use multi-
scale predictors such as those describing the area-level forest
structure in the proximity of the tree. Because of the internal logic
based on image convolution with varying kernel size (Figures 1-
2), the CNNs could possibly infer appropriate scaling from the
data. The data-drivenness of the CNNs could that way be soundly
employed to learn multi-scale patterns for predictions described
above and domains such as spatial ecology and forest ecosystem
modeling, where the scale issues are of importance, but related
analyses seem to be lacking.

Possibilities on DL of forestry dynamics and
management scheduling over time

Although the reviewed studies presented promising DL methods
and results for state variables of a single point in time, our
review indicates that the current applications of DL for forest

management and inventory largely lack predictions of forest
dynamics and growth over time. As the time factor is essential
for the forest dynamics of an areq, a time-sensitive DL framework
would be important for a better understanding of forest change
and providing timely informed decisions. Developing DL frame-
works that can handle time-series data is an essential aspect
requiring innovative solutions. A few suggestions for a structured
workflow to process forest inventory time-series using DL can be
formulated based on literature from other fields, bearing in mind
that no comprehensive standard DL procedure relevant to forest
characteristics is currently sketched or tested.

According to observations made from other scientific fields
with time-series data, we expect that RNNs such as the LSTM will
take an influential role because of the ability to simultaneously
consider both the present and past data (Hochreiter and Schmid-
huber, 1997; Gers et al., 1999). On a different occasion, Wan
et al. (2019) criticize the LSTM and techniques as ineffective with
aperiodic datasets and time-consuming with subsequent needs
to developits learning process over time. Although a combination
of RNN-CNN has shown potential for time-varying image clas-
sification (Mou et al., 2019) and multi-task learning for species
detection and forest variable estimation (Chang et al., 2019),
such approaches should be further investigated for synergistic
data fusion of multi-source data and field plots to develop a time-
series forecast strategy of forest variable attributes.

Using prior data from models and historical observations
together with current measurements has potential to both
improve estimates and reduce the data collection burden. Little
has been done to address the benefit from prior data by DL,
compared with using more widely known Bayesian approaches
for this purpose (e.g. Uusitalo et al., 2006; Ldhivaara et al.,
2014; Ehlers et al., 2018; Varvia et al.,, 2019). It is essential
that the uncertainties of using pixels vs aggregated units are
quantified for drawing informed decisions, where the LSTM-
based solutions come conceptually close to the Bayesian filtering
(e.g. Sdrkkd, 2013). A potential and logical solution would be
to integrate DL with a Bayesian approach, where the DL would
learn the weights for a Bayesian network. Those could possibly
be further used to predict uncertainties, learn from them, and
calibrate the predictions. Another example could be adding
point estimates by credible intervals that allow uncertainty
analyses, and subsequent computational advantages obtained
by replacing an approach based on Bayesian linear assumptions
(Varvia et al., 2019). The correlation of multi-source or multi-
temporal data sources is a challenge in fusing these data (Ehlers
et al. 2018), and therefore it is essential to investigate the
impact of this correlation on DL-based analyses. An integration
of Bayesian filtering and prediction (or their non-parametric
variants such as the Gaussian process regression of Varvia et al.,
2019) with DL would interestingly provide potential to analyze
more than one static state and therefore more feasibly learn the
dynamic nature of forestry attributes.

It is also possible to consider management scheduling in
terms of DL by re-thinking the allocation of operations that is
usually based on linear programming and its variants. Specifi-
cally, the management scheduling problem would be described
as a discrete event stochastic system that is driven by Markov
decision processes, which are in some state S at each time
step. Moving into a new state S is influenced by the chosen
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action A, giving the decision-maker a corresponding reward R(S,
A, §). A policy is a rule that a decision-maker follows when
selecting actions in each state. The task is then to formulate
such action-value or reward functions that allow selecting the
optimal policy to maximize the total reward over all successive
steps. In other fields, shallow neural networks (Laguna and Marti,
2002; Jin et al., 2004) and reinforcement learning have been
tested for annealing manufacturing schedules (Stefén, 2003).
Recently, Malo et al. (2021) tested reinforcement learning for
optimizing forest management and found it to allow inclusions of
stochastic events without discretizing state and control variables.
The shallow version could be developed to deep reinforcement
learning by means of recursive training with earlier solutions. In
Hinton (2014), a layer of hidden units of a RBM was trained with
earlier RBMs to cover the possible Markov decision processes of
alternative treatments. The resulting deep hierarchy was then
learned as a neural network (Hinton, 2014). This way of thinking
corresponds to learning from the successes of previously solved
forest planning problems, which is an interesting future outlook.

Conclusion

This review identified the current state, trends, challenges and
research needs using DL for forestry applications. Several pio-
neering trials of tree species mapping, forest attribute estimation,
health and disease determination, and fire monitoring have been
presented. Nevertheless, this field remains relatively young, and
it is expected to yield plentiful studies in the coming years.

DL provides the opportunity to learn from multi-source and
multi-temporal data. The main asset of DL is the possibility to
internally learn multi-scale features without an explicit feature
extraction step. However, this asset can also be perceived nega-
tively as DL models are currently hard to interpret, even if inter-
pretations and visualizations of the patterns in the data identified
by DL can be developed as in Mdyrd et al. (2021). Until better
understanding, it is easily perceived as a black box approach with
risks related to the generalization abilities of the predictions, for
example. Essential factors for generating robust DL methods with
low chance of overfitting are a sufficient amount of represen-
tative, labelled training data and the appropriate evaluation of
various hyperparameters and optimization methods that depend
on the selected architecture and available data. Consequently,
the fitness of a DL method to an application depends on how
extensively it can be parameterized under operational condi-
tions. We note that lessons learned with conventional modelling
approaches based on causal reasoning may turn out to be useful
‘training data’ for DL.

The prospects of DL are likely better realized, when the studies
move forward from the current main study line related to com-
paring various CNN architectures between each other and against
conventional machine learning techniques. It is possible that
DL allows learning from observations and experiences, thereby
improving forestry operations through more autonomous deci-
sion processes, as envisaged for machine learning in general by
Muller et al. (2019). Meanwhile, we expect that the following
applications are increasingly realized as intermediate steps to
this overarching goal: (1) discovering new knowledge by novel
combinations of data from multiple scales and sources including

topographical surveys, weather and climate, historical maps,
and taxonomic observations annotated by experts, in addition
to conventional forestry and remote sensing data sources; (2)
distinguishing species or sizes while segmenting tree or tree
group instances using limited expert annotation of ground truths
and semantic segmentation types of CNNs; (3) learning optimal
weights for Bayesian probabilistic frameworks to account for
stochastic features and thus better manage uncertainties and
calibrate predictions accordingly; and (4) re-thinking manage-
ment scheduling problems as deep reinforcement learning from
databases containing information on forestry production possi-
bilities and decision makers’ preferences, allowing to learn from
previously solved forest planning problems. Novel applications
may be innovated based on considerations of which components
inherent to DL optimally translate to forestry applications or (yet
undiscovered) parts of them.
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