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Abstract 

Key message Multi-temporal airborne laser scanning (ALS) data were used to estimate regeneration stem height 
growth within gaps in uneven-aged deciduous forests. The height and height growth measured in the field were 
used to calibrate and validate ALS estimates. This method provided highly precise estimates of height and unbiased 
height increment estimates of regeneration at stem level.

Context Assessing regeneration height growth is essential for evaluating forest dynamics and optimizing silvicultural 
operations. However, regeneration description at high spatiotemporal resolution has remained limited to restricted 
areas by the limiting cost constraints of field measurements. Highly precise airborne laser scanning (ALS) data are cur-
rently acquired over wide areas. Such datasets are promising for characterizing regeneration dynamics.

Aims We aimed to estimate height and height growth within regenerating areas at the stem level using multi-tem-
poral ALS data.

Methods ALS data were acquired from 56,150 ha of uneven-aged deciduous forest in Belgium in 2014 and 2021. 
Stem tops were detected using local maxima (LM) within regenerating areas in both ALS datasets and matched. Field 
data were collected in 2021 and used to calibrate the ALS-estimated heights using linear and non-linear models 
at stem level. Height growth estimation was then validated using field-measured increments.

Results Without height calibration, the 2021 ALS-estimated height had a − 1.06 m bias and 1.39 m root-mean-
squared error (RMSE). Likewise, the 2014 ALS-estimated height had a − 0.58 m bias and 1.14 m RMSE. The non-linear 
calibration seemed more appropriate for small regeneration stems (height < 4 m). Using height calibration, the 2021 
ALS-estimated height had a − 0.01 m bias and 0.84 m RMSE. In 2014, the bias and RMSE were 0.02 and 0.91 m, respec-
tively. ALS-estimated height growth was unbiased and had an RMSE of 0.10 m·year−1.

Conclusions This original method is based on the bi-temporal ALS datasets calibrated by limited field measure-
ments. The proposed method is the first to provide unbiased regeneration height growth of regeneration stems 
in uneven-aged forests and new perspectives for studying and managing forest regeneration.
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1 Introduction
Forests are affected by global changes. Indeed, climate 
change modifies tree species’ growth patterns (Bosela 
et  al. 2021; Martinez del Castillo et  al. 2022) and spe-
cies distribution (Illés et  al. 2022). Global changes pro-
voke disease development and pest appearance (Sénécal 
et  al. 2020). Increased wild ungulate density also nega-
tively affects regeneration dynamics (Ramirez et al. 2018; 
Candaele et  al. 2023). These changes necessitate forest 
monitoring. Assessing the forest regeneration state and 
its dynamics are necessary to evaluate forest renewal. 
Regeneration height growth determines these dynamics 
in the middle term. Evaluating the regeneration devel-
opment and identifying areas without regeneration are 
critical to adjust silvicultural operations and ensuring 
sustainable management.

Field data describing the regeneration state are gen-
erally collected at the plot level, as in national forests 
inventories (Vidal et  al. 2016) and forest management 
inventories (Leclère et al. 2022). However, such invento-
ries usually depend on small plots, their sampling rates 
are low, and they consider few individuals (Petritan et al. 
2009), whereas regeneration is highly spatially hetero-
geneous. It is therefore difficult to effectively quantify 
regeneration height growth. In addition, field surveys 
describing regeneration require extensive organization 
and are time-consuming and their accuracy is usually 
limited to cover areas by development stages. Compared 
with regeneration processes, the spatial and tempo-
ral resolution of regeneration data are low due to their 
aggregation, which limits our understanding of the large-
scale regeneration process (i.e., quantifying recruitment). 
However, such understanding is essential to recognize 
and manage the impacts of emerging issues, including cli-
mate change and ungulate density (Candaele et al. 2023).

Remote sensing data can be used to accurately charac-
terize regeneration. Since 2000, airborne laser scanning 
(ALS) data has been frequently used to estimate tree and 
forest attributes, including height, structure, tree spe-
cies, and biomass (Maltamo et al. 2014). ALS data, which 
have a high spatial resolution and are acquired over large 
areas, are promising for overcoming field inventory limi-
tations and are becoming increasingly available. In Nor-
dic countries, where forests are mainly composed of 
even-aged coniferous stands, forest inventories are pri-
marily based on remotely sensed ALS data (Kangas et al. 
2018; Maltamo et  al. 2020). ALS data are promising for 
small and frequent gaps located in deciduous uneven-
aged forests that comprise numerous small stems.

To characterize regeneration height growth, it is 
required to estimate accurately regeneration stem height. 
ALS underestimates tree height (Holmgren and Nilsson 
2003; Heurich et al. 2003; Wang et al. 2019; Michez et al. 

2020); indeed, laser pulses do not always reach the top 
of trees. Tree height is measured on the field from the 
ground to the top of the tree. For mature trees, height 
bias is consistent, and ALS-estimated tree height is gen-
erally linked to field-measured tree height by a linear 
relationship (Holmgren and Nilsson 2003; Heurich et al. 
2003; Wang et  al. 2019; Michez et  al. 2020). The height 
bias (i.e., the origin ordinate of the linear relationship) 
is approximately 1  m, which creates a challenge when 
characterizing the height of regeneration stems that are 
sometimes lower than 1 m. Although some studies have 
considered a wide range of tree heights (Wang et  al. 
2019), very few have focused on the characterization of 
regeneration stem height (i.e., stem height < 10 m).

Characterizing regeneration dynamics by estimating 
height growth could be investigated using ALS. Previ-
ous forest studies that estimated the height growth have 
mostly focused on mature trees (Hopkinson et  al. 2008; 
Ma et  al. 2018; Næsset and Gobakken 2005; Song et  al. 
2016; Vepakomma et al. 2008, 2011; Yu et al. 2004, 2006; 
Zhao et  al. 2018). Tree height growth has mainly been 
studied in boreal and temperate forests over rather small 
forest areas (26–3225  ha), considering mature planta-
tions and regular stands of coniferous species. At least 
two ALS datasets are required to study height growth; 
however, additional datasets can also be used (Hopkin-
son et al. 2008; Song et al. 2016; Zhao et al. 2018). A suf-
ficient temporal gap between ALS acquisitions is also 
required (Næsset and Gobakken 2005; Yu et  al. 2004). 
Previous studies have considered at least five growing 
seasons (Hopkinson et al. 2008; Vepakomma et al. 2011; 
Ma et  al. 2018; Song et  al. 2016). In general, ALS data-
sets have different acquisition dates (leaf-on/off), sen-
sors, flight configurations, and point densities within 
and between studies (Table  1). These characteristic dif-
ferences between the ALS point clouds can complicate 
height growth estimation.

Both plot and tree level height growth studies have 
been published. At the tree level, tree crowns were 
detected automatically (Ma et al. 2018; Song et al. 2016; 
Vepakomma et al. 2008, 2011; Yu et al. 2006; Zhao et al. 
2018) or digitized manually (Yu et  al. 2004). Height 
growth was then estimated for each tree, consider-
ing height variations within crowns or in a buffer zone 
around the tree tops (Vepakomma et  al. 2011). How-
ever, height growth estimates at the tree level were not 
validated in some studies (Vepakomma et al. 2008, 2011), 
whereas other studies partially validated the estimates by 
comparing height growth to tree heights and basal areas 
or diameter at breast height (DBH) variations measured 
in the field (Ma et al. 2018; Song et al. 2016). Some stud-
ies completely validated their results using field meas-
urements of height growth (Yu et  al. 2004, 2006; Zhao 
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et  al. 2018). At the plot level, tree height growth was 
estimated using changes in height distribution (Hopkin-
son et al. 2008), canopy height model (CHM) differences 
(Song et al. 2016), regression analysis (Næsset and Gob-
akken 2005), or aggregated tree level estimates (Yu et al. 
2004). Height growth estimates were partially validated 
by comparing the changes in field-measured heights and 
basal area growth (Song et  al. 2016) or comparing the 
plot-level estimates of height growth distribution to plot-
level height growth distribution measured in the field 
(Hopkinson et al. 2008). Height growth at the plot level 
were also completely validated using field measurements 
(Næsset and Gobakken 2005; Yu et al. 2004). In addition, 
some studies have evaluated the influences of factors on 
tree height growth, including canopy opening, topogra-
phy, competition, forest structure, and species type (Ma 
et  al. 2018; Næsset and Gobakken 2005; Vepakomma 
et al. 2008). However, few studies have focused on esti-
mating regeneration height growth.

This study aimed to characterize large-scale (561.50 
 km2) regeneration height and height growth at the stem 
level, including small regeneration stems (i.e., below 
the inventory threshold, fixed at a 40 cm circumference 
in Belgium), using bi-temporal ALS data (7–8 grow-
ing seasons). The method was developed for a man-
aged-temperate uneven-aged deciduous forest, which 
is challenging for such investigations. This study was 
developed to answer the following questions:

– Is the relationship, between the ALS-estimated 
height and field-measured height, linear as for mature 

trees? Will a non-linear model be more appropriate 
for estimating the height of regeneration stems?

– How can multi-temporal ALS data be used to esti-
mate regeneration height growth at the stem level 
within regenerating areas? And with what accuracy?

2  Materials and methods
2.1  Study area
The study area was located in Wallonia (southern Bel-
gium). The selected forests comprised 56,150 ha of une-
ven-aged deciduous forest with similar management 
practices (Fig. 1) and the two main species beech (Fagus 
sylvatica L.) and oak (Quercus robur L. and Quercus 
petraea (Mattuschka) Liebl) (Alderweireld et  al. 2015). 
The selected forests contained at least 30% beech trees 
(Bolyn et al. 2022) and are primarily managed using con-
tinuous cover forestry (Pommerening and Murphy 2004) 
that involves the creation of small gaps to initiate regen-
eration growth. The regeneration therefore expands per 
dense groups. The elevation above sea level in the study 
area ranged from 128 to 591  m, with occasionally hilly 
topography (mean slope = 7.5° ± 6.7°) and a temperate 
continental climate (https:// www. eea. europa. eu/) charac-
terized by a mean annual rainfall of 1158 mm and a mean 
annual temperature of 8.99 °C.

According to common management practices in the 
region, regeneration was defined as stems with a cir-
cumference, measured at 1.5  m height, below 40  cm 
(i.e., seedlings to established saplings). The regeneration 
mainly developed in beech trees, as oak regenerated min-
imally within the study area (Alderweireld et al. 2015).

Table 1 Airborne laser scanning (ALS) datasets and acquisition parameters used in previous studies

Yu et al. 
(2004)

Yu et al. 
(2006)

Hopkinson 
et al. (2008)

Vepakomma 
et al. (2008)

Vepakomma 
et al. (2010)

Song et al. 
(2016)

Næsset and 
Gobakken 
(2005)

Ma et al. 
(2018)

Sensor TopoSys-1 Toposys-1
Toposys-2

ALTM sensor 
1225 to 3100

ALTM1020
ALTM 2050
ALTM 3100

ALTM 1020
ALTM 2050

ALTM2050
Riegl LMS-
Q560

ALTM 1210 Optech GEMINI

Dates Sept. 1988
June 2000

Sept. 1988
May 2003

Sept 2000
July 2002
Nov. 2004
Dec. 2005

June 1998
Aug. 2003
July 2007

June 1998
Aug. 2003

Oct. 2004
Aug. 2008
Aug. 2010

June 1999
July 2001

2007–2008
2012–2013

Altitude (m) 400 400 800 to 1000 700 to 1000 700
1000

1000
300

700
850

600–800

Laser pulse 
frequency 
(kHz)

83 83 25 to 50 5
50
67

4
50

50
150

10
10

100

Scan fre‑
quency (Hz)

/ 653 30 to 44 / / 67
80

21
30

40–60

Scan angle (°)  ± 7.1  ± 7.1  ± 12 to ± 18 /  ± 10
 ± 15

 ± 5.3
 ± 30

 ± 17
 ± 16

 ± 12– ± 14

Density 10 pulses/m2 10 pulses/m2 2.5 to 3.6 
returns/m2

0.33 to 10 hits/
m2

0.3
3 hits/m2

11.3
51.8 returns/m2

1.18
0.87 pulses/m2

10 points/m2

https://www.eea.europa.eu/
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2.2  ALS data
A multi-temporal method was developed using two 
ALS datasets (Table  2). The first discrete-return ALS 
data were acquired in March–April 2013 and Febru-
ary–March 2014 using a Riegl Litemapper 6800i sensor 
under leaf-off conditions (called “2014 ALS” thereafter). 
The second dataset was acquired in February–March 
2021 using a Riegl LMS-Q780 sensor under leaf-off 
conditions. The time delay between the LiDAR acquisi-
tions was 7–8 growing seasons.

ALS data were processed using the LidR pack-
age (Roussel et  al. 2020). The ALS point clouds were 

normalized (using the tin algorithm) based on the 
ground classification. A CHM was built for each nor-
malized point cloud with a spatial resolution of 1  m 
using the pit-free method implemented using many 
thresholds (Khosravipour et  al. 2014). Both ALS point 
clouds were treated using the same functions and 
parameters. ALS acquisition was performed to produce 
homogeneous CHMs with the same resolution.

The ALS datasets differed with respect to the sensor 
model and configuration, acquisition dates, flight param-
eters, point cloud properties, and georeferencing. Owing 
to these differences, the forest canopy details differed for 

Fig. 1 Study area. The 2014 and 2021 airborne laser scanning acquisition areas are indicated in blue and orange, respectively. The studied forest 
areas are shown in light blue. DTM, digital terrain model; LU, Luxembourg; FR, France; GE, Germany; NL, Netherlands; CH, Switzerland; GB, Great 
Britain

Table 2 Sensor and ALS point cloud properties

Property 2014 ALS 2021 ALS

Sensor Riegl Litemapper 6800i Riegl LMS-Q780

Platform Plane Plane

Acquisition date March–April 2013
February–March 2014

February–March 2021

Number of returns recorded per pulse Up to 4 Up to 7

Pulse frequency (kHz) 150 400

Scan angle (°)  ± 60  ± 28

Mean point density (pts/m2) 3 13
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both CHMs (Fig.  2A, B). A simple algebraic difference 
could not be performed without further precautions to 
estimate regeneration height growth (Fig. 2C). This issue 
was more complicated for regeneration stems.

2.3  Method workflow
The proposed method was developed to estimate the 
regeneration height growth at the stem level (Fig.  3). A 
field dataset was collected to calibrate the ALS heights 
for both datasets and to validate the ALS height growth. 
The calibration procedure compared linear and non-
linear models. To study regeneration on a large scale, 
height growth was estimated for the local maxima (LM) 
detected within the regenerating areas in the selected 
forests. Data processing was implemented using R (R 
core team 2020).

2.4  Detection of regenerating areas
Regeneration height growth was studied within regen-
erating areas of the selected forests (Fig.  3). In the pro-
posed method, regenerating areas corresponded to gaps 
that closed from below owing to regeneration growth. 
Regenerating areas are forest areas not overtopped by 
dominant trees; therefore, they contain seedlings and 
saplings expected to thrive, some of which are expected 
to become recruited trees. Gaps in 2014 were delineated 
on the CHM using a thresholding method that consid-
ered a maximum vegetation height of 10  m, minimum 
surface area of 50  m2, and minimum width of 4  m, as 
described by Leclère et  al. (2021). Regenerating areas 
were defined as areas that were gaps in 2014 with veg-
etation heights ≥ 50  cm (considered to be established 
regeneration). A height difference between 2014 and 
2021 of < 7  m, which was calculated using both CHMs, 
was added to exclude areas corresponding to the lateral 

growth of tree crowns at the edges of regenerating areas 
(i.e., gaps closing from above). The 7  m threshold was 
fixed based on field observations. Regenerating areas 
below 20  m2 were removed as they were too small for 
optimal regeneration growth due to lack of space and 
light. Regenerating areas greater than 2000  m2 were also 
removed as they were border artifacts or plantations.

2.5  Stem top position
To analyze regeneration heights and height growth at 
the stem level, stem top positions were detected auto-
matically within the regenerating areas using LM (Fig. 3). 
Thus, the LM corresponded to the dominant stems 
within the regenerating areas. LM detection was per-
formed on the 2021 and 2014 CHMs within regenerating 
areas using the lmf algorithm (Popescu and Wynne 2004) 
of the lidR package. The size of the moving window var-
ied according to the canopy height. The window diameter 
was fixed using Eq. 1 based on previously published data 
and field observations. The detection height threshold 
was set at 2 m for 2021 and 0.50 m for 2014.

2.6  LM matching
The LM detected on the 2021 and 2014 CHMs were 
matched (Fig.  3). The matching procedure was imple-
mented for each regenerating area. The 2021 and 2014 
ALS heights were extracted from the CHMs at the LM 
positions (i.e., the stem top positions). Thus, the 2021 
ALS height ( H21 ) was defined as the 2021 CHM value 
at the 2021 LM position, while the 2014 ALS height 
( H14 ) were defined as the 2014 CHM value at the 2014 
LM position. The 2021 LM were sorted by decreasing 
height. Starting with the highest 2021 LM, matching was 

(1)Window diameter = height × 0.15+ 2.2

Fig. 2 Canopy height models (CHMs) and their differences at the same field location. A CHM 2021 raster. B CHM 2014 raster. C CHM difference 
raster. Dark red pixels correspond to high positive height differences induced by the lateral growth of tree crowns at gap edges, whereas light red 
pixels correspond to regeneration height growth. Dark blue pixels denote high negative height differences because of harvested trees
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Fig. 3 Method workflow used in this study
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performed by considering the closest 2014 LM (planar 
distance) not yet assigned in a maximum distance buffer. 
The maximum distance buffer was set to the radius of the 
moving window used to detect the LM (Eq. 1).

2.7  Reference dataset
A field reference dataset (Fig. 3) was acquired to calibrate 
the ALS heights from 2014 and 2021, as well as to validate 
height growth at the stem level. A field survey was con-
ducted between March and November of 2022 to meas-
ure the height and height increments of selected stems. 
Height increments were derived from budding scars on 
the main stem (Yu et al. 2006; Zhao et al. 2018). In some 
deciduous species, such as beech, the terminal bud leaves 
a budding scar on the stem each year following devel-
opment (Fig.  4A) (Thiébaut et  al. 1992). Therefore, the 
annual height increment (i.e., the distance between two 
scars) can be measured by identifying successive budding 
scars on the beech stem (Fig. 4B).

Beech trees occasionally produce a second shoot (Teis-
sier du Cros 1981); however, multiple shoot elongations 
are less common in natural regeneration (Kiss and Claes-
sens 2002) and secondary shoots are easily identifiable by 
finer scars and different leaf arrangements (Dupré et  al. 
1985). Therefore, stem analysis is reliable for identifying 
annual increases in beech height.

A total of 123 stems were selected from 60 regenerat-
ing areas to measure the height increments. The selected 

stems were dominant in the regenerating areas, which 
covered the altitude gradient (345–540 m) and the 2021 
height range. These stems corresponded to beech with 
heights of 3–16  m. Stems were cut down, after which 
scars left each year on the stem by the terminal buds were 
identified from the apex (Fig.  4A). The annual height 
increments in 2014–2021 were then measured (Fig.  4B, 
C) and the corresponding average height growth (called 
“field-measured height growth” thereafter) was estimated 
for each stem. A stem disc was collected from each stem 
to verify whether the number of rings corresponded to 
the number of measured increments. The stem disc was 
collected behind the last identified budding scar. The 
2021 stem heights were also measured in the field (2021 
field-measured height), and the stem tops were geolo-
cated using an Emlid Reach RS2 + GPS (Emlid, https:// 
emlid. com/ reach rs2pl us/). In addition, the 2014 field-
measured heights were determined for each stem by sub-
tracting the total 2014–2021 height increments from the 
2021 field-measured heights. Each stem was assigned to 
a matched pair of LMs using photo interpretation, which 
was called the reference dataset.

2.8  ALS height calibrations
To estimate regeneration height growth, the 2021 and 
2014 ALS heights were calibrated using the reference 
dataset (Fig. 3). Indeed, ALS underestimates tree height 
because laser impulsion does not always reach the top 

Fig. 4 Height growth field measurements. A Identification of scars left on the stem by terminal buds. B Measurement of an annual increment. C 
Measured annual height increments per year at the stem level and median annual heights (red line)

https://emlid.com/reachrs2plus/
https://emlid.com/reachrs2plus/


Page 8 of 15Leclère et al. Annals of Forest Science           (2024) 81:36 

of trees. The tree height estimation bias depends on the 
point cloud density (Zhao et al. 2018). The 2021 and 2014 
ALS heights were calibrated to correct the height bias, 
as described by Zhao et  al. (2018). First, linear models 
(Eqs. 2 and 3) were used for the ALS height calibration:

where H21 is the 2021 ALS height; HEst21Lin is the 2021 
ALS-estimated height using the linear model; H14 is the 
2014 ALS height; HEst14Lin is the 2014 ALS-estimated 
height using the linear model; b21 , b14 , a21 , and a14 are the 
model parameters. Equations  2 and 3 were adjusted for 
the reference dataset at the stem level using the lm func-
tion in the stats R package (R Core Team 2020). Residuals 
were checked; the bias (i.e., mean residuals) and root-
mean-squared error (RMSE) were estimated.

However, linear models (Eqs.  2 and 3) are not appro-
priate for estimating the height of regeneration stems. 
Indeed, the height of regeneration stems could be below 
b21 and b14 parameters. A non-linear curve-like model 
(Eq.  4), using a generalized additive model (GAM), was 
thus tested for the ALS height calibration:

where HALS is the 2021 and 2014 ALS height; year is 
the ALS acquisition year (considered as a factor value); 
HEst_GAM is the 2014 or 2021 ALS-estimated height using 
the GAM.

Equation 4 was adjusted for the reference dataset at the 
stem level using the gam function in the mgcv R pack-
age (Wood 2017). The parameter k was set to 3 and the 
scat() function was used as family option. Residuals were 
checked and the bias and RMSE were estimated.

The 2021 and 2014 ALS heights were estimated using 
calibration models for all LM within the study area.

2.9  ALS height growth estimation
The ALS height growth (m·year−1) was estimated (Fig. 3) 
using Eqs. 5 and 6:

where nGrowingSeasons is the number of growing sea-
sons that elapsed between the ALS acquisitions. The 
stem-level reference dataset was used to assess the ALS 
height growth estimations. The ALS and field-measured 

(2)HEst21_Lin = b21 + a21 ×H21

(3)HEst14_Lin = b14 + a14 ×H14

(4)HEst_GAM = s(HALS)+ s HALS ∗ year

(5)ALS height growthLin =
HEst21_Lin −HEst14_Lin

nGrowingSeasons

(6)

ALS height growthGAM =
HEst21_GAM −HEst14_GAM

nGrowingSeasons

height growth were then compared graphically, and the 
bias and RMSE were calculated.

ALS height growth was estimated for each LM located 
within the study area. LMs with positive height incre-
ment were retained for further analysis. Negative height 
increment was observed owing to broken branches in 
the stem crowns or stems becoming leaner (Vepakomma 
et al. 2011; Yu et al. 2004).

3  Results
3.1  ALS‑estimated heights
The 2021 and 2014 ALS heights were calibrated using the 
field-measured heights based on linear and GAM models 
(Figs. 5 and 6). Without calibration, 2021 field-measured 
height was estimated with a bias of − 1.06 m and a RMSE 
of 1.39 m (Fig. 6A). The 2014 field-measured height was 
estimated with a bias of − 0.58 m and a RMSE of 1.14 m 
without calibration (Fig. 6D).

ALS height calibration was first carried out using lin-
ear models (Fig. 5). The parameters used for Eqs. 2 and 
3 are listed in Table 3. After the 2021 ALS linear calibra-
tion, bias and RMSE were 0.00 m and 0.87 m, respectively 
(Fig. 6B). In addition, after the 2014 ALS linear calibra-
tion, bias and RMSE were 0.00 and 0.95 m, respectively 
(Fig. 6E).

The ALS height calibration was secondly carried out 
using a GAM (Fig.  5). The parameters used for Eq.  4 
are listed in Table 4. After the 2021 ALS GAM calibra-
tion, bias and RMSE were − 0.01 and 0.84  m, respec-
tively (Fig.  6C). In the same way, after the 2014 ALS 
GAM calibration, bias and RMSE were 0.02 and 0.91 m, 
respectively (Fig. 6F). Figure 7 presents the ALS height 
residuals according to the field-measured height for the 
three studied case (without calibration, linear calibra-
tion, and GAM calibration). The GAM improved the 
height calibration of small stems (considered as 2014 
height ≤ 3  m and 2021 height ≤ 5  m) (Figs.  5, 7). Using 
the GAM height calibration, the average residual height 
value of small stems was 0.52 m for the 2021 ALS data-
set and 0.50 for the 2014 ALS dataset. When using 
the linear models, these values were equal to 0.85 and 
0.65 m, respectively.

3.2  ALS height growth accuracy
Without the height calibration, height growth of 
the regeneration stems was estimated with a bias 
of − 0.07 m·year−1 and a RMSE of 0.13 m·year−1 (Fig. 8A). 
Both height calibrations improved ALS height growth 
estimation of regeneration stems. Conversely, after lin-
ear height calibration, stem height growth was estimated 
with a bias of 0.00 m·year−1 and a RMSE of 0.10 m·year−1 
(Fig.  8B). Using GAM height calibration, stem height 
growth was estimated with a bias of − 0.01 m·year−1 and 
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a RMSE of 0.10  m·year−1 (Fig.  8C). Figure  9 shows the 
height growth residuals according to the 2021 field-meas-
ured height for the three studied case (without calibra-
tion, linear calibration, and GAM calibration).

3.3  Analysis of ALS height growth in the study area
In total, 268,983 stems (LM pairs) were detected within 
the selected forests in the study area (Fig. 10), for which 
the ALS height growth was 0.00–1.07  m·year−1. The 

Fig. 5 ALS height according to field-measured height of regeneration stems with their fitted linear and GAM relations for the years 2014 and 2021. 
A 2021 ALS dataset. B 2014 ALS dataset

Fig. 6 Goodness of fit of the calibrated ALS height according to field-measured height. A, D Raw data (without calibration). B, E Linear-calibrated. 
C, F GAM-calibrated. Results are presented for the 2021 ALS (A–C) and the 2014 ALS (D–F) datasets
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mean ALS height growth was 0.45 (± 0.17) m·year−1, and 
the height growth at the stem level exhibited a generally 
normal distribution (Fig.  11). The detected stems were 
located in 84,528 regenerating areas. The regenerating 
areas ranged from 21 to 1959  m2 in size, with a mean 
measured area of 175 (± 195)  m2. The total regenerating 
area covered 1474.7  ha, corresponding to 2.62% of the 
deciduous forests of the study area. The number of stems 
detected in the regenerating areas ranged from 1 to 68, 
with a mean of 3.16 (± 4.02) stems.

In 2021, the stems had heights ranging from 2.65 to 
17.07  m, with a mean height of 10.09  m (± 2.30  m). In 
2014, the stem height was 1.10–10.00  m, with a mean 
height of 6.95 m (± 2.34 m)

4  Discussion
4.1  Height and height growth estimates
In this study, we proposed a method for stem-level 
estimation of regeneration height and height growth 
over a large area based on ALS dataset compari-
sons with individual stem identification using the LM 
approach. The novelty of this method is that two ALS 
datasets acquired in different years (2014 and 2021) 
were height calibrated based on minimal field meas-
urements collected during a unique field survey (date 
2021). This study combines the precision of field meas-
ures with the wide spatial coverage of ALS datasets. 
The calibration increased the precision and robustness 
of the stem height estimations and required minimal 
field measures. The GAM calibration improved the 

ALS-estimated height for small regeneration stems 
(height < 4  m) and overall robustness in comparison 
to linear calibration. The developed method produced 
unbiased stem level height growth estimates. This is a 
considerable advantage over field data collection for 
estimating height growth over large areas.

ALS bias correction based on field measurements 
improves the handling of the ALS dataset characteristics 
(i.e., point cloud properties and georeferencing accu-
racy) and acquisition parameters (i.e., sensors, acquisi-
tion configuration, dates, and flight parameters), which 
may influence stem height estimates. Although correc-
tion methods based on the ALS data characteristics and 
without field measurement requirements have been pro-
posed, these methods do not address several bi-temporal 
ALS stem growth estimation issues. Depending on the 
stem crown size and ALS point cloud density, the tree-
tops are not usually reached (Wang et  al. 2019), and 
stem conformation may evolve during ALS data acqui-
sition (e.g., loss of branches, straightening of a leaning 
tree, or tree leaning) (Song et  al. 2016). Owing to these 
challenges, estimating parameters such as tree height is 
sometimes erroneous between datasets (Roussel et  al. 
2017). Consequently, the method proposed herein pro-
duced unbiased estimates with slightly better goodness 
of fit (RMSE = 0.10  m) than previous tree-level height 
growth estimates obtained for mature deciduous and 
boreal forests (Yu et al. 2006; Zhao et al. 2018). Obtaining 
such precision at the stem level is crucial, considering the 
technical challenges associated with regeneration char-
acterization. Field data are also required, necessitating 
particular precautions. The crowns of the selected stems 
must be identified and geolocated correctly. However, we 
assume that these measurements are valuable regarding 
their limited costs. Future studies should establish the 
relationship between calibration data and quality.

4.2  Height growth analysis across the 56,150 ha 
of the study area

The method developed in this study allowed us to esti-
mate the regeneration height growth over a wide area 
using multi-temporal ALS data. The mean stem regen-
eration height growth obtained using this method was 

Table 3 2021 and 2014 height model parameters

***  = “very highly significant”

Year Parameter Estimate Standard error tvalue Significance R2

2021 b21 1.67 0.23 7.38 2.28e − 11 (***) 0.89

a21 0.92 0.02 31.35  < 2e − 16 (***)

2014 b14 1.00 0.17 5.83 4.71e − 08 (***) 0.86

a14 0.91 0.03 27.73  < 2e − 16 (***)

Table 4 Generalized additive model (GAM) parametric 
coefficients and significance of the smoothing terms

***  = “very highly significant”

Parametric coefficients
Factor Estimate Standard error t value Pr ( >|t|)
Intercept 6.58 0.33 19.9  < 2e − 16 (***)

Approximate significance of smoothing terms
Smoothing term Edf Ref.df Chi.sq p value
 s(H_ALS) 1.95 2.00 105.79  < 2e − 16 (***)

 s(H_ALS*year) 1.87 4.00 37.88  < 2e − 16 (***)
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0.45  m·year−1 (± 0.17) (Fig.  11), and the variations in 
the height growth estimates were small. The proposed 
method did not consider the stem species, but the values 
and variations of the estimates are consistent with in situ 
studies of oak–beech regeneration (< 3 m) in the Ardenne 
bioclimatic region (Ligot et  al. 2013). Beech accom-
modates various climatic and trophic conditions when 
hygrometry is high and precipitation is constant (Teissier 
du Cros 1981). In addition, beech height growth rapidly 
plateaus as the percentage of above-canopy light increases 
(Ligot et  al. 2013; Stancioiu and O’ Hara 2006), which 
explains its low height growth variability compared with 

other species, such as Norway spruce, silver fir, maple, 
and ash (Petritan et al. 2009; Stancioiu and O’ Hara 2006). 
In this study, we focused our growth observations on the 
gaps; therefore, the light supply for regeneration height 
growth was not a limiting factor for the dominant regen-
eration stems (Feldmann et al. 2020; Noyer et al. 2019).

4.3  Perspectives for forest management 
and regeneration‑related studies

The method developed herein has considerable implica-
tions for forest management, which requires exhaustive 

Fig. 7 ALS height residuals according to field-measured height for the three calibrations (raw data, linear-calibrated, and GAM-calibrated). A 2021 
ALS dataset. B 2014 ALS dataset. Height residual was calculated as ALS height − field-measured height
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and precise descriptions of regenerating areas to prepare 
future wood resources in the context of global changes. 
These results could also support field operations, includ-
ing tree-marking operations around considered regener-
ating areas, to optimize the spatial repartition of harvests 
for sapling height growth.

The method developed in this study also enables 
investigations of the regeneration state and dynamics in 
large-scale forest areas by allowing for the identification 
and mapping of regenerating areas, detection of domi-
nant regeneration stems, and estimation of height and 
height growth. However, the proposed method does 
not provide data regarding the species that regenerate. 

In forest inventories, data describing regeneration are 
typically collected in plots with low spatial and tem-
poral resolutions while regeneration is a highly spa-
tially heterogeneous component. This new method can 
therefore minimize the requirement of forest regenera-
tion field inventories and improve their spatial cover-
age and the precision of the provided results. Inventory 
derived regeneration information is limited to pres-
ence–absence. The method developed herein opens 
new possibilities for describing forest regeneration.

The improvement of the spatial coverage and spa-
tiotemporal resolution of regeneration data not only 
opens perspectives for silvicultural studies but also for 

Fig. 8 ALS height growth according to field-measured height growth of regeneration stems. A ALS height growth without height calibration. B 
ALS height growth with linear height calibration. C ALS height growth with height GAM calibration

Fig. 9 ALS height growth residuals according to 2021 field-measured height for the three calibrations (raw data, linear-calibrated, 
and GAM-calibrated). Height growth residual was calculated as ALS height growth − field-measured height growth
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Fig. 10 Example of regenerating areas (red) and matched local maxima (LM)

Fig. 11 ALS height growth distribution at the stem level in the study area
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fields not directly related to regeneration. For example, 
the movement ecology of wild ungulates requires habi-
tat characterization across areas concordant with the 
target species’ home ranges. Such studies are usually 
based on rough or punctual information (Allen et  al. 
2014; Licoppe 2006).

5  Conclusions
We developed a method to estimate the height and height 
growth of regeneration stems in forest gaps of a temper-
ate uneven-aged deciduous forest using bi-temporal ALS 
data. This method considered differences in the two ALS 
acquisitions specifically calibrated by field data and the 
use of non-linear modeling, which improved ALS-esti-
mated height for small regeneration stems. Regenera-
tion height was estimated accurately while the proposed 
method produced unbiased height growth estimates 
(bias = − 0.01 m·year−1, RMSE = 0.1 m·year−1). A total of 
268,983 stems were detected throughout the study area, 
which had a mean height growth of 0.45 m/year.

Our results illustrated that estimating height and 
height growth of very young trees over large-scale 
areas is possible using bi-temporal ALS datasets. Such 
method has a great potential for forest management. 
The findings of this study will help to improve forest 
regeneration data collection.
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