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Introduction

Pedunculate oak (Quercus robur L.) and
Sessile oak (Quercus petraea [Matt.] Liebl.)
are particularly widespread in Central Eu-
rope, and are among the ecologically and
economically most important deciduous
tree species (Lof et al. 2016, Mdlder et al.
2019a). In the course of climate change,
both European oak species are important
tree species that will probably gain in im-
portance as components of mixed species
stands due to their drought tolerance (Zim-
mermann et al. 2015, Arvai et al. 2018, Kunz
et al. 2018). Modern silvicultural planning

In the course of climate change, natural regeneration of oaks (Quercus spp.) is
gaining in importance for forest conversion to climate-adapted mixed forests.
In order to predict areas in which natural oak regeneration could establish,
variables influencing the occurrence and density of oak regeneration were
identified using geostatistical zero-altered negative binomial generalized lin-
ear models (ZANB). For this purpose, large-scale inventory data from the state
forest of Saxony were analysed. The dataset was derived from 6060 perma-
nent plots. The results show that the occurrence of oak regeneration depends
on a number of environmental variables. In addition to seed availability, the
establishment environment, especially with regard to the light ecology of oak
regeneration, was important. High basal area of pine increased the probability
for oak regeneration occurrence. The most important variables for the regen-
eration density of oak have similarly been found to be those describing the
seed availability. The highest regeneration densities are predicted within oak
stands, with an optimum relationship at 25 m? ha™' of oak basal area. The re-
sults further show that a high regeneration density was achieved on sites with
low fertility and favourable light conditions. Oak regeneration density in-
creased with increasing browsing percent on rowan, indicating that browsing
on oak can be reduced if other palatable species are available. Using the iden-
tified variables, the occurrence and density of oak regeneration can be pre-
dicted in space with high accuracy. The statistical tool developed can be used
for planning forest conversion incorporating natural regeneration.

Keywords: Oak, Established Natural Regeneration, INLA, Zero-altered Negative
Binomial Model, Spatial Random Effects, Bayesian Inference

prefers natural oak regeneration to plant- availability of acorns (i.e., masting behavior

ing in terms of cost reduction (Vr3ka et al.
2016, Kaliszewski 2017), genetic diversity
(Chybicki & Burczyk 2010) and undisturbed
root development (Gonzélez-Rodriguez et
al. 2011). However, natural oak regenera-
tion often fails because a number of envi-
ronmental factors take effect during the re-
generation cycle (Watt 1919, Shaw 1968,
Molder et al. 2019b, Kohler et al. 2020).
Regeneration establishment is the result
of a cascade of successive processes,
which start with flowering and fruiting (Fis-
cher et al. 2016). Studies suggest that the
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- Caignard et al. 2017, Hanley et al. 2019), as
well as their dispersal potential (Axer et al.
2021b), are not relevant in limiting the oc-
currence of natural regeneration (Clark et
al. 2007). In contrast, during storage, many
acorns can be damaged by fungi (Schroder
2002) or destroyed by predation (Crawley
& Long 1995, Nilsson et al. 1996, Myczko et
al. 2014). During germination and following
establishment, abiotic factors such as radi-
ation availability (Ziegenhagen & Kausch
1995, Annighofer et al. 2015, Modrow et al.
2020) and water availability, but also biotic
factors such as competing vegetation (Col-
let & Frochot 1996, Humphrey & Swaine
1997, Ligot et al. 2013), pathogens (Deme-
ter et al. 2021) and browsing by deer
(Bideau et al. 2016) are crucial for success-
ful regeneration.

Combining large-scale inventory data and
environmental information (e.g., seed dis-
persal) factors influencing the success of
natural oak regeneration can be identified
(Annightfer et al. 2015, Molder et al.
2019b). Based on these influencing factors,
spatial predictions of natural oak regenera-
tion can be made with geostatistical mod-
els and thus be integrated into forest man-
agement practice (Brown 2015, Krainski et
al. 2019). This leads to the research ques-
tion of the present work: (i) which are the
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Fig. 1 - Overview of the study area with location of the state forest areas and inven-

tory design.

most relevant factors influencing the pres-
ence and absence of natural oak regenera-
tion? And (ii) if oak regeneration is present,
which factors influence the density of oak
regeneration?

Material and methods

Study area and inventory design

The study was conducted in the state for-
est of Saxony, Germany. The data used for
the study were compiled as part of a forest
inventory and provided by Sachsenforst,
i.e., the administration that manages the
state forest of Saxony. The data was col-
lected in the period from 2018 to 2020. As
part of the forest inventory, 6060 plots
were surveyed on a square grid with a side
length of 200 metres.

The plots are located in the two altitudi-
nal zones “hill terrain” and “lower moun-
tain terrain” of the Ore mountains (Fig. 1).
An altitudinal gradient of 94 to 592 m a.s.l.
is covered. The hill terrain is dominated by
a strong loess-loam influence. In the hill
terrain, temporally waterlogged sites are
particularly frequent.

The presence and density of naturally re-
generated oaks were recorded within a
subplot with a radius of 2 m (= 12.57 m?) lo-
cated 5 m north of the plot centre. Within
each subplot, regeneration with a height =
20 ¢m and < 50 cm was measured. In order
to examine factors influencing the depen-
dent variable, various explanatory vari-
ables were used. These are divided into
plot-specific variables, site variables and
variables describing the surrounding. Plot-
specific information for the overstory was
obtained from two concentric plots (6 and
12 m radius). Information obtained from
the plots are quadratic mean diameter (d,),
total basal area, tree species-specific basal
areas, stand density index (SDI) and a spa-
tially interpolated browsing percentage on
rowan. For further information on the in-
ventory design, please refer to Axer et al.
(2021a). Since seed dispersal also extends
the radius of the plot (Kurek & Dobrowol-
ska 2016), remote sensing data were incor-
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porated to determine distances to the
nearest potential seed trees. Site variables
that were considered for the analysis were
altitude, nutrient content, moisture level
and pH, and spatially interpolated C stocks
and N stocks.

Modelling oak regeneration occurrence
and density

Due to a spatial dependence of the re-
generation data and a huge proportion of
plots without oak regeneration, zero-al-
tered negative binomial generalized linear
models (ZANB) with spatial random effects
were used (eqn. 1). The occurrence {o,1}
and density of oak regeneration (OD; - i =,
1, ..., n) at n observations in the plots de-
pending on covariates can be examined
and thus facilitate an ecological under-
standing. Following the example of Zuur et
al. (2018), the model was fitted in a Bayes-
ian framework using the integrated nested
Laplace approximation of the package
INLA (Lindgren & Rue 2015) in R (R Core
Team 2018). The following formula de-
scribes the full ZANB model used to investi-
gate the variables (eqn. 1to eqgn. 7):

OD,~ZANB(u,, 7 k| O
i
E(ODi)zl_PO'Mi ()
2
var (OD;)= f}0~(ﬂf+‘u,+%)
7, : (3)
g

logit(w )=y *2,, ¥+ .+ 2, Y+, (4)

V:(vi)izl nNN(O,ZV) (5)

log (1,)=Bo+x,; Byt X B U (6)

u=(u)_, ,~N(0,Zu) @

where P, = [k/(pi+k)]%, m is the probability
that oak regeneration occurs on the plot

and is modelled via a Bernoulli GLM (Gen-
eral Linear Model). The ys represent the n

coefficients of the Bernoulli model multi-
plied by each of the n chosen explanatory
variables z. A negative binomial distribu-
tion with zero truncation is used for the
non-zero frequencies W, The fs represent
the m coefficients of the count model mul-
tiplied by each of the m selected explana-
tory variables x;. The zero-truncated nega-
tive binomial model estimated a hyperpa-
rameter k termed size that accounts for
overdispersion. For the parameter estima-
tion of the fixed effects, the default prior
distributions of R-INLA (i.e., normal distri-
butions) were used.

The terms u; and v; are random intercepts,
which are assumed to be spatially corre-
lated in the occurrence and density part of
the model with the mean value 0 and the
covariance matrix 3. It was assumed that u
and v show Markovian behavior and follow
a Gaussian Markov Random Field (GMRF).
To quantify the associated covariance ma-
trices of u and v, Matérn covariance func-
tions were used and numerically approxi-
mated using SPDE (continuous domain sto-
chastic partial differential equation). In this
way, parameters are obtained that charac-
terize the spatial random field.

A comparative analysis conducted previ-
ously suggests that those models contain-
ing only covariates and those models con-
taining only a spatial random term had
poorer model goodness of fit than the full
model, which includes both covariates and
spatial random effects. This result from the
preliminary analysis suggests that the spa-
tial relationship between plots contains
valuable information that is not captured
by the environmental covariates on their
own. Therefore, the final ZANB model in-
cluded spatial correlation in both the count
and binary parts of the model. The fixed
effects for regeneration occurrence and
density are described separately below.
Subsequently, the spatial random effects
and the overall prediction by the model are
presented.

Results and discussion

Occurrence of oak regeneration

For 83.4% of the plots, there was no oak
regeneration in the size class investigated.
However, oak regeneration occurred on
1005 plots. The most important variables
for the occurrence of oak regeneration
were oak quadratic mean diameter in the
overstory of a plot and the distance to the
nearest oak stand (Fig. 2, Tab. 1). These
two variables indicate that both barochory
and zoochory are decisive for the dispersal
of acorns. In oak stands with dq > 40 cm,
oak regeneration can be expected. With in-
creasing distance to the nearest oak, the
probability of oak regeneration occurrence
decreases, but oak regeneration can be ex-
pected even at distances greater than 1 km
(Axer et al. 2021b). Here, however, the es-
tablishment environment is crucial: while
high total basal area and beech basal area
have a negative effect on the occurrence
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and reflect the light requirements of oak
regeneration (Annighdfer et al. 2015, Mod-
row et al. 2020), the probability of oak re-
generation increases with increasing pine
basal area (Tab. 1). A preference of the
Eurasian jay (Garrulus glandarius L.) for the
dispersal of acorns into pine stands is
clearly indicated (Gémez 2003, Kurek et al.
2019). Furthermore, the favourable condi-
tions for the establishment of oak regener-
ation in pine stands are due to the compar-
atively high crown transparency, the low
influence of abiotic and biotic damaging
factors, the favourable stand climate, and a
favourable flora composition (Mosandl &
Kleinert 1998, Dobrowolska 2006, Mirschel
et al. 2011, Onaindia et al. 2013, Kurek & Do-
browolska 2016, Kurek et al. 2019). An ad-
mixture with beech, on the other hand, of-
ten leads to problems with oak regenera-
tion due to shading and interspecific com-
petition within the regeneration (Ligot et
al. 2013, Annighofer et al. 2015). With a
beech basal area of 20 m? ha", the probabil-
ity of oak regeneration is significantly re-
duced (Fig. 2).

While beech regeneration is less frequent
on temporarily waterlogged sites (Axer et
al. 2021a), no difference between well-
drained sites and temporarily waterlogged
sites can be demonstrated for oak regener-
ation (Tab. 1). Only on groundwater-affect-
ed locations oak regeneration probability is
reduced (Leuschner & Ellenberg 2017). A
negative influence of high nitrogen stocks
was demonstrated (Fig. 2), which is in ac-
cordance with the investigations of Mir-
schel et al. (2011). Furthermore, a higher
probability of oak regeneration occurrence
was demonstrated at higher pH values.
Both, nitrogen content and pH value char-
acterise soil quality. Similar results with re-
gard to soil enzyme activity were reported
by Dobrowolska et al. (2021).

Humus cover and the type of ground veg-
etation are indirectly described by the ni-
trogen content of the topsoil. A negative
influence of ground vegetation has also
been demonstrated in previous studies

iForest 16: 47-52
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(16.5 % colonised). The distance to the near-
est oak stand strongly influences the re-
generation density (Axer et al. 2021b). At
high dispersal distances, only low regener-
ation densities around 1000 trees per hec-
tare were predicted (Fig. 2). These densi-

Tab. 1 - Fixed effects of the occurrence and density part of the ZANB models for oak
natural regeneration. The optimised model with the lowest WAIC values are pre-
sented. In the table the output is shown with the posterior mean and the 95 % credi-
ble intervals (0.025 and 0.975). Interpreting the estimated values, it should be noted
that the covariates have quite different ranges.

Model Covariate Mean (c)]uoazni gugaﬁ
Occurrence Intercept -2.039 -3.179 -0.912
Distance to oak stand -0.001 -0.001 -0.001
D, oak 0.023 0.016 0.030
D, pine 0.007 0.001 0.014
N content -0.002 -0.003 -0.001
pH value 0.001 0.001 0.004
Basal area -0.030 -0.056 -0.004
Basal area beech -0.053 -0.086 -0.023
Basal area oak 0.054 0.039 0.070
Basal area pine 0.036 0.021 0.051
Stand density index -0.001 -0.002 -0.001
Canopy cover 0.819 0.231 1.406
Groundwater-affected -0.933 -1.653 -0.232
Well-drained 0.407 -0.031 0.865
Temporarily waterlogged 0.329 -0.122 0.797
Density Intercept 0.812 0.432 1.182
Distance to oak stand -0.001 -0.002 -0.001
D, oak 0.021 0.016 0.027
D, pine -0.009 -0.014 -0.004
Basal area beech -0.048 -0.083 -0.012
Basal area oak 0.070 0.049 0.091
I(Basal area oak)"2 -0.001 -0.001 -0.001
Browsing percent rowan 0.009 0.004 0.014
CEC -0.006 -0.009 -0.003
N content -0.001 -0.002 -0.001
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Tab. 2 - Random field hyperparameters for the ZANB model. The term u characterizes
the spatial random field of the zero-truncated part of the model, while v characterizes
the spatial random field for the Bernoulli part of the model.

Spatial Hyper- M 0.025 0.975
- ean
random field parameter quant quant
Ou1 8.367 5.231 12.397
u
6. -5.508 -6.732 -3.557
6.1 6.845 5.625 8.232
v
6,2 -6.900 -7.716 -6.176

ties are consistent with previous studies of
jay induced natural oak regeneration (Mos-
andl & Kleinert 1998). The influence of pine
d, indicates that there seems to be a win-
dow of opportunity for oak regeneration.
As the diameter of the pine stand in-
creases, the predicted oak regeneration
density of the investigated size class de-
creases (Tab. 1). This can be attributed to
an increasing disruption of canopy closure
due to thinning and the establishment of
other competitive tree species and grasses
at different successional phases (Eisen-
hauer 1996). This successional process
within pine stands was also demonstrated
by Onaindia et al. (2013).

Oak stands have a significant positive ef-
fect on oak regeneration density (Annig-
hofer et al. 2015). For plots within oak
stands, an optimum relationship results
with regard to the oak basal area (Tab. 1).
As the oak basal area increases, the pro-
portion of other tree species in the basal
area decreases, so that light transmission
improves in addition to seed quantity (Lip-
ke & Hauskeller-Bullerjahn 1999, Kamler et
al. 2016). The highest regeneration densi-
ties were predicted at 30 m? ha' (Fig. 2).
This is in line with Annighdofer et al. (2015),
who were able to identify an oak basal area
of 25 m? ha' as the optimum. The signifi-
cant influence of the beech basal area also
affects the oak regeneration density: with

a higher beech basal area, the oak regener-
ation density is clearly reduced (Manso et
al. 2019). In line with the oak basal area,
the oak d, also shows a positive influence
on the regeneration density (Fig. 2). With
increasing dbh, the number of seeds pro-
duced increases and the light transmission
improves.

The browsing percentage on rowan
showed a surprising effect. When the per-
centage of rowan browsing is high, the
density of oak regeneration is higher (Tab.
1). Similar results could also be found by
Mirschel et al. (2011) and Annighdfer et al.
(2015). Due to the high browsing prefer-
ence of rowan, it may happen that oak is
protected by selective browsing (Motta
2003, Kupferschmid 2018). However, oaks
are also preferentially browsed (G&tmark
et al. 2005). Nevertheless, recent studies
suggest that short-term browsing mainly
reduces the growth of oak seedlings rather
than increasing its mortality (Bideau et al.
2016, Barrere et al. 2021). A significantly
lower proportion of plots with larger oak
regeneration in the study area supports
this observation (> 50 ¢m and < 130 ¢cm
height: 5 %; height > 130 cm and dbh < 7 cm:
2.4 % colonised).

The variables describing soil conditions
have a similar effect on the density as on
the occurrence of oak regeneration (Mir-
schel et al. 2011). Vegetation cover indicat-

ing low-nitrogen sites, such as blueberry
(Vaccinium myrtillus L.) and moss, has
proven to be particularly favourable for
high regeneration density (Stdhr & Peters
2000, Mirschel et al. 2011, Drossler et al.
2017). The same effect is indicated for the
cation exchange capacity. On sites with
lower CEC, the predicted regeneration den-
sity is higher (Fig. 2). This has also been
confirmed by the work of Annighéfer et al.
(2015).

Model prediction

Maps for the presence and density of oak
regeneration can be created based on the
explanatory variables and random effects
(Krainski et al. 2019). Spatial predictions for
a given location are possible because the
model provides an approximation of the
entire random field (Lindgren & Rue 2015).
The spatial random field was defined by
the hyperparameters 6, and 6, which de-
fined the spatial range and variance of the
random field given in Tab. 2.

Fig. 3 shows the spatial predictions for a
part of the study area. It also becomes ap-
parent that in many areas there is a very
good fit between observation and predic-
tion. It becomes clear that natural regener-
ation occurs in many areas. However, the
spatial random fields indicate that there
was an obvious spatial pattern of unex-
plained variability where the fixed effects
alone underestimate both presence and
density. At the same time, there are areas
where the fixed effects overestimate the
occurrence probability and the regenera-
tion density (Fig. 3). The precision of the
overall prediction provided by the model
can be seen both in Fig. S1 (Supplementary
material) and in the CPO values (Tab. S1).
The comparison of observed densities with
predicted densities, root mean square er-
ror (RMSE) and bias estimate in the form
of the mean prediction error (E), as well as
the CPO values of the leave-one-out cross-
validation indicated a quite good predic-
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Fig. 3 - Example area within the study area with observed occurrence and density of oak regeneration (left), spatial prediction (cen-
tre) and spatial random field of the ZANB model for a part of the study area. Dark blue shaded areas have a lower probability of
occurrence and high density of regeneration than predicted by the fixed effects. Yellow areas have a higher probability.
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tion accuracy (Tab. S1 in Supplementary
material).

Based on the spatial patterns of the ran-
dom effects, unobserved processes re-
sponsible for these patterns can be de-
duced (Zuur et al. 2018). Influencing factors
such as hunting intensity, areas avoided by
deer due to forest visitors, small-scale dif-
ferences in ground vegetation, or unre-
corded seed sources could, for example,
be the underlying factors for these pat-
terns.

Conclusions

Geostatistical models offer the possibility
to analyse regeneration data. Factors influ-
encing the occurrence and density of oak
regeneration can be studied separately.
Considering spatial random effects assists
in explaining more variation in the model
and thus improves model prediction. In ad-
dition, the patterns of spatial random ef-
fects provide indications of unobserved
processes. These predictions can be used
to incorporate natural regeneration in deci-
sions on forest conversion activities at the
forest management level.

Oak regeneration can be used in the con-
version of coniferous-dominated stands
into climate-adapted mixed stands. Areas
where artificial regeneration is necessary
can also be identified using predictive mod-
els. This is of enormous importance for for-
est management in terms of cost reduc-
tion. The results suggest that there is a
huge natural regeneration potential. The
ingrowth of natural regeneration can be
promoted by targeted measures such as
thinning of the overstory, fencing or inten-
sified hunting.
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