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Abstract

Forests in Kampinos National Park contain some of the most valuable tree populations in Poland. Particularly inter-
esting are stands of Scots pine (Pinus sylvestris L.) that are more than 130-years-old. Periodic observations of the 
health of tree crowns in these stands facilitates a wide range of research investigations. This article evaluates statisti-
cal relationships between allometric features of trees and the occurrence and severity of crown defoliation. 

Observations were made of 5 pine populations in 2017 and 2019, in which detailed data were collected for 250 
trees. The percentage loss of the assimilation apparatus and level of stand damage were calculated. 

The results revealed a  significant increase in defoliation between 2017 and 2019. The deterioration of crown 
condition was particularly evident on the most fertile sites. The degree of crown damage was not correlated with tree 
height or diameter. The greatest increase in defoliation between 2017 and 2019 was observed for the most severely 
damaged trees growing on fertile sites.

This study contributes analyses aimed at correlating the allometric features of a stand with its health. Such infor-
mation is valuable as it describes the status of the analysed stands, as well as providing information about how trees 
have responded to environmental conditions. In this study, crown defoliation coincided with a period of drought in 
Poland, which appears to have affected pine stands. For these reasons, the results are of both scientific and practical 
value.
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Introduction

The Kampinos National Park (KNP) protects valuable 
natural tree populations in Poland, which occur on dune 
and marsh strips, with a distinctive complex of inland 

dunes (Zgorzelski and Pawłowska 2003). Within KNP 
are stands of varied age, species and area, with some 
tree populations more than 130 years old (mature for-
ests). The total area of mature forests in KNP is about 
six thousand hectares (Tyburski 2015). Although hu-
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man activity has affected forests in KNP over the cen-
turies (Heymanowski 1969), in these mature stands, 
ecological processes take place naturally. Due to the 
uniqueness and natural condition of mature stands of 
Scots pine (Pinus sylvestris L.) in KNP, attempts were 
made to increase the understanding of these, by imple-
menting a project entitled ‘Genetic characteristics of the 
common pine stands in the Kampinos National Park’ in 
2017–2019, in which defoliation was evaluated, among 
other things.

The assessment of crown defoliation is used in 
monitoring programmes carried out in Poland and 
abroad (Jaszczak 1995; Sierota 1995). They use the de-
foliation criterion as one of the elements of forest health 
assessment (Lech 1995). Defoliation is also one of the 
effects of drought, which is associated with moisture 
deficits affecting pine stands in Poland, especially since 
2015. Drought can lead to, among other things, fungal 
infection and attacks by insects feeding in tree crowns 
(Lehner et al. 2006). 

A tree’s crown class (also called biosocial position), 
for example, dominant, co-dominant, intermediate, 
suppressed, and its crown development (e.g., from fully 
developed to partly dead) are expressed in the classifi-
cation system developed by Kraft. Crown class can in-
fluence the level of defoliation a tree experiences, a re-
sult confirmed by Wójcik (2000), Dobbertin and Brang 
(2001), and Jaszczak (2000 and 2005). Trees suffering 
the greatest defoliation tend to be those in Kraft class 
3, and the difference between the average rate of defo-
liation of trees in Kraft classes 1 and 2 is statistically 
significant (Jaszczak and Miotke 2009). The level of de-
foliation also depends on the age of the stand (Jaszczak 
and Miotke 2009). Borecki and Wójcik (1996) found 
that defoliation is greater in older stands. In contrast, 
Jaszczak and Miotke (2009) found that older stands ex-
perience less defoliation than younger ones.

The photosynthetic efficiency of trees has been 
shown to vary with a number of aspects of tree physi-
cal size, including tree height, trunk diameter, crown 
structure, root system size, and so on. Photosynthetic 
capacity is influenced by both the size of the photosyn-
thetic apparatus, which in trees is reflected by the size 
of the crown (Dubravac 2003, 2005; Jaszczak 2001; 
Urban et al. 2009), and by photosynthetic efficiency 
(Borowski 1966; Turski et al. 2015), that is, the amount 
of assimilate produced per unit of light energy the tree 

receives. In Poland, studies were also conducted on 
how increases in stem diameter (Dudek 1969) and tree 
volume (Lemke 1968; Zajączkowski 1973) relate to 
crown properties. To our knowledge, there is no work 
published that discusses the relationship between the 
level of crown defoliation, tree breast height diameter 
(Dbh) and height.

This paper examines the relationship of height and 
diameter with the extent of crown defoliation in pine 
trees in mature forests in the Kampinos National Park. 
We also analysed changes in the level of defoliation in 
these pine stands between 2017 and 2019. 

Material and methods

The research was carried out in KNP on research plots 
located in five areas: Czerwińskie Góry, Wilków, Gran-
ica, Sieraków and Wiersze (Fig.  1–6) like Tyburski 
and Przybylski (2018). All plots contained Scots pine 
over 130 years old, growing in forest habitat classified 
as mesic mixed coniferous, mesic coniferous or mesic 
mixed forest. Detailed data on the type of forest habitat 

Czerwińskie Góry
Wilków

Wiersze

Sieraków

meto. piont Granica

Granica

meto. piont Izabelin

Figure 1. Map of the distribution of research areas 
and meteorological measurement stations in Kampinos 
National Park

Figure 2. Distribution of trees in the Sieraków site
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and the average age of the analysed populations were 
published by Tyburski and Przybylski (2018). The re-

search plots were selected in a way that takes into ac-
count the diversity of the oldest stands and the total area 
of the park.

Fifty trees were sampled in each stand selected for 
analysis. The distance between sample trees was equiv-
alent to at least the average stand height. 

Figure 6. Distribution of trees in the Czerwińskie Góry site

In 2017 and 2019, the crown health of all sample 
trees was assessed twice a  year. The assessment was 
based on the adapted methods for forest assessment car-
ried out as part of the State Environmental Monitoring, 
as described by Tyburski and Przybylski (2016). 

During field work in 2017, the height of all sam-
ple trees was measured using a Vertex ultrasonic hyp-
someter, with an accuracy of ±0.2 m. Diameter was 
measured at breast height (1.30 m) with an accuracy 
of ±0.2 cm. Meteorological data (2008–2018) describ-
ing average annual temperature and total annual rain-

Figure 3. Distribution of trees in the Wiersze site

Figure 4. Distribution of trees in the Granica site

Figure 5. Distribution of trees in the Wilków site
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Figure 7. Average total annual precipitation and mean 
annual temperature at meteorological stations located in 
Izabelin and Granica, from 2008–2018 (KNP data)
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fall were collected at permanent weather stations in the 
KNP (Fig. 7). 

Data from these observations were used to calcu-
late an average percentage loss of assimilation appa-
ratus (Pk), with an accuracy of ±5% according to the 
Jaszczak formula (1995), based on which the tree stand 
was categorised as one with assimilation apparatus hav-
ing an appropriately lower density (Ak):
1)	 up to 10% (Ak = 0),
2)	 15%–25% (Ak = 1),
3)	 30%–60% (Ak = 2),
4)	 65%–95% (Ak = 4).

Crown dieback, expressed as the degree of loss 
of  the assimilation apparatus (Ak), was used to cal-
culate the degree of tree stand thinning with the 
Dmyterko formula (1994), and the latter degree al-
lowed determination of the level of stand damage (Au) 
on the following scale: undamaged (Au < 0.50), very 
slightly damaged (Au 0.51–1.00), slightly damaged 
(Au 1.01–1.50), moderately damaged (Au 1.51–2.00), 
severely damaged (Au 2.01–2.50), and very severely 
damaged (Au > 2.51). 

Statistical analyses were conducted for assimilation 
apparatus assessments. ANOVA analysis and a  post-
hoc Tukey’s test were carried out using the ‘laercio’ 
library (Silva, 2015), while correlation analyses were 
conducted with the ‘psych’ library (Revelle, 2018), both 
using the ‘R’ environment (R Core Team 2018). 

Results

Based on the assessment of the level of defoliation, 
crown condition was found to have deteriorated be-
tween 2017 and 2019 in 21.6% of the sampled trees:
–– defoliation increased by 5–10% in 37 trees,

–– defoliation increased by 15–20% in 7 trees,
–– defoliation increased by 25–30% in 2 trees.

The highest increase in defoliation was observed 
in the stand at Czerwińskie Góry, where the crown 
condition of 15 trees deteriorated. Over the study peri-
od, one dead tree was reported in the stand at Wiersze. 
The average level of defoliation of each stand was sig-
nificantly higher (Tab.  1). The stand at Granica had 

Table 1. Defoliation in 2017 and 2019 in Scots pine populations and mean height and diameter

Population
Czerwińskie G. Granica Sieraków Wiersze Wilków All populations

mean sd mean sd mean sd mean sd mean sd mean sd

Defoliation_2017 38.6   9.0 46.2   9.0 37.7 7.9 38.4 10.8 38.2   8.6 39.8***   9.6

Defoliation_2019 41.1 11.9 47.0 10.0 38.9 7.5 40.1 12.2 40.0 10.4 41.6*** 10.9

Height 28.8   3.6 30.6   4.3 22.8 2.5 27.3   2.5 28.5   2.5 27.6***   4.1

DBH 58.9   7.0 64.3 10.6 54.9 8.2 48.4   5.8 61.5 10.0 57.6*** 10.1

*** statistically significant difference (p < 0.001).

Table 2. Significant differences in defoliation and tree size 
across Scots pine populations from five stands. Populations 
with different letters within columns differ significantly 
according to Tukey’s test

Population Defolia-
tion_2017

Defolia-
tion_2019 Height Dbh

Granica a a a a

Czerwińskie G. b ab ab ab

Wiersze b b b c

Wilków b b ab a

Sieraków b b c b

Table 3. The loss of assimilation apparatus (Pk) and the level 
of stand damage (Au) based on the level of defoliation of 
trees in 2017 and 2019

Population Number of trees Pk% Au

Czerwińskie G. 50 2.5 0.06

Granica 50 1.5 0.04

Sieraków 50 1.2 0.02

Wiersze 50 1.70 0.04

Wilków 50 1.80 0.04

Mean 50 1.74 0.04
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the highest level of defoliation, while the least defolia-
tion was recorded at Sieraków (Tab.  1). In 2017 and 
2019, the defoliation rate differed significantly among 
individual plots (Tab.  1). In the analysis of homoge-
neous groups, a  significant deterioration in the con-
dition of the Czerwińskie Góry population was ob-
served (Tab. 2). Populations with the highest level of 
assimilation apparatus loss are among the tallest and 
largest diameter among the examined stands (Tab.  1 
and 2).

Average loss of the assimilation apparatus was 
1.74%, with the highest value in Czerwińskie Góry (2.5) 
and lowest in Sieraków (1.7) (Tab. 3). Further analyses 
carried out using the Dmyterko formula (1994) indicat-
ed that all populations were categorized as undamaged 
(Tab. 3).

Across all sampled trees, the correlation between 
defoliation rate and either height or diameter at breast 
height of the trees was not significant (Fig. 8). A weak 
correlation (0.31) was found between height and diam-
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Figure 8. Correlations between the analysed features and populations in 2017 and 2019; populations: 1 – Czerwińskie G.; 
2 – Granica; 3 – Sieraków; 4 – Wiersze; 5 – Wilków
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eter (Fig.  8). A  significant correlation (r = 0.91) was 
found between the levels of defoliation in 2017 and 2019 
(Fig. 8). The results indicated a strong deterioration of 
the health of those trees having an initial (2017) level of 
defoliation exceeding 50% – in those trees, defoliation 
increased by about 20% (Fig. 8).

Discussion 

Tree defoliation is one of the basic criteria of forest 
monitoring in Poland and Europe. This phenomenon de-
pends on a tree’s genotype, phenotype and external fac-
tors influencing the plant (Sierota 1995). Determining 
the level of defoliation is the most economical approach 
to determine the degree of damage in a stand (Wójcik 
2000), hence the common use of the method. However, 
the appearance of the crown gives only a partial indica-
tion of tree health, as there are instances where trees 
with undamaged crowns are in poor health and where 
stands with heavily damaged crowns may be recover-
ing. For the above reasons, when discussing the health 
of forest stands, a number of additional factors, such as 
stand age, habitat type and assessments of environmen-
tal and biotic stresses should be analysed.

Studies by Borecki and Wójcik (1996), Wójcik 
(2000), and Jaszczak (2003, 2005) conclude that age 
plays an important role in the health of forest stands. 
Younger populations, especially those up to 60 years 
old, usually show significantly less damage than older 
stands. Wójcik (2000), based on the results of research 
conducted in the Wyszków Forest District, found 
that older trees generally are most severely damaged, 
a  result confirmed by Borecki and Wójcik (1996). It 
is noted that this trend is not always observed (e.g., 
Socha and Ochała 2002, Jaszczak and Miotke 2009). 
In these latter studies, the differences in health status 
between older and younger stands were statistically 
insignificant. The results of the present research did 
not indicate that age had a  significant effect on the 
health of the stands evaluated. It is also worth noting 
that stands that were at least age class VII in this study 
were classified as undamaged using the Dmyterko for-
mula (1994). The authors of the above analyses con-
clude that the lower density of a stand in age class IV 
and older is the reason why stand age does not influ-
ence the level of defoliation. In stands that are over 130 

years old, the lower stand density means that competi-
tion for light is decreasing and that more light is avail-
able deeper into crown canopies. 

 In the present study, defoliation was significantly 
greater at Granica than the other stands. This differ-
ence is consistent in both years and, as a result, Gran-
ica is rated the most severely damaged stand. Trees 
at Granica are also the tallest and have the largest di-
ameter. In 2019, the largest increase in crown damage 
was observed in the stand at Czerwińskie Góry, which 
is the stand with the second greatest height and diam-
eter, after Granica. This trend suggests that allometric 
features are related to defoliation rate. However, when 
this relationship was tested by correlation analysis, con-
sidering all trees from across all sites, the correlation 
was not significant. We note that the sites at Granica and 
Czerwińskie Góry are the most fertile of those exam-
ined in this study, and that greater soil fertility resulted 
in larger trees at the same age. This result agrees with 
the study by Przybylski (1993), who concluded that on 
rich soils, pine’s peak productivity and optimum vitality 
are reached at a younger age than on less fertile soils. 
Secondly, our results suggest that a relationship exists 
between stand damage and habitat. Borecki and Wójcik 
(1996) found a weak correlation between the loss of the 
assimilation apparatus and habitat, with a  lower level 
of damage in the poorer habitat (mesic coniferous for-
est), compared to a richer habitat (mesic mixed forest). 
However, this trend is not confirmed by the results of 
Jaszczak (2000). The authors of this publication have 
examined a  broader range of habitats and interpreted 
their results in relation to root system structures that 
develop under different environmental conditions, and 
how this relates to drought stress. 

Root system architecture of Scots pine varies with 
habitat conditions (Mickovski and Ennos 2002). In fer-
tile habitats, pine does not develop a taproot that pen-
etrates deep into the soil. Therefore, trees from fertile 
habitats can be more vulnerable to drought stress as 
they do not exploit deeper soil layers. Additionally, once 
a pine tree reaches an age of 40 or more years, its root 
system form is largely unchangeable (Kalliokoski 2011), 
so that in the event of drought, such trees may be more 
susceptible to drought. When trees in fertile habitats are 
exposed to repeated episodes of drought, they therefore 
become weaker and experience repeated episodes of 
crown dieback. Water deficits affect many basic physi-
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ological processes of a tree, such as inhibition of sugar 
accumulation (Sierota 1995). As long-term drought in-
creasingly weakens a tree, it can become more suscep-
tible to infection by root pathogens, leading to a spiral 
model of disease (Sierota 1995). Kozlowski (1978) in-
dicates that the effects of defoliation and drought result 
in cumulative stress in trees. In KNP, a significant wa-
ter deficit was recorded in 2015 (Fig. 7), when annual 
precipitation was 406 mm. This drought significantly 
decreased the health of stands (Tyburski and Przybylski 
2018). In subsequent years, although precipitation was 
higher, 2018 was also considered a dry year, with an-
nual precipitation of 506 mm (Fig. 7). From these obser-
vations, we conclude that crown dieback in this study 
reflects the effects of significant water deficits that most 
affected trees in fertile habitats where pine tree roots 
grew more shallowly. As a result, trees on fertile sites 
may have been unable to access water deeper in the soil. 
The second factor causing stress in the present study 
was crown dieback, strongly reducing the assimilation 
apparatus, and consequently, reducing the passive ab-
sorption of soil moisture. Precipitation events in 2016 
and 2017 were intense but short-lived. Water was only 
available to plants for brief periods of time. Trees with 
a reduced assimilation apparatus probably failed to re-
plenish water reserves as effectively as plants with low-
er defoliation. For these reasons, the present research 
indicates that trees growing in more fertile habitats and 
those that already have significant defoliation/crown 
dieback are more prone to experience higher levels of 
damage. 

Conclusion

Defoliation, as a stand property, is subjectively evalu-
ated by the researcher. It provides information about 
the current health of a stand, based on the percentage 
loss of the assimilation apparatus in relation to a refer-
ence tree. However, such information does not indi-
cate the cause of the reduced health status and does 
not predict whether a  tree or stand will continue to 
decline in health or recover. The findings of this re-
search indicated that stands with the largest trees, in-
dicated by greater heights and Dbh, had greater levels 
of crown damage. However, we rejected the hypoth-
esis that larger trees were more susceptible to defolia-

tion/crown dieback because when trees from the entire 
set of stands were evaluated by correlation analysis, 
the result was not significant. Instead, these results 
suggest that habitat fertility is related to the degree of 
stand damage, with trees from more fertile sites being 
more prone to crown dieback. We conclude that water 
deficit on fertile sites, where trees are larger, are more 
prone to crown dieback and damage to the tree assimi-
lation apparatus. 

Despite a significant increase in the level of defolia-
tion/crown dieback from 2017 to 2019, the mature forest 
trees from the KNP examined in this study were classi-
fied as undamaged. This indicates that their health con-
dition is satisfactory, which, based on their relatively 
old age and past exposure to water deficits, shows the 
significant natural value of these stands. 
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