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Abstract  

Dendrometer measurements provide a non-destructive method for monitoring stem growth, whereas 

tree-ring analysis represents a traditional but destructive approach commonly used in 

dendrochronology. This study assessed the relationship between dendrometer-derived basal area 

increment (BAID) and tree-ring-derived basal area increment (BAITR) along the trunk of Norway 

spruce (Picea abies) and investigated whether root rot affects this relationship. The study was 

conducted at the Asa Research Station in southern Sweden, where 10 Norway spruce trees were 

selected from two plots, one of which was affected by root rot. Stem diameter measurements taken 

at breast height (1.3 m) using dendrometers to determine annual basal area increment (BAID) and 

compared with tree-ring-derived basal area increment (BAITR) at various heights along the stem 

(Base, 1.3 m, 4 m, 8 m, 12 m, 16 m, 20 m and 24 m). The results showed positive correlations 

between BAID and BAITR, with the strongest correlation observed at breast height (Pearson’s r = 

0.891). Model performance generally declined with increasing tree height, with the weakest 

correlations observed at 24 m. Including root rot as a factor slightly improved model fit, although 

this effect was not statistically significant. The results indicate that dendrometer measurements taken 

at breast height provide reliable estimates of overall annual stem growth in Norway spruce, 

particularly at lower stem positions. However, growth patterns become increasingly variable with 

increasing height. This study demonstrates the potential of the dendrometer as a non-destructive tool 

for long-term forest growth monitoring, whilst also highlighting the importance of accounting for 

vertical variation within the stem and root rot. 

Keywords: Picea abies, dendrochronology, dendrometers, basal area increment, mixed-effects 

models 
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1. Introduction 

1.1 Norway Spruce in Swedish forestry 

Norway spruce (Picea abies) is one of the most significant and economically 

valuable tree species in Swedish forestry, occupying a central position in terms of 

forest area, timber production, and forest management systems (Hannrup et al. 

2004). Among Sweden's approximately 30 native tree species, Norway spruce and 

Scots pine (Pinus sylvestris) are the two dominant species, accounting for 41% and 

40% of Sweden’s standing forest volume (SLU 2018). Norway spruce is widely 

distributed across most forested areas in southern, central, and northern Sweden, 

exhibiting particularly high growth potential in sites of medium to high productivity 

(FAO 2025).  

The most common forestry practice in Sweden is the rotation felling of even-aged 

monoculture stands of Norway spruce or Scots pine (SLU 2018). As Norway spruce 

is recommended for moderately to fertile moist sites, most Norway spruce stands 

are concentrated in southern Sweden, rather than in the poorer soils of the north 

(Nilsson et al. 2019). The root system is generally shallow, with numerous lateral 

roots and no taproot. In rocky areas, the roots spread out widely and cling to the 

rocks. In peat soils, Norway spruce tends to form a mat-like root system (Sullivan 

1994). The growth of Norway spruce is sensitive to climate, with drought being one 

of the key climatic factors affecting its growth -- precipitation has a greater impact 

on Norway spruce than temperature (Rybníček et al. 2010). Norway spruce is 

sensitive to early summer precipitation, and radial growth responds positively to 

spring temperatures, particularly in low-latitude regions (Ogana et al. 2024). In 

addition, drought tolerance increases linearly with latitude. 

In addition to drought sensitivity, the main threats facing Norway spruce in Nordic 

countries are root rot caused by Heterobasidion annosum s.l. and the European 

spruce bark beetle (Ips typographus) (Piri & Vainio 2024; Wahlman 2024). As the 

climate warms, root rot is expected to have an increasingly severe impact on spruce-

dominated forests (Wahlman et al. 2025). It enters Norway spruce via fresh wounds 

or stumps, spreads vertically within the heartwood, and is transmitted between trees 

through root contact. It causes decay in the heartwood and root system, reducing 

the quality of the timber whilst increasing the risk of the trees breaking during 

storms (Rommel 2012). Bark beetle penetrates the bark via pioneer individuals, 

which release pheromones to trigger a mass attack, thereby breaching the tree’s 

defences; it then reproduces within the phloem and, with the aid of symbiotic fungi, 

further weakens the tree, ultimately causing its death (Toffin et al. 2018). 
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1.2 Climate change effect 

The IPCC’s Sixth Assessment Report (AR6) reveals that global temperatures have 

risen by 1.1°C, with all regions of the world facing unprecedented changes to the 

climate system, ranging from rising sea levels and frequent extreme weather events 

to the rapid melting of sea ice (IPCC 2023). Further rises in temperature will only 

exacerbate these changes. 

Data from the European Drought Observatory (EDO) shows that droughts in 

Sweden have become increasingly frequent since 2001. Furthermore, the latest 

figures indicate that 47% of the EU is under a drought ‘early warning’, whilst 17% 

is under a drought ‘alert’. The World Meteorological Oganization’s (WMO’s) 2025 

State of the Global Climate Report confirms that the period from 2015 to 2025 was 

the hottest 11-year span on record, with 2025 ranking among the three hottest years 

on record, with temperatures approximately 1.43°C above the 1850–1900 average.  

In the Nordic countries, rising temperatures are expected to alter the growth 

conditions of Norway spruce and Scots pine. Warmer conditions may promote 

earlier and more rapid photosynthesis in spring and prolong photosynthetic activity 

in autumn, thereby extending the growing season (Bergh et al. 2003). However, 

higher temperatures also increase evapotranspiration and water demand, which can 

intensify drought stress. As soil moisture declines below critical thresholds, water 

availability becomes limited, reducing tree growth and transpiration. Consequently, 

drought has become an increasingly important factor affecting the growth and 

survival of Norway spruce in recent decades. Severe and recurrent drought events 

have been identified as major causes of tree decline and mortality across Europe 

(Bréda et al. 2006). Temperate forests are particularly vulnerable to both short-term 

extreme drought events and long-term trends toward drier climatic conditions 

(Bréda et al. 2006). For example, the extreme heat and drought during the summer 

of 2018 had substantial drought impacts on Scandinavian forests. Climate 

projections further suggest that such extreme events may occur more frequently in 

the future, potentially increasing the ecological vulnerability of Nordic forest 

ecosystems (Rousi et al. 2023). 

1.3 Dendrochronology 

Dendrochronology is a scientific discipline that studies the formation and variation 

of tree rings to obtain information about time and the environment. By analysing 

the width, density and structural characteristics of tree rings, it can not only 

accurately determine the age of a tree, but also reconstruct past climate changes, 

environmental conditions and tree growth patterns (Fritts 1976; Speer 2010). Tree 

ring analysers are widely used to monitor changes in stem diameter and the annual 

growth patterns of trees. 
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Tree rings are a form of ecological memory, representing radial growth patterns 

recorded over time. Due to their clear structure, high temporal resolution and 

widespread distribution, tree rings are widely used as a tool for assessing the 

response of forest ecosystems to environmental changes, particularly in long-term 

time series (Zhou et al. 2020). Generally speaking, conifers in arid or cold regions 

form distinct annual growth rings, the width of which correlates with climatic 

conditions in the corresponding year and the preceding year (Fritts 1976). 

In most cases, tree-ring width reflects environmental conditions. Factors such as 

frost or summer drought may have an immediate effect on tree-ring width, whereas 

factors such as winter drought may have a delayed effect, as the growing tissue is 

dormant (Koprowski & Zielski 2006). Tree growth is typically quantified by ring 

width, but ring width does not directly reflect biomass production. Consequently, 

basal area increment (BAI) is widely used in dendrochronological research as a 

more biologically meaningful indicator of tree growth (Biondi & Qeadan 2008). 

1.4 Dendrometers 

A dendrometer is an instrument used to measure the diameter of a tree trunk. Unlike 

tree-ring analysis, which requires destructive sampling, dendrometers can be 

installed on living trees and measured repeatedly over long periods of time (Clark 

et al. 2000). This makes them particularly useful in long-term forest experiments, 

where the same trees are monitored over many years. 

Changes in stem diameter recorded by dendrometers are closely related to tree 

growth and environmental conditions. Previous studies have shown that stem radius 

variations are sensitive to climatic factors such as temperature and precipitation 

(King et al. 2013), and that dendrometer measurements can be used to track 

seasonal and interannual growth patterns in conifer species, including Norway 

spruce (Deslauriers et al. 2007). 

Many long-term forest experiments in Sweden include dendrometer measurements 

at different time intervals throughout the growing season e.g. biweekly or monthly. 

Therefore, a better understanding of the correlation between dendrometer-derived 

and tree-ring-derived growth measurements would increase the value of existing 

dendrometer datasets. In particular, evaluating how the relationship between BAID 

measured at breast height and BAITR varies along the stem may improve our 

understanding of the extent to which dendrometer measurements reflect growth at 

different stem positions. The dendrometers used in this study were manual band 

dendrometers installed at breast height.  

Within this context, the following research questions were raised: (i) Does root rot 

influence the relationship between BAID and BAITR? (ii) Does the relationship 
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between basal area increment (BAI) at 1.3 m derived from dendrometers (BAID) 

and tree ring BAI (BAITR) vary with stem height? (iii) How well does BAID explain 

BAITR at different stem heights?  

1.5 Hypotheses 

H1 

BAID measured at breast height (1.3 m) is positively correlated with BAITR 

throughout the stem, with the strongest correlation expected at 1.3m and 

progressively weaker relationships at increasing stem heights. 

H2 

The slope of the relationship between BAID and BAITR is expected to decrease with 

increasing stemn height since 1.3m. 

H3 

Root rot is not expected to affect the correlation between BAID and BAITR. 

1.6 Aim 

This study aims to evaluate whether basal area increment obtained from 

dendrometer measurements  (BAID) correlates with BAITR derived from tree-ring 

analysis at different heights along the stem. The study also examines if this 

relationship changes in different stem heights and whether root rot has a significant 

effect on growth patterns.  
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2. Materials and Methods 

2.1 Research area 

The study was conducted at the Asa Research Station, located north of Växjö in 

southern Sweden (Figure 1). The study area lies within a semi-northern climate 

zone, with an average annual temperature of approximately 5.6°C. The station’s 

geographical coordinates are approximately 57.16°N, 14.78°E, and it lies at an 

altitude of approximately 182 metres.  

The station comprises three main research areas: the Asa Experimental Forest, the 

Asa High-Yield Experimental Forest and the Anneboeda Research Area. 

Established in 1988, the station covers an area of approximately 1,010 hectares, of 

which around 900 hectares are productive forest land. 

The forest vegetation is dominated by coniferous species, with approximately half 

the area comprising Norway spruce (Picea abies), whilst the remaining areas 

consist of mixed coniferous and pine forests interspersed with deciduous species. 

The Asa Experimental Forest is managed using traditional methods and is primarily 

used for research into forest production and management. 

 

 

Figure 1. Location of the Asa research station and the experimental plots used in this 
study. 
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2.2 Sampling Design 

The study area consists of ten circular plots distributed across different locations 

within the Asa Experimental Station. Each plot has a radius of 10 metres. For this 

study, two of these ten plots were selected (Plot 3 and Plot 4) (Figure 1). All 

sampled trees in plot 3 were affected by root rot. 

Within each selected plot, five Norway spruce trees were chosen as sample trees, 

making a total of ten trees (Table 1). Dendrometer bands were installed at breast 

height (1.3 m) on all sample trees to monitor stem radial growth. Measurements 

were conducted repeatedly throughout the growing season, approximately every 

two weeks. For this study, I used only the first and last dendrometer measurements 

of the year to be able to capture the annual BAI of the individual trees. For 

dendrochronological analysis, stem discs were collected from the trunks of each 

sample tree at various heights. Sampling points included the base of the trunk and 

at breast height (1.3 m), followed by further sampling at 4-metre intervals (4 m, 8 

m, 12 m, 16 m, 20 m and 24 m). 

Table 1. The tree characteristics used in this study include plot, tree ID, diameter at 
breast height. 

Plot Tree ID Diameter (cm) 

3 1 17.19 

3 7 25.97 

3 21 29.70 

3 30 18.91 

3 37 18.69 

4 8 23.71 

4 14 23.63 

4 27 24.22 

4 38 22.00 

4 47 20.32 

2.3 Dendrochronological analysis 

The stem discs collected from each tree were processed in accordance with standard 

dendrochronological procedures (Speer 2010). First, the discs were cut into blocks 

using an electric saw to facilitate handling and scanning. The samples were then 

sanded and polished using sandpaper of progressively finer grit to achieve a smooth 

surface, making the growth rings clearly visible. 
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Tree ring widths were measured using CooRecorder and CDendro software. The 

boundaries of the tree rings were marked by visual inspection using CooRecorder, 

and measurements were taken in the two direction. The data processed by 

CooRecorder was then imported into CDendro to extract the digitised ring width 

data. The resulting tree-ring width was used for further analysis, including the 

calculation of basal area increment from tree ring data (BAITR). 

 

 

Figure 2. Tree-ring width measurement using CooRecorder software. 

2.4 Calculation of BAI 

Basal area increment (BAID) derived from dendrometer measurements was 

calculated based on annual stem circumference measurements, considering the first 

and last radial measurements taken in the beginning of the growing season and at 

the end of the growing season. Circumference measurements were converted to 

stem diameter assuming a circular stem cross-section. Basal area was then 

calculated as: 

𝐵𝐴𝑡 = 𝜋 (
𝐷𝑡

2
)

2

 

where 𝐷𝑡 is the stem diameter at year t. Annual BAI was then calculated as the 

difference between consecutive years: 

𝐵𝐴𝐼𝑡 = 𝐵𝐴𝑡 − 𝐵𝐴𝑡−1 

2.5 Statistical analysis 

2.5.1 Pearson correlation analysis 

Pearson correlation analysis was used to quantify the strength of the linear 

relationship between dendrometer-derived annual basal area increment (BAID) 

measured at breast height (1.3 m) and tree-ring-derived annual basal area increment 

(BAITR) at each sampling height along the stem. Correlation coefficients (r) and 

associated p-values were calculated separately for each height. Correlation 
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coefficients range from −1 to 1, where values closer to 1 indicate a stronger positive 

relationship, values closer to −1 indicate a stronger negative relationship, and 

values near 0 indicate little or no linear relationship (Zar 2010). All analyses were 

conducted in R version 4.5.0. 

2.5.2 Mixed-effects model 

Linear mixed-effects model was used to analyse the relationship between annual 

basal area increment at breast height (BAID) and basal area increment measured 

from tree-ring analysis at different stem heights (BAITR). The model was fitted 

using the lme() function from the nlme package in R (Pinheiro et al. 1999). BAITR 

was used as the response variable. Sampling height, BAID, their interaction, and the 

presence or absence of root rot were included as fixed effects, while tree identity 

was treated as a random effect.  

Before analysis, the data was transformed using the square root transformation (sqrt) 

to linearize the data and to achieve normality of the residuals.  

 

√𝐵𝐴𝐼𝑇𝑅,𝑖𝑗 = 𝛽0 + 𝛽1√𝐵𝐴𝐼𝐷,𝑖𝑗 + 𝛽2𝐻𝑖𝑗 + 𝛽3(√𝐵𝐴𝐼𝐷,𝑖𝑗 ∗ 𝐻𝑖𝑗) + 𝛽4𝑅𝑖𝑗 + 𝑢𝑖 + 𝑣𝑗

+ 𝜀𝑖𝑗 

Where √𝐵𝐴𝐼𝑇𝑅,𝑖𝑗 is the square-root transformed tree-ring-derived basal area 

increment for tree 𝑖 , and year 𝑗 . √𝐵𝐴𝐼𝐷,𝑖𝑗 is the square-root transformed 

dendrometer-derived basal area increment, 𝐻𝑖𝑗 is stem height, and 𝑅𝑖𝑗 is root rot 

status. The terms 𝑢𝑖and 𝑣𝑗represent the random effects of tree identity and year. 

AIC comparison and ANOVA tests were performed on the models assessing the 

impact of root rot and the interaction between BAID and height on the stem.  

2.6 Model performance 

2.6.1 Residual diagnostics 

Residual diagnostics were performed to assess the model assumptions. 

Homoscedasticity and model fit were evaluated by examining plots of residuals 

against fitted values. This method is capable of detecting systematic patterns or 

heteroscedasticity in the residuals. 

2.6.2 Random effects 

The contribution of random effects is assessed by examining the variance 

components associated with each random factor. In this study, I treat tree ID and 

year as random variables. The variance based on tree ID is used to assess inter-

individual variation, whilst the variance attributable to year is used to capture 
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interannual variation in growth. To measure the impact of root rot, the term ‘plot’ 

was included in the model fitting when root rot is present in one plot but absent in 

another. 

2.6.3 Statistical modeling 

All statistical analyses were conducted using R (version 4.5.0; R Core Team, 

Vienna, Austria) in RStudio (version 2024.12.1; Posit Software, PBC). Data 

processing, visualization, and modeling were performed using relevant R packages. 
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3. Result 

3.1 Temporal variation in BAI across stem heights 

Figure 3 shows the interannual variations in the average BAI at different stem 

heights for Plot 3 (A) and Plot 4 (B). It can be seen that the BAI is highest at the 

base for both plots; the higher the measurement, the smaller in BAI, and a peak 

occurred between 2008 and 2010. Fluctuation decreases with increasing height, and 

the curve at 24 m flattens noticeably compared to the Base level. Overall, the BAI 

is also lower in Plot 3 than in Plot 4.  

 

 

Figure 3. Mean annual basal area increment (BAI) derived from tree rings (BAITR) at 
different stem heights in Plot 3(A) and Plot 4(B) from 1993 to 2023 (n=5 trees per plot). 

3.2 Effect of root rot on model performance 

The AIC of the model including root rot was slightly lower (1824.95) than that of 

the model without root rot (1826.78), indicating a small improvement in model fit 

when root rot was included. However, the root rot term was not significant in the 

general model (p = 0.0505). The fact that ΔAIC < 2 further indicates that this 

improvement is not significant, meaning that root rot does not have a strong overall 

impact on the model.  
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The BAI is also lower in Plot 3 than in Plot 4 (Figure 3). This may be due to the 

influence of root rot in Plot 3. However, as the formula was established by 

modelling the BAID and BAITR of the same tree, the differences between plots have 

a relatively minor impact. 

3.3 Effect of height on model performance  

Pearson correlation analysis indicated a significant positive relationship between 

BAID and BAITR across most stem heights (Table 2). The strongest correlation was 

observed at breast height (1.3 m). Correlation strength generally decreased with 

increasing stem height, although strong relationships were still observed from the 

stem base up to 16 m. The relationship became notably weaker at 20 m and was no 

longer significant at 24 m. The result at 24 m should be interpreted with caution 

because of the substantially smaller sample size available at this height. 

Table 2. Pearson correlation between BAID and BAITR at different stem heights. 

Height n Pearson's r p-value 

Base 310 0.728 <0.001 

1.3 m 310 0.891 <0.001 

4 m 310 0.855 <0.001 

8 m 310 0.815 <0.001 

12 m 310 0.743 <0.001 

16 m 254 0.717 <0.001 

20 m 130 0.381 <0.001 

24 m 29 -0.024 0.903 

Figure 4 shows that between 1993 and 2009, although there were some fluctuations, 

the overall trend was one of steady increase, peaking between 2008 and 2010. The 

trend declined steadily after 2012, before recovering slightly after 2021. This figure 

shows that the data derived from dendrometers (BAID) was able to capture the  

overall trend of BAITR at 1.3 m over the years. 
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Figure 4. Comparison between dendrometer-derived annual BAI (BAID) and tree-ring-
derived BAI (BAITR) at breast height. Error bars represent ±1 standard error (SE) of the 
mean (n = 10 trees). 

Figure 5 shows that the slope is positive from the Base to 20 m, indicating that as 

annual BAID increases, the model-predicted BAITR also increases. This trend is 

evident across height classes: Base, 1.3m, 4 m, 8 m, 12 m, 16 m and 20m. Among 

these, the positive relationship is most evident for 1.3m and 4m, with the data points 

distributed more concentratedly compared to the other categories. This is consistent 

with the higher Pearson’s r for 1.3m and 4m height shown in Table 2, further 

demonstrating that the model exhibits greater explanatory power at the 1.3m height. 

Although 8m and 12m still show a positive correlation, the scatter of data points is 

more dispersed than for 1.3m and 4m, indicating that the model’s explanatory 

power begins to diminish.  

The 24 m model is the most unusual. Its blue fitted line shows a downward trend, 

indicating that, at this height, as the annual BAI increases, the predicted BAI for 

this height actually decreases.  
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Figure 5. Variation in the relationship between BAID and BAITR along the stem predicted 
by the mixed-effects model. 

The fixed-effect estimates of the mixed-effects model are presented in Table 3. 

Significant effects were detected for √𝐵𝐴𝐼𝐷 and several height classes. BAID 

showed a significant positive effect on BAITR. Several stem heights differed 

significantly from the reference height (1.3 m), although the significance of the 

height effect varied among stem positions. Significant interaction terms were 

observed between annual BAID and all stem heights. The interaction coefficient 

was positive at the Base and progressively more negative towards the upper stem 

positions, with the strongest negative interaction estimates occurring at 20 m and 

24 m. 

Table 3. Fixed-effect estimates from the mixed-effects model (1.3m as reference height). 

Fixed effect Estimate SE p-value 

Intercept 0.666 0.113 <0.001 

    √𝐵𝐴𝐼𝐷 0.711 0.036 <0.001 

Height.Base 0.286 0.123 0.020 

Height.4m 0.116 0.059 0.050 

Height.8m 0.218 0.058 <0.001 

Height.12m 0.013 0.079 0.868 

Height.16m -0.436 0.133 0.001 

Height.20m 0.564 0.198 0.004 

Height.24m 0.511 0.333 0.125 
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Fixed effect Estimate SE p-value 

√𝐵𝐴𝐼𝐷 × Height.Base 0.294 0.045 <0.001 

√𝐵𝐴𝐼𝐷 × Height.4m -0.092 0.022 <0.001 

√𝐵𝐴𝐼𝐷 × Height.8m -0.134 0.021 <0.001 

√𝐵𝐴𝐼𝐷 × Height.12m -0.113 0.029 <0.001 

√𝐵𝐴𝐼𝐷 × Height.16m -0.099 0.047 0.036 

√𝐵𝐴𝐼𝐷 × Height.20m -0.573 0.065 <0.001 

√𝐵𝐴𝐼𝐷 × Height.24m -0.760 0.106 <0.001 

Figure 6 shows the slopes of the model without the influence of root rot at different 

heights. It can be seen that the slope at Base exhibits a maximum value of 1.00 here, 

whilst the 24 m model has a minimum value of −0.05. As the height increases from 

Base to 8 m, the slope gradually decreases; it rises slightly at 12 m but drops sharply 

at 20 m, showing a trend similar to that of the mixed models at different heights. 

 

Figure 6. Fixed-effect slopes of general mixed-effects (without root rot) models across 
stem positions. 

The slope is steepest at the Base and gradually flattens with increasing height, 

indicating that the relationship between BAID and BAITR weakens progressively 

higher up the stem. A positive correlation persists at 4 m, 8 m,12 m and 16 m, 

although the rate of radial growth decreases with height. At 20 m, and particularly 
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at 24 m, this relationship is weaker, suggesting greater variability or reduced 

performance in the upper part of the stem. 
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4. Discussion 

4.1 Relationship between BAID and BAITR 

The results indicate that there is a positive correlation between BAID and BAITR for 

Norway spruce, with the correlation being the strongest at the same height as BAID 

(1.3 m), where the Pearson’s r is highest. The results indicate that BAID reflects the 

growth status of the whole stem to a certain extent.  

It is to be expected that the strongest correlation is observed at 1.3 m, as the BAID 

and BAITR samples modelled at this height are both taken from the same position 

on the trees. DBH measurements are widely used in forest ecology and forest 

inventories, as an increase in diameter at breast height serves as a practical and 

reliable indicator of tree growth and biomass accumulation (Pretzsch 2009). As the 

most common location for forest surveys, DBH and its variants, such as the 

quadratic mean DBH, basal area per hectare, and basal area of larger trees, are 

widely used in production activities (Ciceu et al. 2022). This result supports the use 

of dendrometer measurements as a non-destructive method for estimating annual 

stem growth. 

BAID showed temporal patterns broadly similar to those observed for BAITR 

throughout the study period. This indicates that both methods captured comparable 

long-term growth trends, despite differences in measurement approach. 

4.2 Vertical variation in growth relationships 

The relationship between BAITR and BAID decreases with increasing height; a 

possible reason for this is uneven growth resulting from carbon allocation (Lacointe 

1998). Most of the nutrients required for tree growth are absorbed by the roots and 

transported to the upper parts of the tree via transpiration (Oberhuber et al. 2017). 

At the same time, the lower stem serves a mechanical support function and therefore 

requires a more robust structure (Lehtonen et al. 2025). The upper parts are also 

subject to factors such as water limitation and are more significantly influenced by 

climatic conditions than the lower parts (Zweifel et al. 2005). 

The negative correlation observed at 24 m may indicate a weakening of the coupling 

between breast-height growth and radial growth near the crown. This may suggest 

that the relationship between BAID and BAITR at the 24 m height is unstable, or it 

may be influenced by insufficient sample size or noise in the upper canopy structure. 
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4.3 Influence of root rot on growth relationships 

A comparison of the root rot models reveals that the AIC of the model including 

root rot is slightly lower, indicating a slight improvement in the model. However, 

as this difference is not statistically significant, it suggests that root rot has little 

effect on the relationship between BAID and BAITR in this study.  

There is a limitation that root rot status was confounded with plot identity. All trees 

affected by root rot were located in Plot 3, whereas all non-infected trees were 

located in Plot 4. As a result, the effects of root rot could not be fully separated from 

plot influences, such as differences in site conditions, stand structure, or 

microclimate. Therefore, the observed differences between infected and non-

infected trees should be interpreted with caution. 

The size of the trees, altitude and the proportion of forest cover may all influence 

the incidence of root rot (Suvanto et al. 2026). Root rot infection is also associated 

with reduced diameter growth and increased physiological stress in Norwegian 

spruce stands (Wahlman 2024). The absence of a strong root rot effect may be 

related to the limited sample size in this study. Furthermore, as the years in which 

the trees were affected by root rot are unknown, it is possible that the trees were 

infected close to the time of harvest, thereby minimising the impact.  

4.4 Potential of non-destructive growth estimation 

The results of this study demonstrate the potential of dendrometer measurement as 

a non-destructive tool for monitoring annual tree growth. Compared with traditional 

tree ring analysis, dendrometer measurements do not require destructive sampling 

and can be collected repeatedly over extended periods. This makes dendrometers 

particularly useful in long-term forest monitoring programmes and climate growth 

studies. 

The strong correlation between BAID and BAITR at lower stem heights indicates 

that manual dendrometers can reliably estimate annual stem growth in Norway 

spruce. However, the weaker relationship observed in the upper stem suggests that 

caution should be exercised when extrapolating measurements of growth at breast 

height to the entire stem profile. 

4.5 Limitations and future perspectives 

This study has several limitations. The sample size was relatively small, comprising 

only ten trees distributed across two plots. The limited number of samples taken 

from the upper stem height may have increased the uncertainty of model. 
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Future research should encompass a greater number of plots and trees across 

different site conditions and levels of root rot infection. A longer monitoring period 

would also aid in better understanding interannual growth variability. Furthermore, 

incorporating climatic variables such as temperature, precipitation and soil moisture 

would help explain the environmental drivers underlying the observed growth 

patterns. The use of high-resolution dendrometers with higher temporal resolution 

may also improve the accuracy of non-destructive growth monitoring. 

Future studies could also evaluate the predictive capacity of the mixed-effects 

model by testing whether dendrometer-derived growth measurements at breast 

height can accurately predict radial growth along the entire stem. Such an approach 

would help determine the potential of dendrometers as a non-destructive tool for 

estimating whole-tree growth. 
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Popular science summary 

Norway spruce (Picea abies) is one of the most important tree species in Swedish 

forestry and is widely used for timber production across the country. However, 

forests are increasingly affected by climate change, drought, storms, bark beetles 

and diseases such as root rot. These environmental changes make it more important 

than ever to understand how trees grow and how forest health can be monitored 

over time. 

Tree growth is typically studied using tree rings. By analysing the annual rings 

within the trunk, researchers can estimate how much a tree has grown each year and 

how its growth is influenced by environmental conditions. Although this method 

provides highly accurate information, it usually requires destructive sampling, as a 

section of the trunk must be removed and processed. 

Trunk growth monitors offer an alternative method. These instruments can 

continuously monitor subtle changes in trunk diameter throughout the growing 

season without causing any harm to the trees. They are currently widely used in 

long-term forest experiments in Sweden, but it is not known to what extent these 

measurements accurately reflect the actual annual growth along the trunk axis. 

The aim of this study was to compare growth measurements in Norway spruce 

obtained using a stem growth meter with those obtained from tree-ring analysis. 

The study also investigated whether the correlation between the two methods varies 

with different heights along the stem, and whether root rot affects the growth 

patterns of the trees. 

The results indicate that, in the lower part of the trunk (particularly at breast height), 

the readings from the trunk meter corresponded well with the tree-ring data. This 

suggests that the trunk meter can provide reliable estimates of annual stem growth 

without causing damage to the trees. However, as the height of the trunk increases, 

the correlation between the two methods gradually weakens. The study also found 

that root rot had a limited impact on the correlation between the two methods, 

although this may be partly attributable to the small sample size. 

Overall, the results suggest that the stem meter is a promising tool for long-term 

forest monitoring and climate-related growth studies in Norwegian spruce forests. 

As the stem meter allows for repeated measurements over multiple years without 

the need for destructive sampling, it may play an increasingly important role in 

monitoring forest growth and health under changing environmental conditions. 
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Appendix. Photographs from field sampling 
and stem disc collection 

This appendix contains photographs documenting the field sampling procedure and 

stem disc collection. The images are included to provide visual reference for the 

sampling design and field conditions during data collection. 

 

Figure A 1. Field sampling procedure. Trees were felled in the field (left), and predefined 
stem heights were measured and marked before stem disc sampling (right). 

 

Figure A 2. Examples of root rot observed in sampled Norway spruce trees in the study 
plots 3. 
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