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Abstract 
This study investigates the climate-growth relationships of Norway spruce (Picea 

abies) across a north-south gradient in Norway. The research encompasses ten 

forest sites spanning 325 kilometres from Stor-Elvdal (north) to Aremark (south), 

within the boreal and southern boreal vegetation zones. Tree-ring analyses of 125 

trees revealed distinct regional differences in radial growth responses to temperature 

and precipitation. 

 

From 1960 to 2022, mean temperatures significantly increased at all sites, extending 

the thermal growing season (TGS) by an average of 18 days. The most substantial 

warming trends occurred in the Mid and North regions, where average annual 

temperatures rose by up to 3°C. Precipitation trends varied, with mild increases in the 

South and Mid regions, while the North region remained relatively stable. 

 

The climate-growth correlations revealed distinct regional patterns: in northern sites, 

June temperatures had the strongest correlation with Basal Area Increment (BAI), 

highlighting the thermal limitations of radial growth at these latitudes. In contrast, 

southern plots demonstrated a greater sensitivity to July precipitation, indicating more 

hydrological sensitivity. BAI analyses indicated a general stabilization or increase in 

growth in northern plots. Conversely, southern plots experienced a marked decline 

starting around 2010, persisting at least until 2019. 

 

Overall, the results confirm that northern forest stands are primarily limited by 

temperature, whereas southern forests rely more on precipitation for growth. Thus, 

improving our understanding of where the boundaries between temperature and 

precipitation limitations lie. As average temperatures continue to rise, these 

constraints may shift, underscoring the importance of monitoring the impact on forest 

ecosystems. Understanding these regional differences in climatic sensitivity is crucial 

for developing adaptive forest management strategies in the face of climate change.  

Future research should incorporate a more holistic approach, utilizing additional data 

and extending the study to more sites and species to refine our understanding of 

climate impacts on boreal forests. 
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Sammendrag  
Denne studien utforsker forholdet mellom klima og vekst hos gran (Picea abies) 

langs en nord-sør gradient i Norge. Studien dekker ti forskningsfelt som strekker seg 

325 kilometer fra Stor-Elvdal i nord til Aremark i sør, innenfor den boreale og 

boreonemorale vegetasjonssonen. Årringanalyser fra 125 trær avdekker tydelige 

regionale forskjeller i trærnes vekstreaksjoner på temperatur og nedbør. 

 

Fra 1960 til 2022 har det vært en signifikant økning i gjennomsnittstemperaturene 

over alle studieområdene, noe som har ført til en forlengelse av den termiske 

vekstsesongen (TGS) med omtrent 18 dager i gjennomsnitt. De mest markante 

temperaturstigningene ble registrert i Midt og Nord regionene, med årlige 

temperaturøkninger på opptil 3°C. Nedbørsmønstre har vist en svak økning i Sør og 

Midt, mens det var liten endring i Nord. 

 

I de nordlige feltene hadde juni-temperaturene den sterkeste korrelasjonen med 

grunnflatetilvekst (BAI), noe som peker på temperaturbegrensninger for radiell vekst 

ved disse breddegradene. I motsetning viste de sørlige feltene større følsomhet for 

juli-nedbør, noe som indikerer en høyere hydrologisk sensitivitet. BAI-analyser 

indikerer at veksten har stabilisert seg eller økt i nord, mens det har vært en betydelig 

vekstreduksjon i sør siden 2010. 

 

Samlet sett bekrefter resultatene at veksten i de nordlige områdene primært er 

begrenset av temperatur, mens de sørlige områdene er mer avhengige av nedbør. 

Dette bidrar til en bedre forståelse for hvor grensene mellom temperatur- og 

nedbørsbegrensninger for vekst ligger, under økende temperaturer. Noe som er 

viktig for å utvikle stedstilpassede skogforvaltningsstrategier i møte med 

klimaendringer. Fremtidig forskning bør ta en mer helhetlig tilnærming ved å 

inkludere mer data om skogforhold, utvide til flere felt og treslag for å bedre vår 

forståelse av klimapåvirkningen på vekst og helse i boreale barskogene. 
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1. Introduction 
In the shadow of climate change, Norway’s expansive spruce (Picea abies) forests 

face an uncertain future. The devastating effects of summer droughts and 

subsequent bark beetle (Scolytinae) attacks in central Europe (Gohli et al., 2024; 

Karpova et al., 2024; Hlasny et al., 2021) serve as a cautionary tale. A tale that once 

seemed distant, until Norway’s forests succumbed to similar pressures during the 

2018 drought (Gohli et al., 2024; Skaland et al., 2019). This event led to substantial 

drought stress and local bark beetle outbreaks and later raised critical questions 

about forest management practices and species selection under changing climate 

conditions. 

Traditionally, Norway spruce has been favoured over other species like the, more 

drought-resistant Scots pine (Pinus sylvestris) for forest management practices, due 

to its higher economic returns and “resilience” to browsing by moose (Alces alces). 

However, this preference comes at a potential ecological cost. Planting spruce on 

soils typically dominated by pine may amplify the effects of drought, leading to 

increased vulnerability and subsequently potentially higher mortality rates. These 

risks are intensified by the impacts of drought, by reducing general forest health and 

increasing the tree's susceptibility to biotic stressors like insects and pathogens 

(Netherer et al., 2024; Bentz et al., 2010). 

As average temperatures continue to rise, so do predictions for precipitation patterns 

(Kausrud et al., 2022). An increase in precipitation, especially during spring, contrasts 

with expectations of more pronounced droughts and heatwaves during the growing 

season, a paradox highlighted by Hanssen-Bauer et al. (2015). They noted a trend 

toward longer periods of low river flow in eastern Norway. This trend is attributed to 

higher winter temperatures, resulting in fewer days with snow cover and earlier 

snowmelt, which in return leads to potentially lower soil moisture levels, despite 

higher precipitation levels (Hanssen-Bauer et al., 2015). They further indicate that the 

thermal growing season in Norway has extended by as much as 2-3 weeks over the 

past few decades, primarily due to rising spring and autumn temperatures (Hanssen-

Bauer et al., 2015). However, this prolongation is accompanied by increasing risks of 

droughts and shifts in precipitation patterns, especially in eastern Norway, where 

earlier snowmelt due to higher spring temperatures has reduced soil moisture levels 
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despite higher spring precipitation (Kausrud et al., 2022). Thus, this presents a new 

set of challenges for spruce trees, which could potentially benefit from increased 

precipitation and longer growing seasons, but on the other hand, are also known to 

struggle with drought conditions (Kausrud et al., 2022). Understanding their 

responses to environmental stressors and different climatic conditions is, therefore, 

crucial. 

Studying the effects of climate change on tree growth is challenging because trees 

grow slowly, and climate is expected to change significantly over a single tree 

generation (Linder et al., 2010). Moreover, it is nearly impossible to conduct 

controlled experiments on mature trees, and greenhouse studies on saplings do not 

provide a complete picture, as trees in different life stages are expected to react 

differently to environmental stress (Basler & Körner, 2012).  

Natural gradients, such as latitude and elevation, offer valuable insights into climate 

effects on forest ecosystems. Such “place-for-time” approaches are useful “natural 

laboratories” for investigating the significance of climatic variations on forest trees.  

By comparing Norway spruce growth across different sites with varying temperatures 

and precipitation along a north-south gradient, we can better understand how radial 

growth may be impacted by climate change (Lyu et al., 2017; Franne et al., 2013).  

Dendrochronological analyses, using tree-ring data to assess growth patterns, have 

proven crucial in studying climate change impacts on forests. By analyzing growth 

variations over time, dendrochronology offers insights into past climatic conditions 

and tree responses (Fritts, 1976). Previous studies indicate that Norway spruce 

growth is significantly influenced by temperature and precipitation, with both climatic 

factors playing a more crucial role in specific parts of the growing season. Mäkinen et 

al. (2002) and Andreassen et al. (2006) found that the summer climate significantly 

affects spruce growth across latitudinal gradients. Northern sites showed stronger 

correlations with temperature, while southern sites were more influenced by 

precipitation. Čermák et al. (2019) also observed significant positive correlations 

between spruce growth and summer temperatures in Norway, but with regional 

variations in correlation strength. Lie et al. (2023) also highlighted that June 

precipitation significantly influences Norway spruce growth in south-central Norway.  
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Climate change is altering the temperature and precipitation patterns, directly 

impacting the growth and health of Norway’s forests. Improving our insights into how 

spruce growth is influenced by these variations will help forest managers make 

better-informed decisions. Identifying which climatic factors impact growth the most, 

and where, by studying the impacts along gradients in Norway will be vital for 

improving our knowledge and taking measures to mitigate risks both for protecting 

economic interests and sustainable forest ecosystems. 

To address these challenges, this study employs dendrochronological analyses of 

wood cores to assess the radial growth of spruce trees along a north-south gradient 

in south-eastern Norway. Through this approach, the aim was to draw comparisons 

between growth patterns and climatic variables during the growing season, critical for 

tree development and growth. I hypothesised that 1) mean temperatures and 

precipitation have significantly increased for all study sites during the life of the study 

trees, leading to a prolonged growing season and earlier snowmelt. Moreover, that 

these temperature and growing season length changes are more pronounced in the 

northern than in the southern part of the gradient. Further, I predicted that 2) Norway 

spruce growth is limited primarily by precipitation and temperature in June, and 3) 

that there are differences in responses to climatic variables across the gradient, with 

northern plots showing stronger correlations between radial growth and temperature 

and southern plots being more influenced by precipitation levels. 

2. Materials and Method 

2.1 Study area 

The study encompasses ten forest sites along a north-south gradient, covering 

approximately 325 kilometers from Stor-Elvdal municipality in Rendalen (north) to 

Aremark municipality (south). These sites fall within the boreal and southern boreal 

vegetation zones as classified by Moen (1999). The selected locations are situated 

predominantly inland across Østfold, Akershus, and Innlandet counties (Figure 1), 

and they reflect a broad range of environmental conditions typical of the southern 

boreal forest zone. Due to their considerable distance from the coast, these sites 

typically experience a continental climate, characterized by relatively warm summers 

and cold winters. However, the Våler and Aremark sites are exceptions, as their 
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relatively close proximity to the Oslofjord subjects them to a more coastal climate with 

milder winters. 

 

Figure 1. Overview of the geographical location of the experimental sites included in this 

study. Red dots indicate site location, with their respective names. 

The forests in this region predominantly consist of mixed and monospecific 

coniferous types, with Norway spruce and Scots pine as the most dominant species. 

There is additionally a significant presence of birch (Betula spp.), contributing to the 

overall forest composition. From south to north, the forests transition from more 

mixed deciduous/coniferous to predominantly coniferous. 

Initiated in the summer of 2022, the experimental setup involves one plot at each site. 

Each plot measures a circular area of 900m2 and is strategically located in the middle 

of forest stands that exceed a minimum size of 0.5 hectares to ensure stable 

environmental conditions and minimize edge effects. The plots have not been 
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subjected to commercial thinning, ditching, or fertilization and are found in even-aged 

monocultures, all planted following a clearcut. The forest stands are dominated by 

Norway spruce, but most plots also have several naturally regenerated Scots pine. 

The targeted age for the stands was approximately 40 years, with a variation of ±5 

years. For plots located on slopes, care was taken to ensure a homogenous slope 

throughout the plot. 

Soil diversity across the sites is notable, ranging from generally more fertile and less 

rocky podzols and brown soils to more rocky and well-drained podzols. 

 In setting up the experimental plots, efforts were made to select sites with minimal 

altitudinal differences to focus on the effects of the north-south climatic gradient, 

despite the general increase in elevation as one moves further inland (north).  

Table 1. Plot information for all sites. Including Plot ID, site names, plot coordinates, site 

elevation above sea level (masl), mean age from measured cores at breast height, yearly 

mean temperature and precipitation sum for 1991-2020 and mean diameter at breast height 

(DBH) for cored trees. 

 

 

2.2 Data collection 

2.2.1 Tree-ring data 

During the summer months of June and July 2023, tree rings were sampled by coring 

selected trees at breast height, which is standardized at 130cm above the stump. A 

standard 5mm diameter increment borer (Haglöf AB., Sweden) attached to a battery-

powered hand-drill was used for extracting cores from the trees. The coring process 

adhered to standardized protocol to ensure consistency. Specifically, one core was 
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taken per tree, targeted on the north side of the trunk, perpendicular to the slope. For 

instances where coring perpendicular to the slope at breast height would not yield a 

satisfactory core, such as in the presence of a branch, adjustments were made to 

take the sample more on the uphill side of the tree. This adjustment was aimed at 

maintaining a standardized coring method while minimizing the potential for including 

compression wood in the core samples. 

In each plot, a minimum of six dominant spruce trees were carefully selected for 

coring. Additionally, six co-dominant trees equipped with dendrometers were included 

in the sampling process. The dendrometer-fitted trees were chosen for their 

representation of healthy, average specimens centrally located within each plot. Their 

inclusion in a separate study influenced the overall selection process. As a result, my 

dataset of cores consists of half the samples from dominant trees and half from co-

dominant trees. 

To determine the dominant trees, diameter at breast height (DBH) was utilized, 

selecting the largest trees as the most dominant. The selection process was 

streamlined by employing a list organized by descending DBH. During the quality 

check, emphasis was placed on ensuring the health of the trees. Criteria for selection 

included healthy appearance, straight growth, and absence of deformities such as 

top breaks, split tops, or crooked stems. Trees with visible wounds, irregular or oval 

stems, or bulging rootstocks were excluded. 

In certain plots, not all the dominant trees met the selection standards. In such cases, 

dominant trees with slight irregularities, such as an oval stem shape were cored, but 

higher on the trunk where the shape was round. This issue was more prevalent 

among the dendrometer trees. This was the case for one dominant spruce in plot 7 

and one dendrometer spruce in plots 3, 5, 11 and 14, as such they were excluded 

from mean DBH calculation. In the Elvål site, two dominant spruce trees were 

significantly older than the other cored trees, by approximately 20 years. These 

outliers were therefore not included in the mean age and mean DBH calculations. 

Moreover, to avoid any potential edge or gap effects, trees on the borders of the plots 

were not sampled. This ensured that each selected tree was well-integrated within 

the forest stand, surrounded by at least one "line" of neighboring trees, thereby 
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ensuring that selected trees represented the most robust and healthy individuals 

within each plot. 

Post-collection, the cores were placed and stored in labeled plastic tubes with lids. 

After all cores were collected from a plot, a 50/50 ethanol/glycerol mixture was added 

to the plastic tubes to prevent shrinking or deformation. At the end of each sampling 

day, the cores were placed in a cooler for preservation until they were all shipped to 

CzechGlobe in Brno. Overall, a minimum of 12 cores were sampled for each plot, 

resulting in a final number of 125 collected spruce cores from the studied plots.  

 

2.2.2 Climate data  

The climatic data utilized were sourced from the seNorge2 dataset provided by the 

Norwegian Meteorological Institute (MET) (Lussana et al., 2018). This dataset offers 

high-resolution, daily mean climatic data, including total precipitation, mean 

temperature, maximum temperature, minimum temperature, and snow depth. The 

dataset is gridded with a 1 km spatial resolution, encompassing the Norwegian 

mainland. It spans the years from 1957 to the present, with daily updates available 

for recent years (Lussana et al., 2018). For the purpose of my analysis, I focused on 

the period from 1960 to 2022. The earlier years, particularly 1957, were excluded due 

to missing climatic values for some of the sites. Additionally, data for 2023 was 

omitted to ensure consistency with the dendrochronological record, as the growth 

ring for 2023 was incomplete. 

The seNorge2 dataset is constructed using a combination of in situ observations from 

the Norwegian Climate Database and the European Climate Assessment Dataset 

(ECA&D). The observations are interpolated using a statistical method based on 

optimal interpolation (OI) and successive-correction schemes (Lussana et al., 2018). 

This method ensures the representation of local precipitation features at spatial 

scales of a few kilometers, dependent on the density of the observation network 

(Lussana et al., 2018). 
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2.3 Data processing 

2.3.1 Sample preparation 

The processing and measurement of the tree-ring cores began with the samples 

being sent to CzechGlobe in Brno. In collaboration with Mendel University, the cores 

were prepared for measuring using a sliding microtome table. This procedure 

involved carefully shaving micrometres off each sample to create a flat surface 

suitable for precise measurement of tree ring widths. Once prepared, the cores were 

put back in their original plastic containers containing the 50/50 ethanol/glycerol 

mixture. 

After the initial preparation, the cores were placed in wooden slots to partially dry. 

The partially dried samples were then scanned using a high-resolution digital 

scanner. The digital images obtained were analysed using the Coorecorder software 

to measure tree ring widths accurately (Larsson, 2013). 

 

2.3.2 Crossdating 

Following the scanning and measuring process, all transect cores were cross-dated 

using C-dendro software (Larsson, 2013). This step involves comparing the 

measured tree ring series from individual trees within a plot to see if their growth 

pattern align, indicating similar trends in growth.  

Problematic cores and plots that generally did not cross-date well were noted and 

subsequently remeasured later. Remeasurement involved the use of a LINTAB tree-

ring measurement station (Rinntech e.K., Germany) and a Leica microscope (Leica 

Microsystems GmbH., Germany), capable of measuring with an accuracy of 0.01 

millimetres. After the remeasuring of specific cores and plots, all cores were re-cross-

dated using the Past4 software (SCIEM - Scientific Engineering and Manufacturing). 

During the cross-dating process, any core that would not cross-date with the other 

cores from the plot was excluded from the final analysis. The purpose of this was to 

include a robust dataset with well-cross-dated cores from each plot. Trees were still 

forming their 2023 ring at the time of collection, as such the last incomplete ring was 

not measured. 



 

 
9 

To check for any discrepancies in the measurements, before statistical analysis and 

conversion of the tree ring data, xDaterR interactive web-based application was used 

(Bunn et al., 2023). This was done to make sure the measurements were well cross-

dated and that especially the last ring (2022) was the same for all samples. After the 

final cross-dating I was left with an average of 9 out of 12 trees per site. 

 

2.4 Statistical analysis 

2.4.1 Climatic data 

The daily climatic data (Lussana et al., 2018) were aggregated into monthly and 

yearly resolutions for the dendrochronological analyses. Annual data were visualized 

using scatter plots and analysed with linear regression models to calculate the 

average annual changes in temperature and precipitation from 1960 to 2022. The 

same methodology was applied to determine changes in the snowmelt date, defined 

as the last day with snow cover rather than the first day without snow. 

Thermal growing season calculation and methods 

For calculating the thermal growing season, the “vegperiod” package in R (Nuske, 

2022; R Core Team, 2023) was used. Two different methods were used and 

compared to calculate the start of the growing season and three methods were used 

and compared to determine the end of the potential growing season. By employing 

and comparing multiple methods the aim was to avoid biases and gain a more 

comprehensive understanding of the change in thermal growing season. 

StdMeteo: The StdMeteo method calculates the start and end of the growing season 

based on a temperature threshold. To determine the onset of the growing season, 

this method identifies the first occurrence of at least five consecutive days where the 

daily average air temperature is above 5°C. Similarly, the end of the growing season 

is marked by at least five consecutive days with daily average temperatures falling 

below 5°C. This approach assumes that a sustained period of five days is significant 

enough to indicate a reliable change in season (ETCCDI, 2009; Frich et al., 2002; 

Zhang et al., 2011). This generally leads to the onset of growing season to occur 

quite early in the spring, and a quite late vegetation end in the fall, as the approach 

awaits sustained low daily mean temperatures. 
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Menzel: The Menzel method calculates the start of the growing season by assessing 

chill days from the previous November and December. The method then tracks the 

accumulation of heat beginning in February, calculating a “HeatSum” of daily mean 

temperatures that exceed a critical base temperature from a species-specific 

regression formula. The growing season for each species starts when this HeatSum 

surpasses a predetermined critical threshold (Menzel, 1997). For this specific study 

both the “Picea Abies (noerdl)” Norway spruce, Northern) and “Picea Abies (frueh)” 

(Norway spruce early) regression formulas were used. 

VonWilpert: The vonWilpert method employs a 7-day moving average of daily 

temperatures, requiring at least five consecutive days below 10°C to signal the end of 

the season. If temperatures rise above 10°C for more than five days subsequently, 

the growing period resumes. Additionally, the method sets the final day of the season 

as day 279, based on a short-day criterion (von Wilpert, 1990). This method was first 

developed for Norway spruce in the “Black forest” in Germany, but has later been 

applied for multiple species and for other regions.  

NuskeAlbert: Similarly to the method above, the NuskeAlbert method relies on a 7-

day moving average of daily mean temperatures, marking the end of the season 

when there are five consecutive days with temperatures below 5°C, starting the 

search from July 1st. Additionally, regardless of temperature, the method designates 

October 5th as the ultimate end of the vegetation period based on a short-day 

criterion (Walter & Linderholm, 2006). 

 

2.4.2 Tree ring data 

The tree-ring series were converted from annual tree ring widths (TRW) to basal area 

increment (BAI) using the bai.out function from the dplR package, which converts ring 

width measurements into area measurements (Bunn et al., 2023). The R function 

calculates bai by considering the measured DBH and the width of each ring, going 

from the bark to the pith. 

BAI series were then detrended using the smoothing spline method. This method 

removes long-term trends related to age and size as well as other disturbances, 

emphasizing the common climate-related variance within sites (Fritts, 1976). The 

standard smoothing spline method from the dplR package in R was used (Bunn et 
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al., 2023; R Core Team, 2023). Statistical parameters for quality assessment of the 

data such as First-order autocorrelation (Ar1) and Mean sensitivity (MS) were derived 

from the raw BAI series. In contrast, mean interseries correlation (Rbar) and 

expressed population signal (EPS) were calculated from the detrended BAI series 

(Table 2).  

Subsequently, the detrended residual chronologies for each plot were analyzed to 

uncover correlations between annual BAI and climatic variables of mean temperature 

and precipitation from the previous April to the current September, using the 

"treeclim" package and the "dcc" function in R (Zhang & Biondi, 2022). This analysis, 

covering the period from 1995-2022, helps to understand how tree growth responds 

to climatic factors, especially summer temperatures and precipitation. 

 

2.4.3 Quality assessment  

Tree-ring chronologies were assessed using different descriptive statistical measures 

to evaluate the signal quality and the potential for climate reconstruction and 

correlation.  

First-order autocorrelation (Ar1) was computed from raw BAI to evaluate the 

persistence of growth patterns, which helps in understanding the influence of the 

preceding year's growth on subsequent years (Fritts, 1976; Speer, 2010). 

Further, Mean Sensitivity (MS), which quantifies the relative change in tree-ring 

widths from one year to the next, was evaluated to assess each tree's 

responsiveness to inter-annual environmental fluctuations. A higher mean sensitivity 

suggests a pronounced variability in growth, characteristic of trees in environments 

where growth dynamics are significantly influenced by annual climatic variations 

(Bunn et al., 2013). 

Additionally, the mean inter-series correlation (Rbar) was calculated to assess the 

common signal among the tree-ring width series. This statistic measures the 

coherence of growth patterns across multiple trees within a site, where higher values 

indicate a stronger common signal, potentially related to regional climatic influences. 

While there is no specific “ideal” Rbar value, generally the higher the Rbar value the 
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better. Higher values indicate a stronger common signal, reflecting more consistent 

climatic influences across the sampled trees (Bunn et al., 2023). 

Expressed Population Signal (EPS) was derived to estimate how well the sample 

chronology represents the population-level variability. EPS is a key metric in 

dendrochronology, indicating the signal-to-noise ratio in a finite chronology and its 

ability to approximate the theoretical population chronology. Typically, an EPS value 

close to 1, or above a 0.85 threshold suggests a strong common signal and is 

preferred for climate reconstructions (Buras, 2017; Wigley et al., 1984). 

For the tree-ring series in this study, statistical computations were conducted using 

the dplR package in R, which is designed specifically for dendrochronological 

analysis (Bunn et al., 2023). Notably, due to the young ages of the trees in plots 15 

and 17, Rbar and EPS values are not presented, as the short length of the tree-ring 

series could lead to less reliable estimates of these statistics. The established 

threshold of 0.85 for EPS, commonly used in dendrochronological studies, serves as 

a reference point for evaluating the suitability of the chronology for reconstructing 

climatic variables, though it should not be considered a definitive cutoff. 

 

Table 2. Quality assessment of the developed BAI chronologies for plots with site location, 

number of sampled trees (N), mean length of series, time span, first order autocorrelation 

(Ar1), mean sensitivity (MS), mean inter-series correlation (Rbar) and expressed population 

signal (EPS). Plots 15, and 17 don’t display values Rbar and EPS values because of the 

young ages of the stands. 
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2.5 Dividing geographical regions 

The sites were divided into three geographical regions to present the climate-growth 

correlations in a clear and structured manner. The classification was based on results 

from the “dcc” function in addition to location and climatic characteristics, particularly 

focusing on temperature and precipitation patterns (Table 3). 

Table 3. Overview of the division of the three geographical regions, South, Mid and North. 

 

The Mid region presented a classification challenge, as the Rena site displayed 

precipitation patterns similar to the Mid region but temperature patterns comparable 

to the North region (Table 1). Despite these similarities in precipitation, the decision 

was made to classify the Rena site under the North region due to the following 

reasons: 

- Summer precipitation (May-Aug) did not deviate as significantly from the 

northern sites, even though winter precipitation did. 

- The Rena site is situated approximately 250 meters above the valley floor. 

This elevation impacts temperature, aligning the site more closely with the 

Sites in the North region. 

-  

3. Results 

3.1 Climate 

Mean temperatures have increased significantly from 1960 to 2022 across all sites, 

with an average temperature rise of 2.7°C across sites (Figure 2A). The most notable 

increase in mean temperatures has occurred in the Mid and North regions, with the 

Åsnes site showing an annual temperature increase of 3.25°C for the respective 

period (Table 4). The increase in temperatures has been accompanied by a more 
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modest change in precipitation sums, with some sites observing a substantial 

increase in precipitation, while others observe little to no change (Figure 2B). This 

variability in precipitation across different regions highlights the different interactions 

between temperature increases and moisture availability, which could have 

significant implications for tree growth. 

 

Figure 2. Annual mean temperatures (A) and precipitation sums (B) for all study sites from 

1960 to 2022. Sites are color-coded from orange (southern) to purple (northern) according to 

latitude. Regression lines indicate trends in temperature and precipitation over the studied 

period. 

Further, my analysis revealed a significant extension of the thermal growing season 

(TGS) across all studied sites, averaging approximately 18 days across methods, 

varying from 10 to 27 days depending on the site and method used for calculation. 

Changes were particularly notable using the StdMeteo and the combined 

Menzel/VonWilpert method (Table 4). While all three methods indicate significant 
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prolongation of the TGS, the Menzel/VonWilpert methods generally exhibit a higher 

level of statistical significance (p <0.001), especially in the northern regions where 

the TGS extension is most pronounced. The TGS prolongation was more 

pronounced in some sites, in particular, Våler using the StdMeteo method (Table 4).  

Furthermore, the advancement in snowmelt timing aligns with the changes observed 

in TGS. Snowmelt is occurring increasingly earlier, marking a significant shift in 

hydrological cycles, and potentially affecting water availability in these regions. 

Notably, sites like Eidskog and Elverum have witnessed the last snow day occurring 

approximately 23 and 28 days earlier in 2022 compared to 1960, respectively. While 

most values show significance, the rate of change (r-value) varies between sites, 

suggesting differences across locations, with the northernmost sites showing little 

change. 

While these changes are statistically significant across all sites, the rate of change in 

temperature, precipitation, and TGS varies, suggesting that local factors and 

microclimates play a crucial role in modulating these responses. These variations 

underscore the complexity of climate impacts on different geographical locations. 

 

Table 4. Summary of climatic changes and thermal growing season (TGS) shifts for each 

study site from 1960 to 2022. Displaying the shift in mean annual temperatures and 

precipitation sums. Additionally, the advancement of the TGS in days shown for three 

different calculation methods, and an advancement in the snow melt date. Asterisks indicate 

significance and are marked as follows: * for p < 0.05, ** for p < 0.005, and *** for p < 0.001.  

Results are based on linear regression analysis of the 1960-2022 daily climatic data.  
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When the data is segmented into geographical regions by latitude, distinct variations 

in climate patterns for May through July are revealed (Figure 3), showing a clear 

warming trend for mean temperatures during the early summer months (Figure 3A). 

This trend is statistically significant across all regions, but with the Mid and North 

regions exhibiting the most pronounced warming. 

For precipitation (Figure 3B), changes are less uniform, reflecting greater variability 

and a less consistent trend in early summer rainfall across the decades. While the 

South and Mid regions show a mild increase in precipitation with some statistical 

significance (Table 4), the North region experiences minimal, non-significant 

changes. This suggests that while temperature trends show a clear warming pattern, 

precipitation responses are more varied and influenced by regional factors. 

 

Figure 3. May-July mean temperature (A) and precipitation sum (B) for the three regions 

South (red), Mid (orange), and North (blue) 1960 and 2022. Statistical values are based on 

linear regression models and highlight how temperature and precipitation have changed over 

time for the early summer. 
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3.2 Basal Area Increments (BAI) 

Analysis of raw Basal Area Increments (BAI) across the southern plots shows a 

notable peak in growth around 2010, followed by a pronounced decline through 

2019, following the severe drought period from May to July 2018 (Figure 4). This 

decline is marked by significant reductions in BAI, particularly emphasized by pointer 

years identified in 2006, 2015, and 2019, where each represents notable climatic 

impacts followed by recovery phases. In contrast, the northern plots exhibit a 

divergent pattern, largely absent of significant declines, despite experiencing similar 

drought conditions (Figure 5). After 2006, northern plots show a trend toward 

stabilization in BAI, with smaller fluctuations. This suggests region-specific growth 

responses, possibly due to differences in local climate resilience or other 

environmental factors. Noteworthy is the stabilization or increase post-2010 in 

northern regions, contrasting sharply with the southern decline during the same 

period (Figure 4 and 5). 
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Figure 4. Raw basal area increments (BAI) in mm2 for Southern plots over time. Grey lines 

indicate individual tree samples, while black lines indicate the mean BAI for the respective 

plot. The Y-axis is consistent across plots, showing BAI values, but the X-axis differs to 

account for varying ages at breast height. Red line indicates a regression line with 95% 

confidence interval, with Pearsons-r and p-value for statistical parameters. Pointer years are 

marked as red stippled lines. 
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Figure 5. Raw basal area increments (BAI) in mm2 for Northern plots over time. Grey lines 

indicate individual tree samples, while black lines indicate the mean BAI for the respective 

plot. The Y-axis is consistent across plots, showing BAI values, but the X-axis differs to 

account for varying ages at breast height. Red line indicates a regression line with 95% 

confidence interval, with Pearsons-r and p-value for statistical parameters. Pointer years are 

marked as red stippled lines. 

 

Detrended “spline” chronologies spanning from 2000 to 2022 unveil distinct trends in 

tree growth across various latitudes (Figure 6). By employing a “spline” detrending 

method, age and size-related growth trends are effectively removed, allowing for 

more accurate representations of environmental influences on tree growth. The 

refined chronologies emphasize the years when adverse climatic conditions most 

significantly impacted tree growth, providing critical insights into the environmental 

stressors affecting forest health. 
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Figure 6. Detrended BAI chronologies from (2000 to 2022), color-coded by latitude to 

illustrate regional variations in growth patterns. The Y- axis displays the Residual Wood 

Index (RWI), emphasizing normalized growth rates. Significant dips in growth corresponding 

to the pointer years – 2006, 2015 and 2019 are marked with stippled lines. 

 

3.3 Climate-Growth correlation  

The analysis of climate-growth correlations, based on Basal Area Increment (BAI), 

reveals distinct regional differences. In the southern region, precipitation is closely 

correlated with BAI, particularly in July of both the current and previous years, 

showing significant positive correlations (Figure 7). This pattern highlights the 

southern region's higher hydrological sensitivity, suggesting that precipitation is a 

crucial factor in radial growth. 

In the Mid region, the correlation data indicate a positive relationship between BAI 

and precipitation from the previous July, alongside a modest positive correlation with 

precipitation in June of the current year, reflecting a nuanced influence on growth. 

On the other hand, in the northern region, temperature shows a more substantial 

correlation with BAI. Notably, current June temperatures demonstrate a significant 

positive correlation with radial growth. This finding underscores the critical role of 

thermal influences on radial growth in higher latitudes, where temperatures are 
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generally lower, marking a contrast to the more precipitation-driven growth patterns 

observed in the southern region. 

 

Figure 7. Illustrating the correlation between monthly precipitation (blue) sums and mean 

temperatures (red) with radial growth for three geographical areas: “South” (plots 1, 7, 3, 5), 

“Mid” (plots 9 & 11), and North (plots 13, 15, 17, 19). The Y-axis represents the months, with 

lowercase letters denoting the previous year and the uppercase letters signifying the current 

year. The X-axis quantifies the correlation coefficients, with stippled lines indicating non-

significant correlations and solid lines indicating significant ones. Notably, the distance of the 

horizontal lines from 0, indicates the strength of the correlation, while the width of the lines is 

indicative of confidence interval. 

 

4. Discussion 
Boreal forests are increasingly threatened by climate change, and Norway spruce is 

particularly vulnerable to rising temperatures, altered precipitation patterns, and more 

frequent abiotic and biotic disturbances such as droughts and bark beetle outbreaks 

(Hartmann et al., 2022; Allen et al., 2010; Hlasny et al., 2021; Netherer & 

Hammerbacher, 2022). Additionally boreal forests play a crucial role in carbon 
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sequestration, potentially storing more carbon than any other terrestrial biome, 

emphasising the importance of understanding their response to ongoing climate 

change (Bradshaw & Warkentin, 2015; Pan et al., 2011). Soil moisture levels, and 

temperature influence water flux and carbon accumulation in trees and play an 

important role in radial growth (D’Andrea et al., 2023; Greisbquer et al., 2021). This 

study used tree rings to explore the growth of Norway spruce across a north-south 

gradient, providing valuable data to study regional variations in radial growth due to 

latitudinal differences in climate. The climate-growth correlation analysis revealed 

distinct regional differences in growth responses, offering insights into the varied 

climatic sensitivities of Norway spruce across the studied gradient. 

As hypothesized, this study found a significant increase in yearly temperatures 

across all sites, with the most substantial rise occurring in the mid and northern 

regions, featuring an almost 3°C average temperature increase since 1960. The 

same trend was also evident for temperatures during specific months (Figure 3B). 

Additionally, the overall trend of precipitation across the study sites indicated a slight 

upward shift, consistent with observations of increasing precipitation in Norway 

during the same period, as reported by Lutz et al. (2024). 

Likewise, the Thermal Growing Season (TGS) and the timing of snowmelt have 

significantly extended across all locations (Table 2), validating the predictions made 

by Hanssen-Bauer et al. (2015) regarding the impact of rising temperatures on earlier 

snowmelt and prolongation of TGS. Grundmann et al. (2011) and Čermák et al. 

(2019) also observed more marked warming trends at higher latitudes, consistent 

with the higher temperature increase observed in the mid and northern sites, 

underscoring significant climatic shifts affecting these areas. These findings 

collectively confirm the first hypothesis, indicating that temperature and growing 

season have significantly changed during the life of the studied trees and that 

changes are indeed more pronounced in the northern part of the gradient compared 

to the southern part. 

 

In examining the specific impacts of climate on Norway spruce growth, I 

hypothesized that June temperature and precipitation would strongly correlate with 

growth patterns and that these correlations would vary along the north-south 
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gradient. Indeed, the data collected revealed distinct regional variations in growth 

responses, providing insights into the varied climatic sensitivities of Norway spruce 

across the gradient. 

Northern sites displayed strong correlations with June temperature, confirming its 

significant influence on growth. In contrast, southern sites demonstrated the most 

pronounced correlation with July precipitation. The mid site on the other hand 

displayed a more nuanced pattern with current June precipitation showing a 

moderate correlation, and previous July precipitation showing a significant 

correlation, more like the southern sites. These findings align with other Scandinavian 

research that underscores June as a critical month influencing growth at various 

latitudes and altitudes (Andreassen et al., 2006; Mikanen et al., 2002; Lie et al., 

2023). Additional studies across Europe support these observations, noting a more 

substantial impact of temperature on growth at higher latitudes and altitudes, while 

areas at lower altitudes and southern latitudes are predominantly limited by 

precipitation (Popa, 2022; Bošelá et al., 2021; Čermák et al., 2019).  Moreover, 

studies by Grundmann et al. (2011), Andreassen et al. (2006) and Čermák et al. 

2017 have highlighted the importance of summer precipitation for radial growth, 

further supporting these observations. 

Interestingly, despite many studies emphasizing the critical role of June precipitation, 

my findings indicate that July precipitation has a more significant impact on growth in 

southern and mid sites. This is likely due to lower soil moisture levels during this 

period. My findings suggest that precipitation in July is the most limiting factor, similar 

to Bošelá et al. (2014), who also found July precipitation critical for growth in lowland 

sites. 

 

The regional differences in climatic sensitivity are also evident in the raw BAI series. 

Southern plots show a peak in growth around 2010, followed by a decline through 

2019, coinciding with the 2018 drought (Figure 4). In contrast, northern plots 

exhibited more stable BAI patterns, trending towards stabilization or increase after 

2010 (Figure 5). This divergence suggests region-specific factors influencing 

resilience to drought, potentially linked to tree ages and varying drought impacts 

during marker years. 
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Voelker (2011) demonstrated that radial growth rates in trees under 50 years old are 

more dependent on precipitation due to their shallower rooting depths. This implies 

that older forests, with deeper-rooted trees, might be more resilient to short-term 

droughts. However, the southern site trees are generally older, except at the Elvål 

site, suggesting that other factors are at play. 

Furthermore, Bošel’a et al. (2021) found that spruce populations growing at lower 

elevations and latitudes were more vulnerable to drought, likely due to higher 

temperatures and subsequently higher evaporation rates. Bošel’a et al. (2021) also 

noted that, even though lower and higher elevation sites showed slightly different 

responses to fluctuations in temperature and precipitation, they generally showed a 

synchronized growth reaction, which is consistent with my data.  

Popa (2022) found that BAI at high elevations in the Eastern Carpathians exhibits a 

strong temperature signal, particularly in early summer. This finding is comparable to 

the northern plots in my study, where growth is also limited by temperature. High 

early summer and late spring temperatures positively impact growth in this region. 

The timing of the 2018 drought (May – July) can explain the varied responses across 

regions (Skaland et al., 2019). Northern plots, with higher snow cover and later 

snowmelt, likely maintained higher soil moisture levels, mitigating the impact of the 

drought, despite equally adverse conditions across regions. Thus, the combination of 

beneficial temperatures and moister soils resulted in a lesser drought effect in the 

north. 

Though the 2018 year impacted growth differently across the regions, the marker 

years (Figure 4 & 5) have in common that they occur one year after unfavorable 

climatic conditions. The 2006 marker year reflects a period from 2004-2006 with 

below-average precipitation during May-July, particularly affecting the north and mid 

regions more (Supplementary Figure S3). The 2015 marker year can also be linked 

to an especially warm and dry early summer in 2014. Similarly, the 2019 marker year 

follows the record-breaking dry and warm year of 2018 (Skaland et al., 2019). The 

significant growth decline observed one year after a drought is consistent with other 

studies (Lindholm et al., 2000; Andreassen et al., 2006), which attribute this pattern 

to previous years' growth conditions impacting the current years’ wood formation. In 

addition to, high cone production following warm, dry summers. Both resulting in the 

formation of narrower tree rings. 
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BAI, which accounts for diameter increment, offers a more precise measure of wood 

production and growth compared to Tree Ring Widths (TRW). TRW tends to narrow 

as trees mature despite the increasing stem diameter, requiring progressively wider 

rings to maintain consistency. This characteristic of TRW can potentially obscure 

growth trends, whereas BAI facilitates easier identification of periods with marginal 

growth (Labrecque et al., 2023). BAI typically increases steadily throughout a tree's 

lifespan, peaking as the tree matures and then plateauing, unlike TRW which 

generally reaches its maximum before the tree reaches ten years of age and then 

rapidly declines, stabilizing at a lower level (Leblanc, 1994). 

The relatively young age of the sampled trees posed specific challenges in data 

interpretation, impacting the robustness of dendrochronological analysis for climatic 

interpretations. Younger stands, such as those in Elvål and Koppang, generally 

exhibit less stable growth patterns and, as a result, shorter overlaps in tree-ring data, 

which can lead to less significant statistical values (Esper et al., 2002). The variability 

in growth patterns among younger trees is often attributed to their immature forest 

structure, where the forest canopy is not yet fully established. This open canopy 

stage allows young trees to behave more like independent individuals rather than as 

part of a forest stand, potentially making them more, or less sensitive to variations in 

climatic factors. However, as the canopy closes and competition among trees 

stabilizes, these trees might begin to respond more uniformly to climatic stressors 

(Peters et al., 2020; Savva et al., 2003). 

The study included dominant trees chosen to minimize competition and co-dominant 

dendrometer-fitted trees, resulting in two different diameter classes per site. When 

cross-dating, no significant differences were noticed between these groups, 

indicating similar growth trends under varying climatic influences. This consistency 

aligns with findings by Merian & Lebourgeois (2011), who suggested that sampling 

only the largest diameter Norway spruce trees is sufficient for climate-growth insights, 

and Meyer & Braker (2001), who found that social status had minimal impact on tree-

ring climate correlations in Norway spruce. However, while I did not find substantial 

differences when cross-dating, I did not separate the dominant and co-dominant 

trees to specifically check for the strength of climate correlations. 

Increasing the sample size and including a more diverse range of tree ages and 

social statuses could provide a more detailed understanding of these dynamics. 
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Comparing dominant to subdominant trees might reveal either stronger or weaker 

reactions to specific climatic stressors, such as droughts. Zang et al. (2012) and 

Bošelá et al. (2021) found that larger trees showed stronger climatic signals, 

supporting the importance of evaluating tree size in climate-growth studies. 

5. Conclusion 
This study reveals significant regional variations in climate-growth correlations for 

Norway spruce across a north-south gradient in southeastern Norway. It provides 

valuable insights into how differences in temperature and precipitation affect growth. 

Thus, enhancing our understanding of climate impacts on radial growth and clarifying 

the climatic boundaries that limit growth in boreal spruce forests, an area with limited 

prior research in Norway. 

The results indicate a notable shift in growing conditions over the study period, 

characterized by a significant rise in temperatures and an extended growing season. 

In the North region, the strong correlation between June temperatures and BAI 

underscores early summer temperatures as primary growth constraints. Conversely, 

in the south, July precipitation significantly influences BAI, reflecting a pronounced 

hydrological sensitivity. The mid-region displays similar, yet less pronounced 

correlations compared to the south, with both previous and current summer 

precipitation affecting growth, highlighting the essential role of soil water availability. 

These results align with existing research, demonstrating that while northern regions 

are predominantly limited by temperature, southern regions are more influenced by 

precipitation. 

Looking forward future research should take a more holistic approach by including 

analysis of soil characteristics and expanding the study to encompass different forest 

compositions on different soils. This broader scope will enhance our understanding of 

Norway spruce's resilience and its response to different climatic conditions, helping to 

define the boundaries between temperature and precipitation limitations more clearly. 

Exploring these aspects is crucial for developing effective climate adaptation 

strategies in forest management, ensuring the sustainability and productivity of these 

ecosystems in the face of climate change. 
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7. Appendix  

7.1 Supplementary figures 

 

 

Figure S1. Average monthly temperature (top) and precipitation (bottom) for the period 1991-
2022 for all sites, coloured by latitude. 
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Figure S2. Average monthly temperatures (top) and precipitation (bottom) for the period 
1961-1990 for all sites, coloured by latitude. 
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12-month SPEI (2000-2023) 

 

Figure S3. 12-month Standardized Precipitation-Evapotranspiration Index SPEI for the three 
regions South, Mid, and North (Dataset: SPEIbase v.2.9). Blue areas represent positive 
SPEI, indicating wetter than average conditions and red areas represent negative SPEI, 
indicating drier than average conditions for the previous 12 month period. 
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Monthly Growth- Temperature correlations for all sites except Finnstad 

 

Figure S4. Heatmap illustrating correlation between monthly mean temperature for all sites 

through time. From current September until previous April. Red colours indicate negative 

correlations, while blue indicate positive. Asterisks denote statistical significance. Plots 1, 7, 

3 are displayed on the left side, 5, 9, 11 in the middle and 13, 15, 19 on the right side. Plot 17 

was excluded because of the young age of the stand. 
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Monthly Growth- Precipitation correlations for all sites except Finnstad 

 

Figure S5. Heatmap illustrating correlation between monthly precipitation sums for all sites 
trough time. From current September until previous April. Red colours indicate negative 
correlations, while blue indicate positive. Asterisks denote statistical significance. Plots 1, 7, 
3 are displayed on the left side, 5, 9, 11 in the middle and 13, 15, 19 on the right side. Plot 17 
was excluded because of the young age of the stand. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


