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Sammanfattning 
Att förstå hur gallring påverkar vattenanvändning är centralt för att utveckla klimatanpassade 

kontinuitetsskogsbruk (CCF) i boreala ekosystem. Denna studie undersöker savflödesdynamik 

hos tall (Pinus sylvestris) och gran (Picea abies) i två angränsande flerskiktade bestånd i 

Remningstorp, Sverige. Ett av bestånden var ogallrat och användes som kontroll, medan det 

andra genomgick en blädningsgallring 2015. Savflödet mättes med EMS 81-sensorer på 20 träd 

under två växtsäsonger (2024–2025) och drivkrafter på trädnivå analyserades med linjära mixade 

modeller (LMM). Ytterligare analyser omfattade skillnader i trädstorlek, temperatursensitivitet 

och transpiration på beståndnivå. Det dagliga savflödet skilde sig deskriptivt mellan arter och 

behandlingar, där gran i kontrollbeståndet uppvisade högst medelflöde (32,8 kg dag-1) och tall i 

det gallrade beståndet lägst (14,9 kg dag-1). Dessa skillnader var dock inte statistiskt signifikanta. 

Temperatur framträdde som den dominerande drivkraften bakom savflöde i samtliga modeller (p 

<0,001), medan strukturella variabler (DBH, trädhöjd och kronhöjd) samt gallringsbehandling 

hade relativt små effekter. Temperatursensitiviteten skilde sig signifikant mellan art x 

behandlings-grupper, där gallring minskade känsligheten tydligare hos gran än hos tall. 

Trädstorleken skilde sig inte signifikant mellan bestånden. Transpirationen på beståndsnivå var 

betydligt högre i kontrollbeståndet (20 400 kg ha-1 dag-1; 2,04 mm dag-1) än i det gallrade 

beståndet (8 800 kg ha-1 dag-1; 0,88 mm dag-1), främst på grund av högre trädantal snarare än 

skillnader i grundyta eller trädstorlek. Resultatet visar sammantaget att artidentitet och temperatur 

har större betydelse för savflöde än gallring under de studerade förhållandena. Detta 

överensstämmer med tidigare forskning som visat att lågintensiv gallring ofta har begränsad 

påverkan på savflöde på trädnivå. Tillsammans bidrar resultaten till en ökad förståelse för 

vattenförbrukning i kontinuitetsskogsbruk och understryker behovet av framtida studier som 

inkluderar markfuktighet, VPD och respons under torrperioder. 

 

Nyckelord 
Savflöde, gallring, blädningsgallring, tall (Pinus sylvestris), gran (Picea abies), 

kontinuitetsskogsbruk (CCF) 
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Abstract 
Understanding how thinning influences tree-level water use is essential for developing climate-

resilient continuous cover forestry (CCF) in boreal ecosystems. This study investigates sap flow 

dynamics in Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) in two adjacent multi-

layered stands at Remingstorp, Sweden. One of the stands were untreated and used as control and 

one stand was subjected to selection cutting (blädningsgallring) in 2015. Sap flow was measured 

using EMS 81 sensors on 20 trees across two growing seasons (2024-2025) and tree-level drivers 

were analyzed using linear mixed-effects models (LMM). Additional analyses examined tree size 

differences, temperature sensitivity and stand level-transpiration. Daily sap flow differed between 

species and treatments at the descriptive level with spruce in the control stand showing the 

highest mean sap flow (32.8 kg day-1) and pine in the thinned stand the lowest (14.9 kg day-1). 

However, these differences were not statistically significant. Temperature emerged as the 

dominant driver of sap flow across all models (p < 0.001), while structural variables (DBH, tree 

height and crown height) and thinning treatment had comparatively minor effects. Temperature 

sensitivity differed significantly between species x treatment groups, with thinning reducing 

sensitivity more strongly in spruce than in pine. Tree size did not differ significantly between 

stands. Stand-level transpiration was substantially higher in the control stand (20 400 kg ha-1 day-

1; 2.04 mm day-1) than in the thinned stand (8 800 kg ha-1 day-1; 0.88 mm day-1), primarily due to 

higher tree density rather than differences in basal area or tree size. Overall, the results show that 

species identity and temperature exert stronger influence on sap flow than thinning under the 

conditions studied. These findings are consistent with previous studies showing that low-intensity 

thinning often produces limited changes in tree-level sap flow. Together, the results contribute to 

understanding water-use dynamics in CCF and highlight the need for future research 

incorporating soil moisture, VPD and drought-period responses.  

 

Keywords 
Sap flow, thinning, selection cutting, Scots pine (Pinus sylvestris), Norway spruce (Picea abies), 

Continuous cover forestry (CCF) 
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1. Introduction  
 

1.1. Boreal forests and climate change 
Boreal forests, also known as the taiga, form the largest terrestrial biome on earth and consist 

mainly of spruce and pine. It is estimated that boreal forests constitute about 30 % of forest areas 

globally and serve as one of the world’s largest terrestrial carbon sinks (IBFRA, n.d.). Warmer 

temperatures caused by climate change pose a severe threat to the taiga. The rate of warming is 

twice as high in arctic regions compared to the average global rate. This warming leads to drier 

conditions and physiological stress for trees which increases the frequency of pest outbreaks, 

diseases and wildfires (UNECE, 2023).  

 

In Sweden forests covers almost 70 % of the total land area (27.9 million hectares) with boreal 

forest being the dominating biome, largely composed of Scots pine (Pinus sylvestris) and Norway 

spruce (Picea abies). Silviculture has historically been important for Sweden and still is today 

with 73 % of the total forest area available for wood production. Since the 1950s, Swedish 

forestry has been shaped by even-aged management, a system based on clear-cutting and rotation 

periods of about 100 years. While this system has successfully doubled Sweden’s growing stock 

over the last century, it has also led to a loss of forest continuity and a reduction in stand 

variability compared to natural forest stands. In response to growing environmental awareness 

and the need to balance wood production with biodiversity and climate mitigation, there is an 

increasing interest in continuous cover forestry (CCF). Unlike traditional methods, CCF avoids 

clear-cutting and aims to always maintain forest cover, promoting more diverse forest structures. 

As the forestry sector navigates these shifting management paradigms, understanding the 

physiological processes of trees becomes essential. Changes in management from even-aged 

stands to CCF may significantly impact hydrological processes and the overall resilience of the 

forest in a changing climate (KSLA, 2024).  

 

1.2. Species differences in water use 
Both Norway spruce and Scots pine share a conservative or “isohydric” water use strategy 

compared to species like oak and beech. However, spruce is considered the more strictly 

isohydric of the two conifer species, exhibiting tighter stomatal control (Walthert et al., 2024). 

The species also differ in how they initiate transpiration in spring: spruce begins transpiring at 

full intensity early in the season when soil moisture is sufficient, whereas pine increases 

transpiration gradually over several months until it aligns with evaporative demand (Cienciala et 

al., 1999).  

 

Despite both species being isohydric, Scots pine is generally considered more drought tolerant 

than Norway spruce (Cienciala et al., 1999). This difference is partially explained by differences 

in rooting depth. Spruce has a shallower root system which makes it more sensitive to damage 

and soil water deficits (Lagergren & Lindroth, 2004). The species also differ in crown structure. 

Pine typically has a long unbranched stem with long needles in the crown, while spruce has short 

needles distributed along branches that extend over most of the tree’s height (Skogskunskap, 

2025; Skogskunskap, 2026) 

 

1.3. Thinning and its effects 
Selection cutting (also known as blädningsgallring in Swedish) is a form of thinning where the 

forest remains multi-layered after harvesting. It focuses on preserving continuous forest cover 

with trees of different sizes throughout the area, resulting in a stand with several characteristic 

structural features. The thinning method creates a stand structure with more trees with small 

diameters than large partially due to harvesting being concentrated to the largest trees within the 

stand with a breast-height diameter (diameter at approximately 1.3 m above ground) exceeding 
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30 cm. Unlike clearcut forestry, selection cutting relies on natural regeneration rather than 

replanting. This requires stronger emphasis on preserving the remaining trees so the stand can 

continue to regenerate. Therefore, it is common practice to use permanent strip roads for 

machinery to minimize the damage to the soil and reaming trees when harvesting. While 

selection cutting is often preferred for promoting biodiversity, benefiting mycorrhizal fungi, 

lichens and certain bird species, the long-term timber production is generally estimated to be 

lower than in traditional even-aged management (clear-cutting). Establishing a multi-layered 

forest from an even aged forest through selection cutting is a slow process. It is estimated to take 

between 100 and 150 years to complete the transformation. The optimal way of transforming a 

forest to multi-layered and how wood production is affected during the process is still unknown 

due to limited research (Lundqvist et al., 2014). 

 

In even-aged forestry, conventional thinning is instead used to remove lower-quality trees and 

promote the growth of the remaining trees (Skogsstyrelsen, 2026). By reducing competition for 

water, light and nutrients, the thinning enhances growth and can increase the resistance to 

environmental stressors. A previous study analyzing the effects of thinning intensity on sap flow 

(an indicator of tree-level water use) in Norway spruce found that low-intensity thinning had an 

insignificant increase of tree level sap flow compared to the control, whereas high-intensity 

thinning increased sap flow by 27 % compared to the control. Both thinning intensities 

significantly increased the radial stem growth. The study also showed that the low-intensity 

thinning improved the tree level water use efficiency, as radial growth increased while total 

transpiration remained unchanged. High-intensity thinning, on the other hand led to increased 

tree-level water use but lower total stand-level transpiration (Zavadilová et al., 2023).  

 

Thinning also affects the microclimate within forest stands by altering soil water availability, 

light conditions and airflow. These changes arise both from reduced canopy cover and from shifts 

in water consumption (Bachofen et al., 2023). The most immediate effect of thinning is the 

increase in quantity of light reaching the lower forest layers and the soil surface. This allows for 

greater crown exposure for the remaining trees, which can accelerate growth (Boczoń et al., 

2016; Helama et al., 2025). Increased solar radiation due to more light penetrating the canopy 

cover generally leads to warmer conditions within the stand, raising both air and surface 

temperatures and thereby increasing soil evaporation (Boczoń et al., 2016; Navarro-Cerrillo et al., 

2019). These warming effects are further enhanced by the increased airflow, which improves the 

exchange of water vapor and contributes to drier microclimatic conditions (Boczoń et al., 2016). 

Since thinning affects both microclimate and tree-level water use, understanding sap flow 

dynamics is essential for interpreting how trees respond to structural changes in the stand. 

 

1.4. Sap flow 
Sap flow refers to the movement of water and dissolved substances through the xylem and 

reflects how trees regulate water use in response to environmental and physiological conditions. 

Sap flow is primarily driven by water pressure changes within the soil-plant-atmosphere 

continuum (Nalevanková et al., 2023; Zavadilová et al., 2023). Its regulation reflects interactions 

between atmospheric demand, soil water availability, and structural characteristics (Zabihi et al., 

2023). Because sap flow responds directly to both environmental conditions and tree-level 

physiological processes, it provides a useful indicator of how trees regulate water use under 

varying conditions, including stress, competition, and changes in resource availability. 

Measurement of sap flow can therefore be used to detect changes in photosynthetic patterns 

indicating stress responses or shifts in resource availability (Nalevanková et al., 2023). 

 

Atmospheric conditions represent the primary force pulling water through the tree, and several 

factors strongly influence this process. Vapor Pressure Deficit (VPD) is often identified as the 
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most important atmospheric driver of sap flow because it reflects the evaporative demand of the 

atmosphere (Bachofen et al., 2023; Nalevanková et al., 2023). As VPD increases, the gradient 

driving water loss through the stomata becomes stronger, leading to higher sap flow. However, 

when VPD becomes very high, trees may close their stomata to avoid hydraulic failure, which 

reduces sap flow. Conversely, high precipitation lowers VPD and therefore reduces sap flow 

(Bachofen et al., 2023). Solar radiation is another major driver, as it provides the energy required 

for photosynthesis and transpiration, making it a strong predictor of sap flow rates (Nalevanková 

et al., 2023). Air temperature also influences sap flow by increasing metabolic activity and 

respiration rates (Navarro-Cerrillo et al., 2019). Yet prolonged periods of high temperatures can 

induce drought stress, which ultimately decreases sap flow as stomata close to conserve water 

(Nalevanková et al., 2023). While atmospheric conditions provide the “pull” in the soil–plant–

atmosphere continuum, soil conditions regulate the “supply.” Low soil water content can 

substantially reduce maximum sap flux density and its sensitivity to VPD due to drought-induced 

stomatal closure (Bachofen et al., 2023). Soil temperature also plays a role. When air 

temperatures rise in spring while the soil remains frozen, transpiration can be severely limited 

and trees may even suffer damage (Cienciala et al., 1999). 

 

In addition to atmospheric and soil drivers, the structure of the forest stand and the size of 

individual trees influence the potential magnitude of sap flow. Stand density affects the 

availability of water, nutrients, and light, and thereby contributes to variation in sap flow. Higher 

stand density increases competition among trees, which generally reduces sap flow at the 

individual-tree level (Zabihi et al., 2023; Zavadilová et al., 2023). Tree size is also important: 

diameter at breast height (DBH) is a well-established predictor of water use because it correlates 

strongly with sapwood area, the tissue responsible for water transport (Lagergren & Lindroth, 

2004). Leaf area index (LAI) further influences sap flow by representing the total leaf surface 

available for photosynthesis, which drives transpiration (Zavadilová et al., 2023). LAI typically 

increases with DBH along a logarithmic curve, with a steep rise in small trees that gradually 

levels off as trees grow larger (Pretzsch & Schütze, 2021). 

 

1.5. Knowledge gaps 
The effect of thinning on growth rate is already well studied since it has applications in 

silviculture practices. Many of these studies focus primarily on the optimal thinning management 

to maximize wood production and the economic yield. However, thinning methods associated 

with continuous cover forestry are far less studied especially in boreal forests. Even fewer studies 

compare differences in sap flow responses between species.  

 

The combination of a growing interest in alternative forest management and the challenges that 

climate change poses to forestry (KSLA, 2024), signals a growing demand for research 

investigating silviculture practices that could face these changes.  
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2. Aim 
The aim of this project is to investigate differences in sapflow in spruces and pines between two 

stands, one thinned and one unthinned. The study seeks to clarify how much of the variation in 

sapflow can be attributed directly to the thinning and how much is explained by other factors 

such as tree height, crown height and diameter. Furthermore, the study aims to improve the 

understanding of the mechanisms driving water use under different competitive conditions to 

contribute to knowledge on how to conduct sustainable forestry. This will be done by answering 

the following research questions (RQs): 

 

1) How does sapflow differ between Norway spruce (Picea abies) and Scots pine (Pinus 

sylvestris) in a thinned and an unthinned stand?  

2) To what extent can species, stand treatment, temperature and tree size (diameter, tree- and 

crown height) explain variation in sapflow at tree level?  

3) Does tree size differ between the thinned and unthinned stand?  

4) How does the relationship between sapflow and temperature differ between spruce and 

pine in the thinned and unthinned stand, and what do these differences suggest about 

species-specific water use under warmer conditions?  

 

3. Material and methods 
 

3.1. Site 
The study was conducted at the Remningstorp research forest located northeast of Skara, Sweden 

(58°28’01.8” N 13°38’09.8” E). The area is part of a long-term forestry research infrastructure 

owned by the Hildur and Sven Winquist Foundation for Forest Science Research (Silva Boreal, 

n.d.). The site was established in 2014 to evaluate selective logging systems, particularly target 

diameter-limit cutting (“Dimensonshuggning”). However, the present study focuses on the 

thinning method applied at the site known as selection cutting (“blädningsgallring”) (Goude et 

al., 2022). 

 

Two adjacent stands were included: one unthinned control stand and one stand subjected to 

selection cutting in 2015. The stand revision from 2014 documented that 42 pines would be 

removed through selection cutting the following year, which at the time represented 18 % of the 

total basal area (area of stem cross-sections at breast height) in the stand (Appendix 1). All other 

trees listed under “Utgallrat virke” (Thinned wood) in Appendices 1 & 2 were removed due to 

natural mortality and not selection cutting. Both stands were originally planted in 1926 and are 

dominated Scots pine (Pinus sylvestris) and Norway spruce (Picea abies). The distance between 

the two stands was estimated to be approximately 150 meters during the field work.  

 

3.2. Data collection 
Sap flow measurements were collected using the EMS 81 system (EMS Brno, 2018), which 

estimates sap flow using the tissue heat balance method. The sensors were installed as close as 

possible to the existing inventory plot, and each spruce was paired with a nearby pine to ensure 

comparable microenvironmental conditions. A total of 20 EMS 81 sensors were installed on 10 

trees per stand (5 spruces and 5 pines in each stand). Measurements were recorded during two 

seasons: 30 April-17 October 2024 and 19 March-22 October 2025. Between seasons the sensors 

were powered off. All units were battery-driven and powered by solar panels.  

 

Each EMS 81 device produced a HEX-file containing 10-minutes measurements of sap flow (kg 

h⁻¹ cm⁻¹ circumference) and air temperature (°C). In addition to sap flow data, tree size 

measurements had been collected for each instrumented tree. The tree size measurements 
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included diameter at breast height (DBH), tree height and crown height (distance between the 

base and the top of the crown). Crown height therefore represented the amount of live crown 

available for photosynthesis, which drives transpiration and sap flow. DBH was determined from 

two perpendicular increment cores per tree from which a geometric mean diameter was 

calculated to account for stem irregularity. Bark and phloem thickness were initially measured 

directly from the cores, but due to damage in several samples, species-specific bark-thickness 

functions from Hannrup (2004) were used instead. 

 
3.3. Data processing 

HEX-files were processed in Mini32 software. For each tree the circumference at breast height 

was calculated using the geometric mean DBH. The circumference and bark thickness were then 

entered into the files, allowing the sap flow values to be expressed in (kg h⁻¹). The files were 

converted into DCV format to use the “baseline subtraction” tool in Mini32 was applied to 

correct for systematic overestimation caused by heat conduction in the xylem (EMS Brno, 2018). 

The processed files were then converted to excel format and imported into RStudio for further 

analysis. 

 

A separate metadata table containing tree-level measurements (DBH, tree height, crown height, 

etc.) was merged with the sap flow dataset. Days with fewer than 144 measurements (i.e. <24 

hours of 10-minute data) were removed to avoid artificially low daily sap flow totals. Nineteen of 

the twenty sensors had 4-5 such days, corresponding to days of installations and removals. One 

sensor (a spruce in the thinned stand) had >70 incomplete days and was excluded because the 

underlaying malfunction could not be verified as isolated to those days.  

All days with rows containing missing values (NA) were also removed. The dataset was then 

aggregated to daily resolution with sap flow expressed as total daily sap flow per tree (kg day⁻¹) 

and temperature expressed as daily mean temperature (°C). 

 

3.4. Statistical analysis  
 

3.4.1. RQ 1: Difference in sap flow between species and treatment 
All statistical analyses were conducted in RStudio using linear mixed-effects models (LMMs) 

and classical hypothesis tests. The mixed-effects models all used each tree as a random effect to 

account for non-independence among observations from the same tree. The p-values from the 

LMMs were obtained using the R package “lmerTest” which uses Satterthwaite’s approximation 

for degrees of freedom. 

 

To test whether daily sap flow differed between species (pine/spruce) and stand treatments 

(thinned/control) a LMM with species, treatment and their interaction as fixed effects was fitted: 

 

Model 1. Sap flow ~ species x treatment + (1 | tree) 

 

To evaluate whether differences between species and treatment persisted after accounting for 

structural and environmental variation a complementary model including DBH and mean daily 

temperature as covariates was fitted:  

 

Model 2. Sap flow ~ species x treatment + DBH + temperature + (1 | tree) 

 

This allowed assessment of whether observed group differences were independent of diameter 

and temperature. 
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3.4.2. RQ 2: Contribution of structural and environmental drivers to sap flow variation 
To quantify how much variation in sap flow could be explained by species, treatment, tree size 

and temperature another LMM was fitted: 

 

Model 3. Sap flow ~ species + treatment + DBH + tree height + crown height +  

temperature + (1 | tree) 

 

The relative contribution of fixed effects was evaluated using marginal and conditional R2. Partial 

effects were visualized using model predictions while holding other predictors constant at their 

mean values. 

 

3.4.3. RQ 3: Differences in tree size between stands 
Tree size variables (DBH, tree height and crown height) were measured once per tree and 

therefore analyzed at the tree level. Each variable was tested separately for differences between 

the thinned and control stand. The purpose of these tests was to confirm that the measured trees in 

the thinned and control stands did not differ systematically in size, thereby ensuring that 

comparisons of sap flow between stands were not confounded by underlying differences in DBH, 

height or crown height.  

 

Normality was assessed using Shapiro-Wilk test for each treatment group. When both groups 

were normally distributed Welch’s two sample t-test was used. When at least one group deviated 

from normality, the non-parametric Wilcoxon rank-sum test was applied. 

To complement p-values, effect sizes were calculated. For the t-test, Cohen’s d was used. For the 

Wilcoxon tests Cliff’s delta was used. These effect sizes quantify the magnitude of differences 

independently of sample size. 

 

3.4.4. RQ 4: Species- and treatment specific temperature responses 
To investigate how the relationship between sap flow and temperature differed between species 

and treatments an LMM including a three-way interaction between species, treatment and 

temperature was fitted: 

 

Model 4. Sap flow ~ species x treatment x temperature + (1 | tree) 

 

This model tested whether temperature sensitivity (i.e. the slope of the sap flow-temperature 

relationship) differs between species and whether thinning influences this response. Simple-slope 

estimates (temperature slopes within each species x treatment group) were obtained using the 

“emmeans” package in RStudio to quantify and compare temperature sensitivity across groups.  

Temperature sensitivity was defined as the predicted change in sap flow (kg day⁻¹) per 1°C 

increase in temperature within each species × treatment combination. 

 

3.4.5. Transpiration 
To estimate stand-level transpiration, daily sap flow was first calculated for each instrumented 

tree and averaged across all measurement days. For each species x treatment combination mean 

daily sap flow per tree (kg tree-1 day-1) was calculated. These species-specific means were scaled 

to the stand level by multiplying them with the corresponding tree densities (number of pines and 

spruces per hectare) in the thinned and control stand.  

The contributions from pine and spruce were then summed to obtain total daily transpiration per 

hectare (kg ha-1 day-1) and converted to millimeters of water per day (mm ha-1 day-1). 
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4. Results 

 

4.1. RQ 1: Difference in daily sap flow between species and stand treatments 
Mean daily sap flow was higher in the control stand than in the thinned stand for both species 

(Table 1). Mean sap flow was highest in spruce in the control stand (32.8 kg day-1) and lowest in 

pine in the thinned stand (14.9 kg day-1). However, the variation within the groups was 

substantial, as indicated by the relatively large standard errors. To test whether these differences 

were statistically significant, two mixed-effects models were used (Model 1 and Model 2; 

Figures 1 and 2). 

 
Table 1. Mean daily Sap flow and standard deviation of Norway spruce and Scots pine in the control and thinned stand.  

Stand Mean Sap flow Spruce 

(kg day-1) 

Std. Error 

Spruce 

Mean Sap flow Pine 

(kg day-1) 

Std. Error 

Pine 

Control 32.8 19.5 21.3 17.9 

Thinned 19.3 9.56 14.9 12.3 

 

Model 1 (Figure 1) indicated a marginally non-significant species effect with an estimate of 11.7 

and p-value of 0.072, suggesting that spruce tended to have higher sap flow than pine. The 

treatment effect was negative but non-significant (estimate = -6.7 and p = 0.284), indicating 

slightly lower sap flow in the thinned stand. The species x treatment interaction was also non-

significant (p = 0.448) showing no evidence that thinning affected the two species differently. 

 

 
Figure 1. Daily sap flow (kg day-1) by species and treatment (Model 1. Sap flow ~ species x treatment + (1 | tree)). No significant 

difference found between species or treatment. 

 

4.1.1. Adjusted model including DBH and temperature 
When DBH and daily mean temperature were added as covariates (Model 2; Figure 2) the species 

effect became statistically significant (estimate = 16.8 and p = 0.0056), indicating that spruce had 

higher sap flow than pine after accounting for DBH and temperature. The treatment effect 

remained non-significant (p = 0.284). DBH had a positive effect (estimate = 0.80 and p = 0.0096) 

and temperature was a strong positive predictor of sap flow (estimate = 1.57 and p < 2e-16). The 

species x treatment interaction remained non-significant.  
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Figure 2. Fixed effect estimates for the adjusted model (Model 2. Sap flow ~ species x treatment + DBH + temperature + (1 | 

tree)). Significant difference found between species (p = 0.0056) 

 

4.2. RQ 2: Structural and environmental drivers of sap flow variation 
Model 3 explained a substantial proportion of the variation in daily sap flow (marginal R² = 

0.446, conditional R² = 0.602). As shown in Table 2, temperature was the only statistically 

significant predictor, with a positive effect (estimate = 1.57, p < 2e-16). This pattern is confirmed 

by the standardized coefficients in Table 3, where temperature is the only predictor with a 

confidence interval not overlapping zero and a relatively high value compared to other predictors 

(β = 0.42). 

 

Sap flow increased consistently with higher daily mean temperatures. Species identity, tree height 

and DBH were all highly non-significant as seen in Table 2, meaning that the model cannot 

confirm that they have a real effect on sap flow. Crown height and treatment also returned non-

significant but had far lower p-values indicating that bigger crowns and untreated stands could 

lead to higher sap flow. 

 

Overall, the results from Table 2 and 3 indicate that temperature is the dominant driver of daily 

sap flow, whereas structural attributes and stand treatment contribute comparatively little once 

temperature is accounted for.  

 
Table 2. Fixed effects estimates for Model 3. Sap flow ~ species + treatment + DBH + tree height + crown height +  

temperature + (1 | tree). Significant predictors (p<0.05) are shown in bold. 

Predictor Estimate Std. Error p-value 

Temperature 1.57 0.03 <2e-16 

DBH 0.21 0.54 0.70 

Tree height -0.56 1.41 0.70 

Crown height 2.14 1.31 0.13 

Species (spruce) -6.75 14.95 0.66 

Treatment (thinned) -5.37 3.57 0.16 
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Table 3. Standardized coefficients (β) for predictors in Model 3. Sap flow ~ species + treatment + DBH + tree height + crown 

height + temperature + (1 | tree). Confidence interval (95% CI) not including zero indicates significant β. Sigificant CI is written 

in bold. 

Predictor Standardized β 95% CI 

Species (Spruce) –0.40 [–2.12, 1.33] 

Treatment (Thinned) –0.32 [–0.73, 0.10] 

Temperature (°C) 0.42 [0.40, 0.43] 

DBH (cm) 0.12 [–0.46, 0.70] 

Tree height (m) –0.17 [–0.99, 0.65] 

Crown height (m) 0.63 [–0.13, 1.38] 

 

Figures 3–6 visualize the predicted sap flow patterns based on the results of Model 3. Each figure 

illustrates the partial effect of one of the continuous predictors (temperature, DBH, tree height, 

and crown height). Among these variables, only temperature (Figure 3) showed a statistically 

significant effect on sap flow, as indicated in Table 2.  

 

 
Figure 3. Partial-effects plot showing predicted sap flow across the observed temperature range (Model 3. Sap flow ~ species + 

treatment + DBH + tree height + crown height + temperature + (1 | tree)). The model has been averaged over species and 

treatment to include data from all groups in the plot. The colored points represent binned mean sap flow values, calculated by 

grouping daily mean temperatures into approximately 2 °C intervals and plotting the mean sap flow at the midpoint of each 

interval. 
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Figure 4. Partial-effects plot showing predicted sap flow across DBH (Model 3. Sap flow ~ species + treatment + DBH + tree 

height + crown height + temperature + (1 | tree)). The model has been averaged over species and treatment to include data from 

all groups in the plot. 

 

 
Figure 5. Partial-effects plot showing predicted sap flow across tree height (Model 3. Sap flow ~ species + treatment + DBH + 

tree height + crown height + temperature + (1 | tree)). The model has been averaged over species and treatment to include data 

from all groups in the plot. 
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Figure 6. Partial-effects plot showing predicted sap flow across crown height (Model 3. Sap flow ~ species + treatment + DBH + 

tree height + crown height + temperature + (1 | tree)). The model has been averaged over species and treatment to include data 

from all groups in the plot. 

 

4.3. RQ 3: Differences in tree sizes between stands 
Tree size variables (DBH, tree height and crown height) did not differ significantly between the 

thinned and control stand, which suggests that the sampled trees were structurally comparable in 

size across stands. Although no significant difference was found, the control stand tended to be 

bigger across all three size variables compared to the thinned stand which can be seen in Figure 7.  

 

4.3.1. DBH 
Normality tests showed that DBH was normally distributed in the thinned stand (p = 0.308) but 

not in the control stand (p = 0.007). The Wilcox rank-sum test indicated no significant difference 

between treatments (p = 0.182). The effect size (Cliff’s δ = 0.38) suggested a moderate but non-

significant tendency toward larger DBH in the control stand. 

 

4.3.2. Tree height 
Both groups were normally distributed (p = 0.121 and p = 0.098). The Welch t-test showed no 

significant difference (p = 0.239). Cohen’s d = 0.57 indicated a moderate, non-significant effect. 

 
4.3.3. Crown height 

Normality was violated in the thinned stand (p = 0.003). The Wilcoxon test showed no significant 

difference between treatments (p = 0.28). Cliff’s δ = 0.31 indicated a moderate but non-

significant tendency toward larger crowns in the control.  



 

 

16 

 

 

 
Figure 7. Tree size characteristics (DBH, tree height, and crown height) for pine and spruce in control and thinned stands. Note 

that values along the y-axis of Crown height and Tree height are expressed in meters, while DBH is expressed in centimeters. 

 

4.4. RQ 4: Temperature sensitivity across species and treatment 
Sap flow increased with temperature in all species x treatment combinations (Model 4; Table 4), 

but the rate of increase (temperature sensitivity) differed significantly between groups Table 5. 

The three-way interaction between temperature, species and treatment was significant (estimate = 

-0.282, p = 0.014) indicating that thinning modified the temperature response differently for pine 

and spruce.  

 

4.4.1. Simple slopes (temperature sensitivity) & Pairwise comparisons  
Control trees of both species showed higher temperature sensitivity than thinned trees. Spruce 

and pine had nearly identical slopes in the control stand, but thinning reduced the slope more 

strongly in spruce. All the species x treatment combinations were significant. 

 
Table 4. Temperature sensitivity (simple slopes) for each species × treatment combination. Significant CI is written in bold. The 

temperature slope represents the predicted change in sap flow (kg day⁻¹) for each 1°C increase of mean daily temperature. 

Species Treatment Temperature slope  

(kg day⁻¹ °C⁻¹) 

Std. Error 95% CI 

Pine Control 1.95 0.057 [1.84, 2.06] 

Pine Thinned 1.30 0.055 [1.19, 1.41] 

Spruce Control 1.96 0.056 [1.85, 2.07] 

Spruce Thinned 1.03 0.061 [0.91, 1.14] 

 

The results from the pairwise comparison showed no significant differences between pine and 

spruce within the control stand. Both species had significantly lower slopes in the thinned stand 

compared to the control. Spruces in the thinned stand had the lowest temperature sensitivity 

overall. These results show that thinning reduces temperature sensitivity and that this reduction is 

stronger in spruce than in pine.  
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Table 5. Pairwise comparisons of temperature sensitivity (simple slopes) between species × treatment combinations. Positive 

values indicate higher temperature sensitivity in the first group. P-values are based on asymptotic z-tests with Tukey adjustment 

for multiple comparisons. Significant p-values are written in bold. 

Contrast Difference in slope SE p-value 

Pine Control – Spruce Control –0.01 0.08 0.9998 

Pine Control – Pine Thinned 0.65 0.08 <0.0001 

Pine Control – Spruce Thinned 0.92 0.08 <0.0001 

Spruce Control – Pine Thinned 0.65 0.08 <0.0001 

Spruce Control – Spruce Thinned 0.93 0.08 <0.0001 

Pine Thinned – Spruce Thinned 0.28 0.08 0.0044 

 

4.5. Additional descriptive analyses and stand-level implications 
The distribution of daily sap flow differed clearly between species and treatments Figure 8. Pine 

trees showed a highly right-skewed distribution in both stands, with most days characterized by 

low sap flow and followed by a sharp decline in days with higher values. Spruce displayed a 

more even distribution with sap flow concentrated around intermediate values in both stands. The 

spruces in the thinned stand had lower variation of sap flow and a lower mean value.  

 

 
Figure 8. Distributions of daily sap flow (kg day-1) for pine and spruce in control and thinned stand. Panels are arranged with 

treatments in rows (Control above in red, Thinned below in blue) and species in columns (Pine left, Spruce right). Each histogram 

shows the frequency of daily sap flow values across the measurement period, using consistent bin widths and axis limits to allow 

direct comparison among groups. Dashed lines marks mean values. 

 

The difference in stand-level transpiration is shown in Table 7. Using the mean daily sap flow per 

tree for each species x treatment combination and scaling these values by stand-specific densities 

total transpiration was estimated at 8 800 kg ha-1 day-1 in the thinned stand and 20 400 kg ha-1 day-

1 in the control stand. Expressed as water depth, this corresponds to 0.88 mm day-1 and 2.04 mm 

day-1, respectively. Therefore, the control stand had 35 % more trees in 2014 and 132 % higher 

transpiration during the measurement period (2024-2025) than the thinned stand (Table 6). The 

DBH of the sampled trees were substantially larger than the mean DBH of the trees counted 
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during the stand revision of 2014. The pines had 91 % thicker stems while the spruces were 36 % 

thicker.  

 

The control stand contains 35 % more trees than the thinned stand, corresponding to a difference 

of 181 trees (Table 6). However, only 42 trees (all pines) were removed during the thinning of the 

thinned stand in 2015 (Appendix 2). Thus, the thinning accounts for only a small portion of the 

difference in stand density. There is also no record of the species distribution prior to 2014 or of 

which trees and how many were planted when the stands were established. This means that the 

uneven species distribution and most of the difference in stand density cannot be attributed with 

certainty to either natural processes or human intervention. 

 
Table 6. Number of spruces and pines per hectare within control and thinned stand and mean DBH of those trees and trees 

measured for sap flow. Number of pines and spruces refers to the trees with DBH>4 cm during the stand revision in 2014, total 

number of trees refers to the sum of “number of pines and spruces” with DBH >4 cm during the stand revision in 2014 

(Appendices 1 & 2). Mean DBH of sap flow-measured trees (cm) are based on measurements from 2024. 

Stand Number of 

Pines (ha-1) 

Number of 

Spruces (ha-1) 

Total number 

of trees (ha-1) 

Mean DBH 

2014 (cm) 

Mean DBH of Sap 

flow-measured 

trees (cm) 

Control 223 478 701 20.3 38.7 

Thinned 276 244 520 23.9 32.6 

 
Table 7. Estimated transpiration per hectare and stand. Estimations are based on species distribution (Table 6) and mean sap 

flows (Table 1). The control stand had 57 % higher transpiration per hectare than the thinned stand based on this estimation. 

Stand Transpiration (kg ha-1 day-1) Transpiration (mm day-1) 

Control 20 400 2.04 

Thinned 8 800 0.88 
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5. Discussion 
This study investigates how sap flow varies between Scots pine and Norway spruce in a thinned 

and an unthinned boreal stand and to what extent structural and environmental factors explain this 

variation. The results provide insights into species-specific water use, the influence of thinning on 

sap flow and the relative importance of temperature and tree size as drivers of daily sap flow. 

Although the study is based on a limited number of trees and two stands, the findings contribute 

to the broader understanding of how thinning and stand structure influence tree-level water use in 

boreal forests.  

 

5.1. RQ1: Differences in sap flow between species and stand treatments  
Daily mean sap flow did not differ significantly between species or treatments according to 

Model 1. Although the statistical test did not detect significant differences, the descriptive means 

showed clear tendencies: spruce exhibited higher sap flow than pine, particularly in the control 

stand, where spruce had the highest mean daily sap flow (32.8 kg day-1). Pine in the thinned stand 

showed the lowest mean sap flow (14.9 kg day-1), while pine in the control stand and spruce in 

the thinned stand displayed intermediate values (21.3 and 19.3 kg day-1, respectively). Although 

the differences were not statistically significant, the descriptive pattern aligns with previous 

findings that spruce often exhibits higher transpiration rates due to its more extensive crown 

surface area and earlier seasonal activation of transpiration (Cienciala et al., 1999; Walthert et al., 

2024). However, spruce is also more sensitive to drought due to its shallow root system 

(Lagergren & Lindroth, 2004), which may influence its sap flow under water-limited conditions. 

This aspect was not explicitly tested in the present study, as neither precipitation nor soil water 

content were included in the analysis. 

 

Although spruce showed higher mean sap flow than pine at the descriptive level, the 

mixed-effects models provide a more nuanced picture. Species was marginally non-significant in 

Model 1 and became significant when DBH was included (Model 2), suggesting that part of the 

species effect reflects differences in tree size. However, the species effect disappeared in 

Model 3, where height and crown height were added. This indicates that the apparent species 

differences are largely mediated through structural traits that differ between spruce and pine, 

rather than species identity alone. In other words, once structural variation is accounted for, 

species per se does not explain additional variation in sap flow. 

 

The lack of significant treatment effect suggests that thinning did not influence sap flow at the 

tree level in this study. Previous research shows a relation between high intensity thinning and 

increased sap flow. (Zavadilová et al., 2023). However, the thinning applied in this study was 

selection cutting (blädningsgallring), which could be considered a low intensity thinning. 

Selection cutting removes a relatively small proportion of trees and focuses on maintaining 

continuous cover rather than maximizing growth. The stand revision data states that 18 % of the 

total basal area were removed from the thinned stand in 2015, corresponding to less intense 

thinning than tested by Zavadilová et al. (2023). Their study analyzed the effects of higher 

intensities of thinning (61 and 28 % of basal area). For the lower intensity the difference in 

standardized sap flow was non-significant from the control. The non-significant change in sap 

flow based on treatment in this study aligns with the result of Zavadilová et al. (2023). However, 

there are a few differences in study design. Their result is for instance based on measurements 

from 2 years after thinning compared to 9 years and they only studied spruces in an even aged 

stand structure. Although thinning reduces competition and should theoretically increase resource 

availability for the remaining trees, the low thinning intensity applied in this study (18% of basal 

area removal) may not have been sufficient to produce a detectable increase in sap flow. 
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Another possible explanation for the absence of a clear thinning effect is that the control stand 

may have had higher soil water content (SWC) than the thinned stand. Although SWC was not 

measured in this study, it cannot be ruled out that the stands differ inherently in soil moisture due 

to small-scale variation in soil properties or microtopography. At the same time, differences in 

canopy structure created by the thinning could also influence the microclimate, as denser 

canopies reduce soil evaporation through increased shading and lower wind exposure (Boczoń et 

al., 2016; Navarro Cerrillo et al., 2019). If either inherent site differences or treatment-driven 

microclimate effects resulted in higher SWC in the control stand, those trees may have been able 

to maintain higher sap flow despite the higher tree density. This interpretation remains 

speculative but is consistent with the known sensitivity of sap flow to soil moisture (Bachofen et 

al., 2023). Future studies should include direct SWC measurements to determine whether soil 

moisture differences contribute to treatment-level variation in sap flow. 

 

Overall, the results suggest that species differences in sap flow were more pronounced than 

treatment differences and that thinning did not substantially increase sap flow at the tree level 

under the conditions observed in this study. 

 

5.2. RQ2: Structural and environmental drivers of sap flow variation 
Model 3 showed that temperature was by far strongest predictor of daily sap flow with a highly 

significant positive effect (p <2e-16). This finding aligns with previous research identifying 

temperature as one of the most dominant drivers of transpiration in boreal forests. Higher 

temperatures increase evaporative demand and metabolic activity, which in turn increase sap 

flow, if soil moisture is sufficient (Bachofen et al., 2023; Nalevanková et al., 2023). Higher 

temperatures are also closely related to higher sun exposure, which allows for more 

photosynthesis and higher sap flow. Realistically, the relationship between sap flow and 

temperature would become non-linear at more extreme temperatures or under dry conditions due 

to stomatal regulation, hydraulic constraints and potential heat-stress effects on photosynthesis. 

Such non-linear responses were beyond the scope of this study and not explicitly tested. 

 

In contrast, structural variables such as DBH, tree height and crown height did not significantly 

predict sap flow. Both tree height and DBH were highly non-significant (p= 0.7), but crown 

height was only marginally non-significant (p=0.13) with a positive estimate. This could 

potentially explain why spruce had significantly higher sap flow according to Model 2 but not 

Model 3. Species identity and crown height are strongly connected as seen in Figure 6 and 7, with 

spruce having larger crowns. The non-significant species effect in Model 3 could therefore be a 

result of crown height absorbing much of the variation previously attributed to species, due to the 

strong correlation between the two variables. 

 

Together, these results suggest that structural differences among the sampled trees were not large 

enough to produce strong differences in sap flow, or that the influence of structural variables was 

overshadowed by temperature, which was the dominant predictor in the model. This 

interpretation is consistent with previous studies showing that environmental drivers often 

dominate sap flow variation when measured at daily resolution (Zabihi et al., 2023).  

 

The lack of a significant treatment effect in Model 3 further supports the conclusion that thinning 

did not strongly influence sap flow. This non-significant treatment effect may reflect the low 

thinning intensity or unmeasured environmental factors such as SWC. If the control stand had 

higher soil moisture, this could have offset any expected increase in sap flow in the thinned stand. 

Because SWC was not measured, this remains a hypothesis, but it highlights the importance of 
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including soil moisture measurements in future studies. Another factor that may have influenced 

the results is the limited number of trees sampled. With only 19 functioning sensors, the 

statistical power to detect subtle structural effects was limited. Therefore, it would have been 

valuable to study more stands. This would however require more sensors which would increase 

the cost. 

 

Overall, the results indicate that temperature is the dominant driver of sap flow in the studied 

stands, while structural variables and thinning treatment play comparatively minor roles. 

 

5.3. RQ3: Differences in tree size between stands 
Tree size variables (DBH, tree height, and crown height) did not differ significantly between the 

thinned and control stand. Although the control stand showed a tendency toward larger size 

across all three variables none of them had a statistically significant difference. These results 

therefore suggest that the sampled trees were comparable in size across stands. Even though tree 

size could be statistically controlled for in the models, comparing trees of similar size reduces the 

risk of confounding and ensures that differences in sap flow can be interpreted without relying 

heavily on model assumptions. Therefore, the lack of significant differences in size strengthens 

the comparison of sap flow. However, this comparison in size is limited to the trees used for sap 

flow data collection and cannot directly be extrapolated to stand level since the sampled trees are 

not representative of the variation of tree size within the stands. It is also worth clarifying that the 

tests did not analyze whether size was affected by treatment since the measurement was only 

taken once.  

 

5.4. RQ4: Species- and treatment-specific temperature responses 
The model including the three-way interaction between temperature, species and treatment 

(Model 4) showed that temperature sensitivity differed significantly between groups. The 

significant interaction indicates that thinning altered the temperature response in a 

species-specific way. Both species exhibited higher temperature sensitivity in the control stand 

than in the thinned stand, but the reduction caused by thinning was substantially stronger in 

spruce than in pine. This pattern is clearly reflected in the simple slopes: spruce and pine showed 

nearly identical temperature responses in the control stand (1.96 and 1.95 kg day-1 °C-1), whereas 

thinning reduced the slope to 1.03 kg day-1°C-1 in spruce and to 1.30 kg day-1 °C-1 in pine. Thus, 

spruce in the thinned stand had the lowest temperature sensitivity overall. 

 

The pairwise comparisons further support this interpretation. While pine and spruce did not differ 

significantly within the control stand, both species showed significantly lower temperature 

sensitivity in the thinned stand compared to the control. The stronger reduction in spruce suggests 

that thinning affects spruce more strongly than pine in terms of how sap flow responds to 

temperature. This is consistent with known physiological differences: spruce activates 

transpiration earlier in the season (Cienciala et al., 1999), but it is also more sensitive to drought 

due to its shallow root system (Lagergren & Lindroth, 2004). A reduction in stand density may 

have altered microclimatic or soil moisture conditions in ways that affected spruce more strongly 

than pine, given spruce’s higher drought sensitivity.  

 

Since soil water content (SWC) was not measured, it remains unclear whether differences in soil 

moisture between stands contributed to the observed patterns. If the thinned stand experienced 

lower SWC, spruce (being more drought-sensitive) would be expected to reduce sap flow more 

strongly with increasing temperature. This mechanism is consistent with the observed interaction 

but cannot be confirmed without SWC data. Future studies should therefore include soil moisture 
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measurements to better disentangle the combined effects of temperature, thinning and 

species-specific drought sensitivity. 

 

5.5. Additional findings: Stand-level transpiration and sap flow distributions 

The stand-level transpiration estimates showed that the control stand had substantially higher 

total transpiration (20 400 kg ha-1 day-1; 2.04 mm day-1) than the thinned stand  

(8 800 kg ha-1 day-1; 0.88 mm day-1). This pattern reflects the higher tree density in the control 

stand (701 vs. 520 trees ha-1; Tables 6–7). Only trees with DBH > 4 cm were included in these 

counts. Despite this difference in stem density, basal area was relatively similar between stands 

after thinning (control: 30.5 m2 ha-1; thinned: 27.9 m2 ha-1), indicating that the thinned stand 

contained fewer but generally larger trees (18 % larger DBH on average; Table 6). The control 

stand therefore had 132 % higher transpiration but only 35 % more trees, suggesting that total 

transpiration was driven primarily by stem density rather than by differences in basal area or tree 

size. This interpretation is consistent with Pretzsch & Schütze (2021), who showed that LAI 

closely linked to transpiration increases steeply at smaller DBH and then levels off as trees grow 

larger. 

 

Several limitations should be considered when interpreting these extrapolated stand-level 

estimates. The tree counts are based on the 2014 revision because the sampled trees more closely 

matched the DBH distribution of that inventory than the 2023 revision. However, the sampled 

trees still had substantially larger DBH than the stand averages, meaning they are not fully 

representative of the stands. This likely leads to an overestimation of stand-level transpiration. A 

further source of uncertainty arises from the mismatch between the DBH distribution of the 

sampled trees and the stand-level DBH distribution in 2014. In the 2014 inventory, trees in the 

thinned stand had a larger mean DBH than those in the control stand, whereas the sampled trees 

showed the opposite pattern, with larger DBH in the control. Because the stand-level 

transpiration estimates were obtained by scaling sap-flow measurements from the sampled trees 

using the 2014 tree counts, this mismatch may bias the extrapolation. In practice, sap-flow rates 

from larger sampled trees in the control stand are multiplied by a stand structure that originally 

contained smaller trees, while the opposite occurs in the thinned stand. Trees that grew bigger 

than 4 cm DBH after 2014 and species other than spruce and pine were also not included in the 

scaling. For these reasons, the transpiration values should be interpreted as approximations rather 

than exact stand-level totals.  

 

5.6. Limitations 

Several limitations should be considered when interpreting the results of this study. First, the 

sample size was small, with only 19 functioning sensors across the stands and species. This limits 

the statistical power to detect subtle effects and increases the influence of individual trees on the 

results. Second, soil water content was not measured, which limits the ability to interpret 

treatment effects. Differences in SWC between stands could influence sap flow, particularly 

during dry periods, but this could not be assessed. Third, only two stands were included, which 

limits the generalizability of the findings. Including additional thinned and unthinned stands 

would help determine whether the observed patterns are site-specific or more broadly applicable. 

Fourth, tree selection was not random, which introduces a potential source of bias. While the used 

approach improves within-stand comparability, it also means that the sampled trees may not fully 

represent the structural variability of the stands. Non-random selection can limit the 

generalizability of the results and may influence estimates of species or structural effects. 
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Finally, the study did not include measurements of vapor pressure deficit (VPD) which is known 

to influence sap flow. Radiation was not measured either, but due to the proximity of the stands it 

is fair to estimate that any difference is negligible or an effect of the treatment.  

 

5.7. Implications and future research 
Despite these limitations, the study provides valuable insights into species-specific sap flow 

patterns and the influence of thinning on water use in multi-layered boreal forests. The results 

suggest that selection cutting decreased the sap flow at tree-level resulting in a lower transpiration 

on stand level. However, this calculation did not consider that the treatment possibly could cause 

an increase in soil evaporation. Importantly, the study demonstrates that temperature was the 

dominant driver of sap flow across all models, highlighting the strong climatic control on water 

use in both species. The finding that spruce maintained higher sap flow than pine after accounting 

for DBH and temperature further underscores meaningful species-specific differences that may 

become increasingly relevant under warmer conditions.This knowledge can be useful for 

developing sustainable continuous cover forest management in areas with limited water supply or 

increasing drought risk under climate change, as it suggests that moderate selection cutting may 

reduce stand-level water use without increasing species-specific vulnerability. These insights 

contribute to a growing understanding of how continuous cover forests can be managed to remain 

resilient under future climate conditions. 

 

Future research should include direct measurements of soil water content at multiple depths to 

assess differences in water availability between stands. Analyzing sap flow responses during 

drought periods could also help identify differences in drought sensitivity between species and 

treatments. Including additional stands would improve robustness and general applicability of the 

findings. The growth of the trees within the thinned stand and the control should also be studied 

to identify if the differences in stand transpiration reflect a decreased growth or increased water 

use efficiency for the thinned stand. Additional studies of soil evaporation are also needed to 

investigate whether selection cutting can decrease forests’ water loss while still promoting tree 

growth. Future studies would benefit from a randomized or stratified sampling design to better 

capture the full range of tree-level variation. Finally incorporating measurements of VPD, 

precipitation, radiation and soil temperature would provide a more comprehensive understanding 

of the environmental drivers of sap flow. 

 

5.8. Conclusion 
This study found that species differences in sap flow were more pronounced than treatment 

differences, with spruce generally exhibiting higher sap flow than pine. Temperature emerged as 

the dominant driver of sap flow across all models, while structural variables and thinning 

treatment played comparatively minor roles. Tree size did not differ significantly between stands, 

and temperature sensitivity differed significantly between species × treatment combinations: 

thinning reduced temperature sensitivity in both species, but the reduction was substantially 

stronger in spruce. Stand-level transpiration was higher in the control stand, reflecting its higher 

tree density and suggesting lower per-tree water use in the thinned stand.  

 

Although the study is limited by a small sample size, the absence of soil moisture measurements, 

and the inclusion of only two stands, it provides valuable insights into sap flow dynamics in 

thinned and unthinned multi-layered boreal forests. The findings highlight the importance of 

temperature as a key driver of water use and suggest that moderate selection cutting may reduce 

stand-level transpiration without increasing species-specific vulnerability. These results 

contribute to a growing understanding of water-use processes in continuous cover forestry and 

highlight important directions for future research on sustainable forest management. 
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8. Appendices 
 

8.1. Appendix 1: Statistical card – Control stand 
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8.2. Appendix 2: Statistical card – Thinned stand 

 


