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ABSTRACT

Inter-annual climatically driven growth variability

of above-ground biomass compartments (for

example, tree stems and foliage) controls the

intensity of carbon sequestration into forest

ecosystems. However, understanding the differ-

ences between the climatic response of stem and

foliage at the landscape level is limited. In this

study, we examined the climate-growth response

of stem and leaf biomass and their relationship for

Pinus sylvestris (PISY) and Picea abies (PCAB) in

topographically complex landscapes. We used tree-

ring width chronologies and time series of the

normalized difference vegetation index (NDVI)

derived from high-resolution Landsat scenes as

proxies for stem and leaf biomass, respectively. We

then compared growth variability and climate-

growth relationships of both biomass proxies be-

tween topographical categories. Our results show

that the responses of tree rings to climate differ

significantly from those found in NDVI, with the

stronger climatic signal observed in tree rings.

Topography had distinct but species-specific effects:

At moisture-limited PISY stands, stem biomass (tree

rings) was strongly topographically driven, and leaf

biomass (NDVI) was relatively insensitive to topo-

graphic variability. In landscapes close to the cli-

matic optimum of PCAB, the relationship between

stem and leaf biomass was weak, and their corre-

lations with climate were often inverse, with no

significant effects of topography. Different climatic

signals from NDVI and tree rings suggest that the

response of canopy and stem growth to climate

change might be decoupled. Furthermore, our re-

sults hint toward different prioritizations of biomass

allocation in trees under stressful conditions which

might change allometric relationships between

individual tree compartments in the long term.

HIGHLIGHTS

� Tree rings showed a stronger climatic signal than

NDVI

� Response of tree rings differ from NDVI for P.

abies

� Coherent tree rings and NDVI of P. sylvestris

strongly influenced by topography
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INTRODUCTION

Carbon sequestration in terrestrial ecosystems ex-

hibits high inter-annual variability that depends on

weather conditions (Anderegg and others 2012).

This variability represents a significant uncertainty

in global carbon cycle models (Le Quéré and others

2009; Pan and others 2011; Babst and others 2014).

Carbon is stored in various segments of trees: For

example, conifers in temperate forests sequester a

large amount of carbon in stems (� 45% of

annually formed tree biomass), leaves (� 15%),

and the remaining about 40% are divided into

roots (� 25%) and branches (� 15%) (Bernoulli

and Körner 1999). Annual ring-width chronologies

can be used to analyze the influence of climate on

stem biomass formation (Girardin and others 2016,

Babst and others 2017). Trends in leaf biomass can

be assessed by remote sensing data, which are

available for the entire Earth for recent decades at

fine temporal and spatial resolution (Vicente-Ser-

rano and others 2016; Song 2012).

Stem and leaf biomass increment tend to be

correlated, which potentially allows linking infor-

mation from both data sources (Babst and others

2018; Vicente-Serrano and others 2020). Vegeta-

tion greenness and leaf biomass represented by

NDVI have been shown to correlate with tree-ring

width and basal area increment (Vicente-Serrano

and others 2016; Zhang and others 2018; Liang and

others 2005; Schröder and Körner 2018; Berner

and others 2013), wood density (Beck and others

2013; D’Arrigo and others 2000; Bunn and others

2013), earlywood and latewood width (Pompa-

Garcı́a and others 2021; Pasho and Alla 2015), seed

production, apical increment (Wang and others

2004), and carbon isotope ratios in wood (del

Castillo and others 2015; Leavitt and others 2008).

On the other hand, this relationship may vary in

time, space, and along various environmental gra-

dients. For instance, temporal variability in the

relationship between radial growth and canopy

conditions might be caused by extreme drought

events, either through direct (Gazol and others

2018b; Kannenberg and others 2019) or legacy

effects (Wu and others 2017; Anderegg and others

2015). On a global scale, the links between canopy

conditions and radial growth were shown to sys-

tematically differ between bioclimatic zones (Wong

and others 2021; Kaufmann and others 2008;

Seftigen and others 2018; Bhuyan and others 2017;

Bunn and others 2013).

At a landscape level, the terrain morphology may

significantly modulate the link between radial

growth and canopy dynamics (Wang and others

2021; Kannenberg and others 2019; Coulthard and

others 2017) because it influences water balance

and topoclimate (Vicente-Serrano and others 2012,

Vicente-Serrano and others 2016). Tree growth and

NDVI are influenced by topographical factors such

as slope orientation and inclination (Montpellier

and others 2018; Zhan and others 2012; Oberhuber

and Kofler 2000), elevation (Ponocná and others

2016; Zhan and others 2012), solar radiation (Rii-

himäki and others 2017), and soil water availability

(Rabbel and others 2018; Adams and others 2014;

Del-Toro-Guerrero and others 2019). Additional

factors driving the relationship between tree rings

and NDVI include species composition (Berner and

others 2011; Lopatin and others 2006), canopy age

structure (Alla and others 2017; Bhuyan and others

2017; Correa–Dı́az and others 2019), and phenol-

ogy (Bhuyan and others 2017; Gazol and others

2018a). Despite all this knowledge, there is a lack of

studies combining tree rings and NDVI analyses

covering several distinct topographic features and

investigating the influence of topography on the

climatic signal and the relationship between NDVI

and tree rings.

A combination of tree-ring and remote sensing

data has been used before to reveal trends in

ecosystem productivity, but solely at regional

(Vicente-Serrano and others 2020; Xu and others

2019), or continental to global scales (Bunn and

others 2013; Kaufmann and others 2008; Vicente-

Serrano and others 2012). Accordingly, most

studies used satellite data with large spatial cover-

age but a low spatial resolution from hundreds of

meters to a few kilometers per pixel (Vicente-Ser-

rano and others 2020; Wang and others 2004;

D’Arrigo and others 2000). However, low spatial

resolution masks potential differences at a land-

scape level (Bhuyan and others 2017; Berner and

others 2011) which can be vital for determining

forest response to climate change (Correa–Dı́az and

others 2019; Bhuyan and others 2017). Both forest

mortality and growth trends preserve topographic

patterns, which are averaged out in large-pixel

scenes (Wang and others 2021; Bhuyan and others

2017).

In this study, we aim to compare climate signals

in leaf biomass (represented by NDVI derived from

high-resolution satellite data) and stem biomass

(represented by tree rings) in topographically

complex landscapes. For this purpose, we sampled

40 sites of P. abies and P. sylvestris in areas repre-

senting lowland and mountain forests of the tem-

perate zone. We hypothesize that growth trends in

wood and leaf biomass and their climatic responses

are correlated. We further expect that the strength

Responses of tree rings and NDVI to climate 1145



of this relationship varies according to topography

due to differences in moisture accumulation and

the amount of incoming radiation.

METHODS

Study Areas and Study Species

P. abies (PCAB) and P. sylvestris (PISY) account for

about 30% and 20% of the species composition in

Central Europe, respectively (Spiecker 2000; Dur-

rant and others 2016). PCAB is characterized by a

shallow root system taking up moisture from upper

soil horizons. This species naturally occurs in

mountainous uplands with nutrient-poor soils

where it forms dense stands. PISY is a light-de-

manding species with a deep rooting system and

high ecological tolerance; hence, it primarily

occupies less productive sites, where it forms open-

canopy stands (Durrant and others 2016).

To represent typical areas with a prevalence of

either PISY or PCAB forests, we selected two

landscapes in Central Europe (Czech Repub-

lic)—Kokořı́nsko hills (dominated by PISY) and

Šumava Mts. (dominated by PCAB) (Figure 1). The

Kokořı́nsko hills are a topographically complex

area (Figure 1) formed by sandstone rock massif

and dissected by narrow canyon-shaped valleys of

approximately 100 m depth (Bı́na and Demek

2012). The highest peaks (614 m a. s. l.) are formed

by volcanic intrusions and parts of consolidated

sandstones (Ložek and others 2005). PCAB sites

were situated in the Šumava Mts. (elevation of the

local highest peak is 1235 m a. s. l.) in a mountain

landscape composed of old metamorphic rocks

forming gently inclined slopes (Demek and others

1965). Slope inclination in Kokořı́nsko hills is

variable (mean of 15�), which contrasts with Šu-

mava Mts., where slopes are uniform with a mean

inclination of 10� (Table S1). While Kokořı́nsko

hills are located in the mild temperate zone with

annual precipitation totals of about 500–650 mm

and a mean annual temperature of 8 �C, Šumava

Mts. are located in the wet temperate zone with

annual precipitation totals of 1200 mm and a mean

annual temperature of approximately 4 �C (Fig-

ure 1). Winter snow cover lasts for about 80 days

in Kokořı́nsko hills and almost 160 days in Šumava

Mts. (period 1961–2000; Tolasz and others 2007).

Soils in both areas are typically nutrient-poor lep-

tosols, podzols, and cambisols (Ložek and others

2005; Albrecht and others 2003).

Sample Collection and Processing

We sampled 20 sites in each study area to cover the

variability of the landscape in terms of moisture

availability and solar irradiation, involving the

following four categories: south-facing slopes,

north-facing slopes, plateaus, and valley bottoms

(further referred to as site categories; Figure 1).

Each site category was represented by five sites in

each study area. At each site, we delineated a cir-

cular inventory plot with a radius of 16 m to

Figure 1. Study areas, location of sampled sites, and climate diagrams (1985–2017) for PCAB and PISY. Sites are

numbered according to Table S2.
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approximate the size of one pixel of the Landsat

scene (30 m 9 30 m). Plots were characterized by

monospecific stands of the respective species. We

sampled at least 26 canopy-level trees within each

inventory plot using an increment borer. Addi-

tionally, at one site per each site category and

species, we sampled all trees with a diameter at

breast height (DBH) greater than 10 cm to consider

the influence of tree age on the climatic response of

tree compartments (Carrer and Urbinati 2004). Our

dataset contains 1147 trees, 639 for PISY, and 508

for PCAB (Table S2).

Tree cores were dried, glued onto wooden laths,

and sanded to improve the visibility of tree rings.

Measuring tree-ring widths as a proxy for stem

biomass increment was performed in WinDENDRO

(Regent Instruments 2011) on scans with a reso-

lution of 1200 dpi. Tree rings were automatically

detected and then visually checked and corrected if

necessary. We used PAST4 (Knibbe 2004) for cross-

dating of the tree-ring series. Since we were

interested in high-frequency variability, we re-

moved age trends from individual series using a

smoothing spline with a 50% frequency cutoff at a

30-year-long window. Tree-ring indices (TRI) were

calculated as ratios of observed tree-ring width and

the value predicted by the spline (Cook and Peters

1981). Because the detrending approach might

influence the resulting climatic signal (D’Arrigo

and others 2006), we also tested the trend removal

using a spline with a 70-year-long window. The

climatic signal was similar for both versions of the

spline; therefore, all the following analyses were

carried out using tree-ring series detrended with a

30-year-long window spline. Standard chronolo-

gies (Figure S1A) were built for each site using

Tukey’s Biweight Robust Mean in R (R Core Team

2019) and the package dplR (1.7.2; Bunn, 2008).

NDVI Data

We used Landsat (high-quality T1_SR scenes)

satellite data to calculate NDVI (normalized differ-

ence vegetation index) as a proxy for leaf biomass

for the window 1985–2021 (Shabanov and others

2005) because these data provide the longest cur-

rently available time series of multispectral scenes

with high resolution (30 m per pixel since 1984)

(Zhu and others 2018). Landsat 5, 7, and 8 are each

using different sensors, TM (Thematic Mapper),

ETM + (Enhanced Thematic Mapper Plus), and

OLI (Operational Land Imager), respectively, and

they cover different time windows. Hence, datasets

of Landsat 5 and 7 were recalculated by regression

to be comparable with Landsat 8 (Roy and others

2016) by using Google Earth Engine (Gorelick and

others 2017). We erased clouds and their shadows

from all scenes to avoid distortion of spectral data

(Zhu and others 2015). All available scenes for the

growing season were selected. The start of the

growing season for individual years was set to the

first day in the year with a mean temperature of

five preceding days over 12 �C, and 9 �C for PISY

and PCAB, respectively, that is, mean temperature

triggering bud burst reported for these species in a

similar environment (Hájková and others 2012).

The end of the growing season was set to 30th

September (DOY 274), when trees in the temperate

forests of Central Europe approximately complete

their radial growth (Etzold and others 2021;

Tumajer and others 2022; Krejza and others 2021).

The leaf formation is usually completed before July

with only limited subsequent changes in leaf bio-

mass (Kraus and others 2016; Fajstavr and others

2019). Iterations with various lengths of the

growing season revealed the negligible impact on

climate-NDVI correlations. NDVI was calculated for

each pixel of the selected scenes as follows:

NDVI ¼ NIR� Red

NIRþ Red

where ‘Red’ indicates reflectance in the red spec-

trum and ‘NIR’ refers to the reflectance in the near-

infrared spectrum (NASA 2022). In the next step,

the median NDVI from all scenes within the vege-

tation period was calculated for each year, and an

annually resolved time series of these values was

extracted for our sites. To relate these values to our

study sites in the field, we computed the mean of

all pixels overlapping with a respective study site (2

or 4 pixels in most cases) weighted by the propor-

tion of sampling site area located inside a specific

pixel.

Long-term trends in the time series of vegetation

indices can be affected by various factors, including

forest densification as trees are getting larger

(Vicente-Serrano and others 2004) and CO2 fertil-

ization (Donohue and others 2013). To remove

these trends, we fitted linear regressions to the

NDVI time series and used the residuals for further

analyses (Figure S2). Although our study sites are

located in evergreen forests, the values of NDVI

during the vegetation period in each year are

slowly increasing and never reach full saturation

(Figure S3).

Climate Data

For both study areas, daily and monthly (Fig-

ure S1B) mean temperatures and precipitation to-

Responses of tree rings and NDVI to climate 1147



tals were obtained by interpolating data from the

nearest meteorological stations of the Czech

Hydrometeorological Institute. Stations with a

maximum distance of 50 km from the sampling

sites were considered for interpolation. The times-

pan of available climatic data covers the 1901–2018

period. Mean temperatures were interpolated by

orographic regression, assuming the dependence of

temperature on elevation (R package gstat 2.0–9;

Pebesma 2004). Interpolation of precipitation was

done using the inverse distance weighting method

(Lu and Wong 2008). At least three stations were

used to interpolate mean monthly temperatures

and seven for precipitation, with an increasing

number of stations over time. The standardized

precipitation evapotranspiration index (SPEI,

Vicente-Serrano and others 2010) was calculated in

twelve different time steps with 1 to 12 considered

preceding months in the calculation of the ratio

between precipitation and evapotranspiration (R

package SPEI 1.7; Beguerı́a and Vicente-Serrano

2017). Evapotranspiration was computed using the

Thornthwaite method (Thornthwaite 1948). We

found that correlations between TRI or NDVI and

the SPEI did not differ considerably between the

various versions of SPEI. Therefore, we decided to

use SPEI based on the four preceding months for

final analyses since it was reported that SPEI 3–6

usually shows the best fit with NDVI (Vicente-

Serrano and others 2012). SPEI 4 reflects a balance

between deeply rooting species (PISY) which use

water retained in the soil for most of the year, and

shallow rooting species (PCAB), reaching soil layers

with a relatively fast turnover of infiltrating water

(Sprenger and others 2019).

Statistical Analysis

All analyses were based on the time window 1985–

2017 as the longest possible common period cov-

ered by TRI and NDVI data. Calculations were

performed in R 4.2.0 (R Core Team 2022).

To assess the coherency of growth patterns, we

employed a principal component gradient analysis

(PCGA; R package dendRolAB; Buras and others

2016) for both TRI and NDVI. Using the 20 site

chronologies per species, we determined the pro-

portion of variability explained by the first principal

component (PC1) as an indication of a common

signal in the chronologies. We assumed that the

second and third principal components (PC2 and

PC3) capture growth variability attributed to the

four site categories (valleys, plateaus, northern and

southern slopes). Therefore, differences in loadings

on PC2 and PC3 were tested between site categories

using ANOVA. Since there were significant differ-

ences in the age of trees between sites and site

categories, we also ran a PCGA on a dataset con-

taining solely adult trees with an age of 80–

150 years. The results did not differ considerably;

hence, all following analyses were carried out on

the entire dataset.

To analyze climate-growth responses for each

site, Pearson’s correlations of TRI and NDVI with

monthly mean temperatures and SPEI were com-

puted. We included months that potentially have

strong effects on tree growth, that is, the months

from June of the year preceding tree-ring (leaf)

formation until September of the ring-formation

year (Fritts, 1976). We used the R package ‘tree-

clim’ for dendroclimatic analysis (version 2.0.6.0;

Zang and Biondi 2015). To examine how topogra-

phy influenced the climatic signal in the TRI (as a

proxy for stem biomass) and in the NDVI (as a

proxy for leaf biomass) chronologies, differences in

climate-growth correlations were compared be-

tween site categories using ANOVA. To assess

similarities in climatic responses between TRI and

NDVI from the same site category, we computed t

tests of correlation coefficients between site cate-

gories and species.

To test how sensitivity to climate is influenced by

topography, we calculated the correlation with the

main driving variable for each site (for PISY mean

SPEI from June to August, for PCAB mean SPEI of

the previous year from June to August). Then, we

fitted the linear model with climate-growth corre-

lations (response variable) and altitude, slope,

north deviation, and topographic wetness index

(TWI; Beven and Kirkby 1979) as explanatory

variables for each species and TRI and NDVI,

respectively. Topographic variables were derived

from LIDAR-based surface topography models with

a regular grid of 5 9 5 m (DMR 4G; ČÚZK 2013)

using ArcMap 10.7.1 (ESRI 2020). See Supple-

mentary material for more information.

To quantify the relationship between wood and

leaf biomass, we correlated the time series of TRI

and NDVI for each site and tested differences in

correlation coefficients between site categories

using ANOVA.

RESULTS

Growth Variability Within TRI and NDVI

Growth coherency of both TRI and NDVI was

strong: PC1 explained 58–74% of the variability

between individual site chronologies both for

PCAB and PISY. For PISY, the coherency was larger
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for NDVI, while for PCAB, radial growth repre-

sented by the TRI was substantially more coherent

than NDVI (Figure 2).

With respect to site categories, PCGA revealed

significant differences for PISY TRI, clearly distin-

guishing plateaus and valleys (Figure 2A, Table S3)

and between northern and southern slopes (Fig-

ure 2B). Valleys and northern slopes differed sub-

stantially, and plateaus and southern slopes

revealed a nearly significant difference (Table S3).

For PCAB, TRI and NDVI showed no systematic

pattern and no significant differences between site

categories along any PC (Figure 2).

Topographic Variability in the Climatic
Signal of TRI and NDVI

The climatic signal differed between biomass

proxies, climate variables, species, and site cate-

gories. PISY TRI chronologies from plateaus

showed the strongest correlations with both pre-

vious and current-year summer SPEI, followed by

sites from southern and northern slopes, while re-

sponses in valleys were always weak and mostly

insignificant (Figure 3). By contrast, the correla-

tions of PISY TRI with temperature were strongest

for valleys, followed by slopes, peaking from Jan-

uary to March of the current year. Plateaus showed

non-significant or even significant negative TRI

correlations with temperature during the previous

June and December. Differences in climate-growth

correlations between plateaus and valleys were

statistically significant for both temperature and

SPEI in most tested months (Table S4). NDVI of

PISY was mainly positively correlated with current-

year summer SPEI (Figure 3). Plateaus and north

slopes exhibited the strongest relationship with

SPEI. Peak correlations of PISY NDVI with SPEI

(culminating in current June and July) occurred

about one month earlier compared to TRI (peak in

current July and August). Relationships of NDVI

with temperature showed two periods with statis-

tically significant correlations: positive correlations

with the previous October and negative correla-

tions with March of the leaf-formation year.

PCAB TRI exhibited significant negative correla-

tions with temperature in the previous summer

and positive correlations with current January and

March. PCAB TRI correlations with SPEI were

mostly weak and insignificant (Figure 3). In con-

trast, NDVI was significantly negatively influenced

by SPEI during the previous summer and autumn

for all site categories. NDVI of PCAB revealed sig-

nificant positive correlations with temperature

during the previous August and December. Overall,

there were no systematic differences caused by

topography in the climatic signal of PCAB

chronologies (Table S5).

Although the response of PISY TRI and NDVI to

SPEI revealed very similar patterns (Figure 3),

there were significant differences in absolute values

of correlation coefficients. Specifically, the most

prominent differences occurred for plateaus during

the previous summer (correlations with TRI

Figure 2. Biplots of principal component gradient analysis showing growth variability in TRI and NDVI time series

covering the 1985–2017 period separately for PCAB and PISY sites. The color coding of site categories is indicated in the

legend below. Panel A: PC1 versus PC2, panel B: PC1 versus PC3.
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stronger than with NDVI) and for valleys in the

current spring (correlations with NDVI stronger

than with TRI) (Table S6). For temperature, cli-

mate-growth correlations differed substantially

between TRI and NDVI of PISY. There were oppo-

site responses for TRI and NDVI, namely in the

previous October (TRI negative, NDVI positive) and

the current March (NDVI negative and TRI posi-

tive) (Table S6, Figure 3). For PCAB stands of all

site categories, TRI and NDVI correlations with

temperature and SPEI differed across almost all

months of the previous year, winter, and spring of

the ring-formation year (Table S6).

The linear model explaining correlations of PISY

TRI with SPEI was statistically significant

(R2 = 0.85, p value < 0.05) with a strong influence

of slope, TWI, and altitude on climatic sensitivity. A

relatively high amount of explained variability

(R2 = 0.4, p value = 0.09) was observed for a model

explaining correlations of PISY NDVI and SPEI,

where TWI revealed a significant effect. For PCAB

both models were insignificant with a low coeffi-

cient of determination (Table S7).

Relationship Between TRI and NDVI

Correlations between the time series of TRI and

NDVI were statistically significant for 20% of the

sites for PISY. Correlations were strongest for pla-

teaus and generally decreased in the following or-

der: south slopes, north slopes, and valleys

(Figure 4). However, there was no statistically sig-

Figure 3. Mean correlations of TRI (bars) and NDVI (circles) with monthly mean temperatures (bottom) and SPEI (top)

for PCAB (left) and PISY (right). Error bars show standard deviations between individual sites. Pie graphs denote the

percentage of significant correlations observed for individual sites (p < 0.05), upper row: NDVI, bottom row: TRI. The gray

area represents non-significant correlations, and colors denote individual site categories (see legend below). Small letters

indicate months of the previous year, and capital letters denote months of the current year.

Figure 4. Correlations between TRI and NDVI

chronologies per species and site category (SS—south

slopes, NS—north slopes, PL—plateaus, VA—valleys).

Red dots denote statistically significant correlations

(p < 0.05).
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nificant difference between site categories with

respect to mean TRI-NDVI correlations. For PCAB,

all correlations between TRI and NDVI were non-

significant.

DISCUSSION

Our results highlight a complex pattern in climatic

responses of tree-ring widths and NDVI that are

driven by interactions of site climatic conditions,

species, and topography. By combining analyses of

tree-ring width (as a proxy for stem biomass) and

NDVI (as a proxy for leaf biomass), we found that

the climatic limitation of stem and leaf biomass can

be significantly different close to a species’ ecolog-

ical optimum (our PCAB sites). On the other hand,

climate-growth responses of tree rings and NDVI

were more similar at the moisture-limited PISY

sites, mainly for the SPEI drought index. Overall,

the climatic limitation of tree rings was stronger

and partly modulated by topographic conditions,

while NDVI was less affected by topography in our

study.

Growth Coherency and Relationships
of TRI and NDVI

The high levels of common variability determined

by PCGA both for TRI and NDVI chronologies are in

line with previous observations (Galván and others

2014; Fang and others 2012; Bunn and others

2013; Pesaresi and others 2020; Ivanova and others

2021). We found, however, species-specific differ-

ences. The relatively less coherent growth pattern

of PISY TRI compared to PISY NDVI might have

been caused by the more variable topography of

PISY sites (Montpellier and others 2018; Oberhuber

and Kofler 2000). Additionally, there was a higher

variability in age among PISY sites compared to

PCAB, which can affect the common growth signal

(Konter and others 2016; Mašek and others 2021).

PCAB forests in Šumava Mts. are known for dis-

turbance dynamics (wind throws, bark beetle),

which might have caused the relatively high vari-

ance in NDVI, even though we had cautiously

placed our plots in stable and undisturbed areas of

the forest stands. Overall, the growth coherence

among both TRI and NDVI was anyway high en-

ough to represent the prevailing common signal

since PC1 always captured more than 50% of the

variance.

Although it has been shown that correlations

between NDVI and TRI increase with a spatial

resolution (250 m compared to 8 km; Bhuyan and

others 2017), our correlation coefficients between

TRI and NDVI ranged from -0.27 to 0.50 (based on

a resolution of 30 m), which is comparable to other

studies that used lower (250 m) resolution MODIS

data (Wang and others 2021; Correa–Dı́az and

others 2019; Schröder and Körner 2018). It is

possible that a resolution of 250 m is high enough

to obtain ecologically realistic correlations between

TRI and NDVI, while spatially more detailed data

do not enhance the signal considerably. This sug-

gests that the general pattern of NDVI, and thus leaf

biomass production, is captured even with lower-

resolution data (250 m).

Overall, PISY sites, particularly plateaus, showed

higher correlations between TRI and NDVI than

PCAB, probably due to a common climatic driver

(drought) for both biomass proxies. The decline of

correlations for PISY from plateaus to slopes and

valleys was likely caused by increasing moisture

availability along the topographic gradient. At

PCAB sites, stem and leaf biomass differed in their

climatic signal (Table S6), except for the summer

months from June to September, which probably

led to the low correlations between PCAB TRI and

NDVI. It has been demonstrated that correlations

between TRI and NDVI tend to increase toward the

margins of a species’ climatic niche (Alla and others

2017; Coulthard and others 2017; Liang and others

2009). Although PCAB stands in Šumava Mts. are

near the climatic optimum of this species (Mäkinen

and others 2002), our PISY stands occur in an area

experiencing frequent droughts, which can be even

more severe at plateaus with shallow soils. Con-

sidering the significant correlations between TRI

and NDVI for PISY and the clear influence of

topography, NDVI, and digital elevation models

could be used to spatially interpolate growth

dynamics and thus the intensity of carbon seques-

tration at a landscape level. For our PCAB sites,

where the growth patterns of TRI and NDVI were

heterogeneous and free of topographic effects, the

spatial extrapolation would be highly uncertain.

Effects of Climate and Topography
on TRI and NDVI

Site topographic categories were distinguished by

the second or third principal component for PISY

TRI but not for any biomass proxy of PCAB. Cli-

matic conditions reflect topographical characteris-

tics, resulting in topographically varying

temperature (slope orientation) and water avail-

ability (terrain curvature), which is then recorded

in tree rings and NDVI (Rabbel and others 2018;

Riihimäki and others 2017). PISY sites at plateaus

were strongly drought-limited due to high solar
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radiation and flat terrain unfavorable for long-term

moisture accumulation as previously shown for

similar areas in Central Europe (Mácová 2008). By

contrast, PISY sites in the valleys revealed much

less drought limitation and even showed a positive

effect of summer temperature, which is likely due

to moisture accumulation and a common topo-

graphically induced temperature inversion (Cı́lek

2007). In contrast, site categories of PCAB did not

differ in their climatic responses, which is probably

due to the generally less climatically limited growth

and relatively low topographical variability of Šu-

mava Mts. compared to Kokořı́nsko hills (Fig-

ure 1). The topographically different climatic

limitations thus presumably were translated into

different growth patterns at each PISY site category;

by contrast, the landscape-scale growth variability

of PCAB was driven by different effects than site

climatic conditions.

Interestingly, the seasonal response pattern of

PISY NDVI to SPEI was very similar to that of the

tree rings, but it was shifted back by one month.

This shift suggests that tree-ring formation lags

behind needle production by approximately one

month, probably due to the onset of growth

occurring first in terminal shoots and leaves and its

delay toward the stem base (Petit and others 2018).

This relationship might have important implica-

tions with respect to a temporal decoupling of

carbon assimilation in leaves and carbon seques-

tration in wood biomass (Teets and others 2022;

Kannenberg and others 2022; Anderson-Teixeira

and others 2022). Leaf biomass production seems

to be influenced by climatic conditions at a differ-

ent time of the year than xylogenesis. Studies have

shown that while carbon assimilation (hence veg-

etation greenness) may start with temperatures of

over 0 �C, the growth of trees is limited by tem-

peratures of 5–6 �C (Fatichi and others 2014).

These findings may also explain the lag in climate

responses of NDVI and TRI in our study. During

drought years, the growth (carbon sink) is inter-

rupted earlier than photosynthesis (carbon assimi-

lation) because of low turgor in cells; therefore,

assimilated carbon is stored in non-structural car-

bohydrates which might be used for root produc-

tion (Teets and others 2022) or for the growth in

the following year. This might explain the high

correlations of PISY TRI and the low correlations of

PISY NDVI with SPEI in the previous year. Overall,

the stronger climatic signal of TRI compared to

NDVI suggests that wood formation is more

strongly driven by climatic constraints than by the

availability of source sugars from leaves (Dow and

others 2022; Cabon and others 2022; Fatichi and

others 2014).

The response of PCAB (both biomass proxies) to

SPEI was generally weak, most likely because

moisture is not a growth-limiting factor in the

humid environment of Šumava Mts. However,

high moisture availability in the preceding summer

caused a decrease in NDVI. This could result from

wet and cloudy conditions, which might have

caused low photosynthesis rates and consequently

less available resources invested in bud formation

(Alton 2008). PCAB NDVI was also rather insensi-

tive to temperature, except for positive correlations

in the previous August and to a larger extent pre-

vious December, which can be associated with

suitable conditions for bud formation (August) and

favorable conditions for soil processes leading to

higher accessibility of nitrogen (Weigel and others

2021).

NDVI showed hardly any significant differences

between site categories since it is a generally less

climate-sensitive proxy than tree-ring width (Peña-

Gallardo and others 2018; Liang and others 2009;

Gazol and others 2018a). Adult trees preferably

allocate biomass to roots during drought periods,

mainly at the expense of the stem (Dybzinski and

others 2011; Zhang and others 2015; Sevanto and

Dickman 2015). This holds the explanation for

NDVI and stem growth topographical patterns for

PISY in the drought-limited region of Kokořı́nsko

hills, where PISY exhibited less topographical dif-

ferences of NDVI compared to tree rings. During

droughts, trees probably adjusted their biomass

allocation at plateaus, while the allocation re-

mained unaffected in valleys. With this, our results

suggest that toward the moisture-limited part of the

species range, the limitation of sink processes be-

comes important (Cabon and others 2022). In dry

years, the sugar investments in leaves remain less

affected and thus the potential intensity of photo-

synthesis is also not reduced. However, the

investment of sugars into stem growth is depressed

because cambial cell expansion and division need

sufficient delivery of water (Cabon and others

2020). Relatively weaker response of leaf biomass

to climate was compared to stem wood biomass

thus indirectly corroborating outcomes of studies

highlighting the importance of not only source but

also sink-limitation processes of tree growth (Fa-

tichi and others 2014; Friend and others 2019;

Körner 2015).

Furthermore, it was also argued that a stronger

climatic sensitivity of tree rings compared to NDVI

may result from partial distortion of the spectral

signal due to the limited spatial resolution and due
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to noise from other vegetation, which can imprint

into the resulting pixel values (Gazol and others

2018a). We tried to avoid artifacts due to admixed

species by selecting monospecific sites. Also, soil

wetness might imprint into the NDVI signal since it

influences spectral reflectance (positively for dry

soils; Demattê and others 2004). Unfortunately,

canopies of PISY growing in an open stand might

not fully cover the ground, and consequently,

NDVI estimates might be biased by the presence of

ground vegetation. Another explanation for the

lower sensitivity of NDVI to climate might be that

actual meteorological conditions affecting cambium

and needles differ because of the height difference

and because the crown shelters the stem. It is likely

that the importance of topographical variability in

terms of temperature effects is lower at 30 m above

the ground than at 1.3 m, where the tree core was

taken (Kollas and others 2014). Averaging the

NDVI into seasonal values (covering the entire

vegetation period May–September) might also

have influenced the climatic sensitivity of NDVI.

However, data at monthly or biweekly resolution

(Brehaut and Danby 2018; Correa–Dı́az and others

2019; Wu and others 2017; Wang and others 2021)

were not available for high-quality Landsat scenes

with no cloud cover in our study areas.

CONCLUSIONS

Relationships between stem (tree-ring width) and

leaf biomass (NDVI) and their climatic signals have

so far been studied using low-resolution satellite

images masking local topographical differences in

forest responses to climate. In this study, we ana-

lyzed climate-growth responses of tree-ring widths

and NDVI for two main Central European species

(P. abies, and P. sylvestris) at a landscape level using

high-resolution Landsat data and systematically

taking into account topographic differences. We

conclude that the link between tree-ring and NDVI

chronologies was generally stronger for P. sylvestris

compared to P. abies and reflected a topographical

pattern. Climatic responses of tree rings and NDVI

significantly differed in areas near the climatic

optimum of a species (P. abies in Šumava Mts.). On

the other hand, the direction of climate responses

of tree rings and NDVI for drought-limited P. syl-

vestris in Kokořı́nsko hills was similar, but the

strength of these responses was strongly modulated

by the landscape topography. Overall, tree rings

showed a closer link to climatic drivers than NDVI

for both species, probably due to a combination of

effects such as biomass allocation changes during

droughts, spectral distortion of remote sensing data,

and different meteorological conditions influencing

the stem and crown. Further research is needed to

improve our understanding of the decoupling of

the climate signal of different tree compartments.

This knowledge is important for forecasting climate

change effects on the entire above-ground forest

biomass and, consequently, on ecosystems and the

carbon cycle.
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