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Preface

Abstract

Peatlands are wetland ecosystems covering a relatively small area of the World (~3%), but at

the same time storing excessive amounts of carbon for a very long time (equivalent to the four times

global  annual  net  primary  production).  As  carbon  sinks,  peatlands  work  in  spite  of  their  slow

growth, absorbing carbon dioxide (CO2) through the photosynthetic activity of the peatland plants

and their low growth rates, and because high groundwater table removes oxygen from the soil and

slows down the decomposition of the dead plant matter. Because of the relative lack of the oxygen

in the peat, especially compared to the mineral soils, methanogen populations in the peatlands are

abundant, and releasing methane (CH4), a potent greenhouse gas, to the atmosphere. Therefore,

peatlands are generally at the same time significant carbon sinks and stores as well as the methane

sources. The balance among the two peatland gass fluxes (CO2 and CH4) will dictate the impact of

any given peatland on the global climate and primarily driven by hydrology, in the form of the

groundwater table levels.

Because of the slow decomposition rates, and from radiocarbon dating of the peat as well as

the subfossil records buried in it, carbon stored in peatlands is locked for a very long time (centuries

to millennia). It is, therefore, crucial to gain insights into the development of peatlands and their gas

balance through time. One way to get both is by studying peatland hydrology in the form of the

groundwater  table  levels  and  their  historical  variations.  Unfortunately,  intensive  monitoring  of

peatland groundwater table, when available, is an only a recent endeavor. Therefore, we need to

employ proxies to reconstruct the past by leveraging the present. In statistics, proxy variables are

often used when the observations of the variable of interest, are either missing or too difficult to

obtain.

In this thesis, I tested whether we can use the radial growth of the Scots pines growing on

peat as proxies to the peatland hydrology. To that end, I studied growth responses of the peatland

Scots pines. Other proxies can and are used for the reconstructions of the groundwater table levels,

but tree-growth is widely used as one of the proxies to reconstruct past environments which is at the

same time annually resolved.

First, I examined the growth ecology of the peatland Scots pines by looking at their intra-

annual development and trying to find relationships between it and environmental factors while at

the same time comparing it with the Scots pines growing at the forest sites. I first tried with wood

anatomy and found that, unfortunately, peatland Scots pines do not form enough wood cells, and
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consequently  do  not  have  high  temporal  resolution,  necessary  to  investigate  the  intra-annual

patterns of the radial growth. Initial results from wood anatomical investigations were interesting

none-the-less, indicating that peatland Scots pines might have smaller cell features than the Scots

pines  from forests,  but  might  at  the  same time maintain  Early/Latewood ratios  of  those  same

features.

After I found that wood anatomical series were not resolved enough I decided to go with

dendrometers, linear displacement sensors which constantly monitor the variations of stem radius,

to  get  insights  into  the  intra-annual  growth  patterns  of  the  peatland Scots  pines.  Before  using

dendrometers  for  ecological  investigations,  I  was involved in  implementing routines commonly

used  in  the  analysis  of  the  dendrometer  signals  and  bringing  them  to  R  in  the  form  of  the

dendrometeR package.

At one peatland complex, I installed dendrometers on ten trees in total at both peatland and

forest sites and compared the pattern of the standardized signal. I inferred from the comparisons and

classifications that the signal from two sites was indistinguishable for the dendrometer series shorter

than five days. Furthermore, the most important environmental factor driving the radial variation at

the  peatland  site  was  hydrological,  daily  relative  humidity,  indicating  further  that  peatland

hydrology might indeed be the driver behind peatland Scots pine growth.

Finally, I looked at the growth responses of peatland Scots pines from central Estonia using

dendrochronological methods. Peatland hydrology, in the form of the groundwater table levels, was

indeed the environmental factor with the strongest, and also stationary, correlations with the radial

growth of the peatland Scots pine. That relationship indicated that peatland Scots pines are indeed

possible proxies for reconstructing past levels of the peatland groundwater tables. 

My study further indicated that the growth response of the peatland Scots pines was non-

linear,  further  complicating  the  reconstructions  of  the  past  peatland  hydrology.  However,  the

strength of the growth response was proportional to the general hydrological regime, expressed as

median  groundwater  table  level.  As  the  hydrological  regime  of  the  peatland  does  not  vary

considerably on the annual scales, but more on decadal it might be more appropriate to find another,

independent, proxy to the hydrological regime first, and than use annually resolved radial growth of

the peatland Scots pine to reconstruct past levels of the peatland groundwater table.
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The authors contribution to the scientific papers

Chapter I: 

Seo, J.W., Smiljanić, M. and Wilmking, M., 2014. Optimizing cell-anatomical chronologies of

Scots pine by stepwise increasing the number of radial tracheid rows included—Case study based

on three Scandinavian sites. Dendrochronologia, 32(3), pp.205-209.

doi: https://doi.org/10.1016/j.dendro.2014.02.002

For this study, I provided tree samples from peatland and performed all statistical analyses as

well as the optimization routines. In addition, I wrote parts of the the discussion and technical part

of the method section.

JWS designed the study, collected the forest data and measured all samples. MW helped with

writing and edited the final version.

Chapter II:

van der Maaten, E., van der Maaten-Theunissen, M.,  Smiljanić, M., Rossi, S., Simard, S.,

Wilmking,  M.,  Deslauriers,  A.,  Fonti,  P.,  von  Arx,  G.  and  Bouriaud,  O.,  2016.  DendrometeR:

analyzing the pulse of trees in R. Dendrochronologia, 40, pp.12-16.

doi: https://doi.org/10.1016/j.dendro.2016.06.001

I designed and coded phase detection algorithm in the dendrometeR package, did code review

for other main functions in the package and wrote some of the helper functions to help with the

expandability  and  general  usability  of  the  package.  In  addition,  I  supplied  one  of  the  sample

datasets for the users to test the functions and demonstrate the package.

All of the author’s contributed to the design of the package, paper writing and code-review.

EM, MMT and OB designed the  study,  AD and SR designed the  initial  algorithm for  diurnal

dendrometer analysis, PF, MW and GA provided the example data.

6



Chapter III: 

Smiljanić, M. and Wilmking, M., 2018. Drivers of stem radial variation and its pattern in

peatland Scots pines: A pilot study. Dendrochronologia, 47, pp.30-37. 

doi: https://doi.org/10.1016/j.dendro.2017.12.001

I  solely  wrote  the  manuscript,  co-designed  the  experiment,  installed  the  equipment,  and

gathered the data. I have also performed the statistical analysis and written the reproducible code.

Coauthor contributed valuable insights and edits for the entire process.

MW helped with the design of the study, structure of the manuscript, helped with writing the

introduction and edited the finished text.

Chapter IV: 

Smiljanić,  M.,  Seo,  J.W.,  Läänelaid,  A.,  van  der  Maaten-Theunissen,  M.,  Stajić,  B.  and

Wilmking,  M.,  2014. Peatland pines as a proxy for water  table fluctuations: disentangling tree

growth, hydrology and possible human influence. Science of the Total Environment, 500, pp.52-63.

doi: https://doi.org/10.1016/j.scitotenv.2014.08.056

The manuscript  was  solely  written  by  me.  I  also  performed  the  correction  of  the  initial

measurements. Sampling and initial measurements were done by coauthors, as well as the absolute

cross-dating. I performed all the statistical analyses.

MW provided the data and initial measurements and helped with the study design, while AL

provided the series for absolute dating of the chronology and local weather data.  All  coauthors

provided valuable insights during the writing process and final edits.
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Introduction

Peatlands are wetland ecosystems formed where accumulated peat exceeds the depth of 30

cm  (Gorham,  1991),  usually  by  the  processes  of  infilling,  paludification,  and  primary  peat

production  (Rydin  and  Jeglum,  2013).  Infilling,  or  terrestrialization,  is  the  formation  of  the

vegetation  that  generates  peat  over  water  bodies,  e.g.  ponds  or  small  lakes,  and  subsequent

overgrowth of water bodies with peat. Paludification is the process where, as the peat accumulates

further, a layer of peat rises ever higher and area covered by peat increases, by slowly spreading to

the adjacent area. However, peat accumulation can also start on any wet soils when water losses are

lower than the water  gains  for longer  time and soil  becomes saturated with water,  starting the

primary peat production.

Peat formation processes have the same end result, peatland soil becomes waterlogged. Under

waterlogged conditions, soil air phase is restricted and oxygen concentrations decrease, which leads

to the chemical reduction processes in the soil  (Hillel,  1998).  Reducing atmosphere in the soil

speeds  up denitrification,  methanogenesis,  iron reduction and other  anaerobic processes.  At the

same time, organic decomposition slows down or stops completely in the most extreme cases. Once

organic decomposition slows down enough so that already dead plant matter can not decompose

completely before being buried under the new layer, dead plant matter begins accumulating, and

with time, peat starts forming.

Currently, peatlands cover about 400 million square ha, ~3% of world’s total landmass area,

and store around 455 Pg of carbon, which is 4 times more carbon than the global annual net primary

production (Field et al., 1998). With regard to the carbon stored per area, peatlands are probably

among the most efficient carbon sink ecosystems with stored carbon per unit area 7 times higher

than in mineral soil ecosystems (Joosten, 2015). The majority of the World’s peatlands (85%) are

located  in  the  Northern  hemisphere,  making  up  almost  3.5% of  the  total  northern  land  mass.

Although the amount  of  precipitation is  rather  small  in  the North,  peat  accumulates there as a

consequence  of  inhibited  evapotranspiration  induced  probably  by  low  temperatures  (Charman,

2002).

Although peatland classifications can be based along different features, e.g. location, nutrient

content, conservation status, common and very often used classification, especially for northern and

boreal peatlands, is with the respect to the prevailing source of water to bogs and fens (Joosten and

Clarke, 2002). Main water source of the bogs is precipitation, while in fens there is an additional

source of water, e.g. runoff or groundwater table. Consequently, bogs are comparatively nutrient-

poor, acidic and found on dome-shaped landscapes, while fens are usually nutrient-rich, can be pH

8



neutral or alkaline, and are usually found in valleys or around water bodies, e.g. lakes, ponds or

rivers. In addition, fens can in right condition transition to the bogs with slow but constant raise of

the peat layer through accumulating plant matter (Hughes and Barber, 2003).

All plants inhabiting peatlands show some common adaptations, but most are related to the

transfer of oxygen from the atmosphere to the possibly waterlogged roots (e.g. aerenchyma, shallow

rooting, root layering) or dealing with nutrient-poor environments (e.g. mycorrhiza). Ombrotrophic

bogs are  usually  inhabited by various  mosses  from Sphagnum genus and shrubs,  usually  from

Ericaceae family, with various tree species on hummocks, e.g. Scots pine (Pinus sylvestris). On the

other  hand,  minerotrophic  fens  are  often  inhabited  by  sedges  (Carex  sp.).  Due  to  low

decompositions rates, and although slow growing, both types of peatlands will usually keep storing

plant biomass in  the form of the accumulating dead plant  matter  and subsequent  peat,  and are

therefore often carbons sinks (Roehm and Roulet 2003; Smith et al., 2004).

On the other hand, due to significant methanogen activity during waterlogged conditions,

peatlands can be a significant methane source (Moore and Knowles, 1989), which has about 34

times  higher  global  warming potential  than  CO2 considering  a  time horizon of  100 years  and

aerosol response (Shindell et al., 2009). Therefore, the balance of these two carbon gas fluxes (CO2

and CH4) is an important factor determining an effect any given peatland has on the global climate

change. Main driving factor affecting this balance seems to be the level of the groundwater table,

which is positively correlated with CH4 emissions, and at the same time negatively correlated with

CO2 emissions (Moore and Knowles, 1990; Moore and Roulet, 1993; van Huissteden et al., 2006;

Gažovič et al., 2010). The common explanation of the relationship between groundwater table level

and carbon gas fluxes is related to the activity of the methanogens, microorganisms that produce

methane  as  a  byproduct  of  their  metabolic  activity.  When  the  groundwater  table  is  high,  the

population of the various methanogens rises and consequently, the methane emissions are higher

(Turetsky et al., 2008). Conversely, when the groundwater table is low, decomposition of the plant

matter becomes aerobic, and faster, increasing CO2 emissions (Moore and Dalva, 1993). In the

most extreme cases, when the groundwater table level is very low, e.g. after draining, peatland CO2

emissions can be so high that peatland becomes a net carbon source, emitting more carbon through

CO2 emissions than sinking through peat accumulation (Waddington et al., 2002).

An important factor determining groundwater table level is the land use, i.e. if and for what

purpose is peatland used for the human economic activity. Historically, peatlands were often used

for: agriculture, forestry and peat extraction as either biofuel or for horticulture (Robertson, 1993;

Paavilainen and Päivänen,  1995; Hermanns et al., 2017). A common prerequisite for most of the

peatland  use-cases  is  drainage  of  the  excess  water.  Draining  is  usually  implemented  by either
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drainage ditches or levees in cases of coastal mires. Consequently, groundwater table levels of any

peatlands tend to oscillate through time, sometimes drastically, depending on whether peatland is

currently being exploited and for what purpose, influencing, in turn, the balance of the carbon gas

fluxes and impact of the peatland on the global climate.

Information about past values of groundwater table levels could provide significant insights

into the historical balance of the carbon gas fluxes, and consequentially, the impact of the peatlands

on the climate. Temporal variability of the groundwater table levels can be obtained either by direct

monitoring  or  through  reconstruction  of  the  groundwater  table  levels  via  proxy  variables.

Monitoring of the groundwater table levels is always preferred, as it is a direct method of obtaining

accurate time series of groundwater table levels. However, it is usually either expensive or very

time consuming, so there are only a few long records of the peatland groundwater table levels

available. Therefore, reconstructions of the past groundwater table levels are usually necessary to

evaluate the past groundwater table levels

To reconstruct past values of an environmental variable, we need to find suitable proxies first.

In statistics theory, a proxy variable has a high linear or non-linear relationship with the variable of

interest (in this case, peatland groundwater table levels) is comparatively easier to measure, and

therefore, can be used to determine the values of the variable of interest (Upton and Cook, 2014).

Proxy variables are usually employed when there are no direct measurements of the variable of

interest or when these measurements are difficult to obtain.

Although there are few groundwater table reconstructions (Charman et al., 2007; Väliranta et

al.,  2012),  they are mostly based on non-annually resolved proxies,  e.g.  testate  amoebae,  plant

macrofossils. One possible annually resolved proxy to the peatland groundwater table levels is the

growth of the peatland trees.

As trees grow during the growth season wood cells are formed into tree rings, which in turn

form xylem part  of the tree stem, i.e.  wood. Decomposition of the wood is  the process which

usually takes several decades or centuries after ring formation, depending on the tree species and

environmental conditions. Therefore, tree growth rings, along with their various parameters (e.g.

width,  anatomy,  maximum latewood density),  remain  preserved long after  the  growing season.

Factors influencing the values of the tree-ring parameters are complex but are usually dependent on,

among other things, the prevailing environmental conditions during or before tree-ring formation.

Therefore,  tree-ring  parameters  can  be  used  to  reconstruct  growing  conditions  with  transfer

functions,  i.e.  regression  models  where  tree  ring  parameter(s)  are  predictors  and  specific

environmental  variable  (e.g.  summer  temperature)  is  predictand.  Up  to  now  tree  rings  were

successfully  used  to  reconstruct  various  climatic  and  environmental  factors  including  but  not
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limited  to:  temperature  (Jacoby  and  D’Arrigo  1989;  Briffa  et  al.,  2001;  Esper  et  al.,  2002),

precipitation (Cleaveland et al., 2003) and drought events (Stahle et al., 2000).

Peatland Scots pines as potential proxies

The wood of the peatland trees, along with all of the information stored in it, can be preserved

for  long periods  of  time,  because peatland trees  after  death,  fall  and are usually  buried below

surface peat before decomposition occurs. Therefore, it is possible to build very long chronologies

using information stored in peatland tree growth rings (Pilcher et al., 1995, Eckstein et al., 2009),

which in theory could provide us insights in peatland environments from centuries ago. However,

the  responses  of  the  peatland trees  to  the  peatland environment  were seldom studied in  detail,

beyond  comparisons  with  the  forest  trees  (Linderholm,  1999;  Linderholm  et  al.,  2002).  A

relationship between peatland Scots pines and peatland hydrology was seldom investigated in the

greater detail with long series of the on-site hydrology data series, but rather additional proxies were

required in the two-step reconstruction process (Tamkevičiūtė et al., 2018), adding further layers of

abstraction between tree growth peatland hydrology.

Therefore, there is at least potential that some of the tree ring parameters could be used as

proxies to the past levels of the peatland groundwater table. Among trees inhabiting peatlands (e.g.

Norway/White spruce, birches, alders, oaks), Scots pine is probably the most prevalent in Northern

European peatlands. In addition it is one of the species often used in dendrochronology (Kirchhefer,

2001; Linderholm and Chen, 2005., Liu et al., 2009; Martin-Benito et al., 2013), a field of science

specialized in the study of the tree growth as proxy to the past environmental conditions (Cook and

Kairiukstis, 2013; Frits, 2012; Schweingruber, 2012), with well-known wood anatomy (Mencuccini

et  al.,  1997;  Ceulemans  et  al.,  2002;  Eilmann  et  al.,  2011).  However,  Scots  pines  growing at

peatland sites are, in general, very different compared to the trees growing on mineral soils. The

most obvious difference between the two groups is one of the dimensions, where peatland pines

achieve both lower heights and thinner stems. In addition, peatland Scots pines have usually layered

root systems growing in the relatively shallow top layer of the peat above groundwater table (Figure

1), most likely due to the frequently high levels of the groundwater table (Boggie, 1972).
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Figure 1: Sketch of the peatland Scots pine root system with regard to the level of the peatland

groundwater table

As both  above  and  below ground  morphology  of  the  peatland  Scots  pines  indicate  that

prevailing environmental conditions in peatlands are not optimal for Scots pine growth, leading to

very low growth rates of peatland Scots pines, especially in comparison to their forest counterparts.

Low growth rates of the Scots pines in peatlands are most likely due to the low nutrient content of

the peatland soil,  high acidity, and prolonged waterlogging at the depth of the pine root system

(Ohlson, 1995; Macdonald and Yin, 1999). In addition, layered morphology of the peatland Scots

pines might cause them to suffer from drought stress in the times when groundwater table falls

below a certain point (Dang and Lieffers, 1989a; Pepin et al., 2002). There is some evidence that the

pine seedlings growing in peatlands are  more sensitive to the drought stress than waterlogging

(Pearson et al., 2013), but it is an open question whether that observation can be transferred to the

adult trees. Consequently, the response of the peatland Scots pines to the climate was found to be

both lower and more variable than the one found either in bog oaks or in the forest Scots pines

(Pilcher et al., 1995).

Main  objectives  of  this  thesis  were:  1)  to  examine  intra-annual  growth  ecology  of  the

peatland pines, and 2) to study parameters of the peatland pine growth as potential proxy variables

to  the  peatland  environment  with  the  main  focus  on  the  peatland  hydrology  in  form  of  the

groundwater table level.

Study sites

The  peatland  Scots  pine  samples  presented  in  this  thesis  come  from  the  two  Northern

peatlands, which were selected on the basis of the other data available and infrastructure available

for my research (Figure 2): Männikjärv bog (58.8735 N, 26.2477 E) located in central Estonia, and

Salmisuo fen complex (62.7856 N, 30.9471 E) located in eastern Finland.
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Figure 2: Main peatland study sites (black and white circles) in Europe. Percentage of the peatland

area according to Thannenberg et al. (2017).

Männikjärv  bog  is  located  in  the  Jögeva  parish,  central  Estonia,  and  is  one  of  the  few

peatlands with the relatively long record of monthly water table levels (1956 – present), which

allowed for both calibration and later verification of the regression models that might be used for

the classical dendrochronological reconstructions of the peatland hydrology. However, this peatland

is not pristine and had two large draining events, in 1872 and 1949, with one rewetting period, in

1968, due to the past land-use changes.

On the other hand, Salmisuo fen complex in east Finland has a relatively short record of the

groundwater table level but is pristine and without recorded changes in its hydrological regime.

Pristine conditions of the Salmisuo fens were ideally suited to study growth ecology of the peatland

Scots pines, as the influence of the previous years and confounding variables was brought to the

minimum. In the time of the study, there was also infrastructure in place at the site allowing for the

intra-annual monitoring of tree growth and peatland environment.
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Thesis outline

Chapter I: Optimizing cell-anatomical chronologies of Scots pine by stepwise increasing

the number of radial tracheid rows included—case study based on three Scandinavian sites

(Dendrochronologia)

In the first publication, we found an optimal number of the tracheid rows needed to estimate

wood anatomical  parameters.  For  this  purpose,  we selected  three  Scots  pine  trees  growing  on

different  sites,  measured  various  anatomical  parameters  for  ten  tracheid  rows  and  estimated

bootstrapped variance of the wood cell features.

We have found that for all trees up to 6 rows were enough to achieve above 90% precision.

For peatland tree, fewer tracheid rows were needed for the same level of accuracy than for forest

trees indicating higher consistency of the anatomical features in peatland trees.

Chapter II: DendrometeR: analyzing the pulse of trees in R

(Dendrochronologia)

After  chapter  I,  I  decided to  use dendrometers,  sensors for continuous monitoring of the

change of tree stem radius, as tools for investigating growth anatomy of peatland Scots pines for

various reasons. However to do that and as dendrometers generate a large amount of the data, we

first needed to develop several procedures for the analysis of the dendrometer outputs. Commonly

used language for implementing data analysis procedures is R, developed initially for statistical

analysis, but now used for various data manipulation tasks as well. We have developed R package

to analyze dendrometer data by implementing some of the common operating procedures in the

field, which have provided necessary tools for further investigation into the peatland Scots pine

growth ecology.
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Chapter III: Drivers of stem radial variation and its pattern in peatland Scots pines: A pilot

study

(Dendrochronologia)

Continuing  from  the  previous  chapters  on  developing  and  testing  various  tools  for

investigating growth ecology in this chapter I looked at the intra-annual patterns of the peatland

Scots pine growth and driving factors behind them. To evaluate possible effects of the peatland

environment  on the stem radial  variation (including radial  growth)  of  the Scots pines we have

installed dendrometer sensors on five trees at peatland and forest sites. From there, we tried to

classify ever increasing lengths of the standardized dendrometer series from two sites into their

proper categories (peatland and forest), which would indicate at what temporal scales, if at all, is

possible  to  distinguish  between  the  two  sites.  We  found  that  the  dendrometer  series  become

classifiable only if they are longer than five days, which was probably only due to the differences in

fertility and consequential growth speed of Scots pines. On the other hand, pattern of the stem radial

variation,  i.e.  classification  of  the  series  when  the  length  tends  to  zero,  was  impossible,  with

classification accuracy equal to that of flipping a random coin, indicating that the pattern of the

stem radial variation is independent from the factors connected to the site types, but probably driven

by more general environmental factors instead.

We determined the  dominant  environmental  factor,  driving  the  pattern  of  the stem radial

variation by building the stepwise regression model and observing which environmental factor is

first  to  enter  the  model.  Our  model  showed  that  daily  relative  humidity  was  the  dominant

environmental factor controlling pattern of the stem radial variation, a somewhat curious result, as

previous studies, indicated air temperature as the most likely driving factor behind the pattern of the

stem  radial  variation.  My  finding  might  have  something  to  do  with  wet  conditions  found  in

peatlands and their  immediate surroundings and the wider range of the relative humidity found

there.
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Chapter  IV: Peatland pines  as  a proxy for  water  table  fluctuations:  disentangling tree

growth, hydrology and possible human influence

(Science of the Total Environment)

In the final chapter, I evaluated the possibility of using peatland population of Scots pines as

proxies  to  the  environment,  with  the  special  focus  on  the  peatland  hydrology.  To  look  at  the

responses of peatland Scots pines, we sampled population at the Männikjärv bog in central Estonia,

a  peatland with the very long record of the groundwater  table levels  (1956 -  ).  After applying

common dendrochronological methods to extract the common signal from the peatland population,

we looked at  the lagged response of the trees to  the environment,  estimating it  with Pearson's

correlation.

We found that peatland responded the most to the hydrological variable,  i.e. groundwater

table  levels,  and  less  so  to  the  climate  factors  (temperature  and  precipitation).  After  some

consideration, we decided to try and reconstruct changes in the hydrological regime of the bog and

see if those reconstructions coincide with the historical record. We found that peatland pines were

indeed responding to the changes of the hydrological regime, but with a certain lag (5-8 years)

between the response of the tree-growth and archival records. We surmised that lag is most likely

due to the lag between anthropogenic earthworks, damming the river, or making the ditch and actual

change of the peatland hydrology, as there was no such lag between peatland tree-growth response

and peatland hydrology. Therefore, we concluded that peatland Scots pines can indeed be used as

one of the potential proxies to the hydrology of the peatland systems.
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Institute for Botany and Landscape Ecology, University Greifswald, D-17487 Greifswald, Germany

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 4 September 2013
Accepted 7 February 2014

Keywords:
Tracheids
Cell anatomy
Time series
Scandinavia

a  b  s  t  r  a  c  t

Cell-anatomical  studies  are  a fast  growing  branch  of dendrochronology,  since  they  promise  additional
environmental  proxy  information  with  high  temporal  resolution.  It  is unclear,  however,  how  many  radial
files  of  tracheids  have  to  be  considered  to establish  reliable  wood  anatomical  time series  for  conifer
species.  Here,  we  investigate  this  question  for  four  common  cell-anatomical  variables  (cell-wall  thickness,
lumen area,  lumen  diameter  and  cell  diameter)  in  Scots  pine  using  examples  from  three  Scandinavian
sites.  Cell-anatomical  time  series  averaged  from  six  measurement  paths  can reach  the  90%  confidence
level  of  ten measurement  paths  at  all sites.  While  lumen  area  generally  required  the most  measurement
paths  in  other  cell-anatomical  variables,  cell-wall  thickness  required  the least  measurement  paths.

© 2014  Elsevier  GmbH.  All  rights  reserved.

Introduction

Annual tree rings are the result of radial growth of wood cells
and wood cells present intra- and inter-annual variability of diam-
eter, wall thickness and length (e.g., Wodzicki, 1971; Panyushkina
et al., 2003; Deslauriers and Morin, 2005; Seo et al., 2011, 2012).
Despite the increasingly realized potential of cell-anatomical vari-
ables, most tree-ring studies still rely on annual tree-ring width,
density or stable isotopes to reconstruct past environmental con-
ditions (e.g., Briffa et al., 1990; Grudd, 2008; Dorado Liñán et al.,
2011; Esper et al., 2012), mostly because annual resolution is often
sufficient and the time needed to establish reliable cell-component
chronologies is high.

In deciduous tree species, vessels have been often the pri-
mary research focus (e.g., Woodcock, 1989; Sass and Eckstein,
1995; Pumijumnong and Park, 1999; García-González and Eckstein,
2003; Fonti and García-González, 2004), because they are rela-
tively easily detectable and measurable. In coniferous tree species,
however, where tracheids form approximately 90–98% of all wood
cells, data acquisition is much more time consuming. Studies on

∗ Corresponding author. Present address: Department of Forest Products, Korea
Forest Research Institute, Hoegiro 57, Seoul 130-712, Republic of Korea.
Tel.: +82 2 961 2718: fax: +82 2 961 2719.

E-mail addresses: jeongwookseo@forest.go.kr, dendro.seo@gmail.com
(J.-W. Seo).

cell-anatomical variables of tracheids in conifers to obtain envi-
ronmental signals other than tree-ring width or density have been
recently increasing in number, mainly due to improved equip-
ment and software for sample preparation and measurements (e.g.,
Vaganov, 1990; Spiecker et al., 2000; Silkin and Kirdyanov, 2003;
DeSoto et al., 2011; Seo et al., 2012; Bryukhanova and Fonti, 2013;
Liang et al., 2013; von Arx and Carrer, 2014). In these studies, the
data acquisition was  mainly done along three to five randomly
selected radial files (or measurement paths) per individual tree.
This number seems somewhat arbitrary, since the number of mea-
surement paths appears to be crucial for the quality of the resulting
cell-anatomical chronologies.

The aim of our study is to contribute to this question by testing,
how many measurement paths of cell-anatomical variables (i.e.,
lumen area, cell-wall thickness or cell diameter) are necessary to
build statistically reliable cell-anatomical chronologies from Scots
pine growing under natural conditions in Scandinavia.

Materials and methods

Study sites

Our analysis has been performed on Scots pine (Pinus sylvestris
L.) trees from three sites in northern Europe: (1) Virkan
(VN)/Norway and (2) Kevo (KF)/Finland are located near the north-
ern treeline of Scots pine where the local climate is subarctic

http://dx.doi.org/10.1016/j.dendro.2014.02.002
1125-7865/© 2014 Elsevier GmbH. All rights reserved.
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Table 1
Study sites, meteorological data (1989–2008) and study trees.

Site/country ID Lat./long./m a.s.l. Temp. (◦C) Prec. (mm) Trees

Ave. Min. Max. Age Da (cm)

Virkan/Norway VN 69◦39′ N/18◦49 ′E/100 3.5 −2.9 12.2 1110 184 25.5
Kevo/Finland KF 69◦45′ N/27◦01 ′E/101 −0.9 −12.8 13.3 443 123 28.0
Salmisuo/Finland SF 64◦46′ N/30◦58 ′E/150 2.8 −9.0 16.4 666 39 5.0

a D: diameter at the height of sampling.

(Table 1). Due to the influence of the Gulf Stream, however, it is
warmer (average annual temperature 3.5 ◦C) and wetter (annual
sum of precipitation 1110 mm)  at VN than at KF (−0.9 ◦C/443 mm).
(3) At Salmisuo (SF)/Finland, Scots pine is growing on top of a peat-
land in eastern Finland approximately 500 km south from VN and
KF (Table 1). SF is characterized by changing ground-water levels.

Scots pine samples were collected in 2009 (KF), 2011 (VN) and
2012 (SF). The wood samples at KF and VN were taken by an incre-
ment borer (Ø 5.2 mm)  at 1.4 m above the ground and at SF as a disk
at ca. 0.9 m above the peatland surface. The number of tree rings at
KF, VN and SF are 123, 184 and 39 years, respectively. We  used the
last 20 tree rings for the wood anatomical analysis.

Sample preparation for light microscopy

The increment cores, one from VN and one from KF, were cut
into short pieces (≤2.5 cm in length) with respect to the size of
the embedding forms; moreover, these separating cuts were made
obliquely to enable a precise re-assembly of the images into a
continuous time series after microscopy. The short pieces were
embedded in polyethylene-glycol (PEG) 2000 and then cut by a slid-
ing microtome to a thickness of 7–9 �m.  The small disk from SF was
cut in 1 cm × 2 cm × 1.5 cm blocks from which thin cross-sections
were obtained without embedding. All transverse thin sections
were stained with safranine (1%, 2 min) and astrablue (0.5%, 3 min)
to enhance the contrast between cell walls and lumina. Then, these
transverse thin sections were dehydrated using ethanol (40%, 70%,
95% and 100%) in order to fix them on slides with Euparal.

Measuring the cell-anatomical variables

Digital images for VN and SF were captured from the thin
sections by a digital camera (DFC450 C, Leica Microsystems AG)
(resolution of 2560 × 1920 pixel) installed on a light microscope
(DM2500, Leica Microsystems AG) and for KF by a digital cam-
era (AxioCam MRc, Carl Zeiss AG) (resolution of 1388 × 1040 pixel)
installed on a light microscope (Axiovert25, Carl Zeiss AG). In both
cases, a 20× magnification (objective) was applied. The single digi-
tal images covering the complete transverse area of a tree ring were
merged into one file by the software Adobe Photoshop CS4. On
these composed images, ten tracheid rows (measurement paths)

were selected while avoiding resin ducts, ray cells and tracheids
abruptly changing their shape (Fig. 1).

Four cell anatomical variables of the tracheids, namely lumen
area (LA), lumen diameter (LD), cell-wall thickness (CW) and cell
diameter (CD), were measured across each tree ring from the pith
to the cambium (WinCELL Pro software (Régent Instruments Inc.))
and averaged for early- and latewood, respectively. Early- and late-
wood were determined by Mork’s formula (1928). Since there were
no age-related trends in our data, we  performed all analyses on raw
data.

Optimizing test

For the analysis of how many measurement paths are necessary
to establish statistically reliable chronologies, we calculated the
mean time series of each variable by averaging a progressive num-
ber, from one to nine, of randomly selected measurement paths
with 10,000 replications for each number of measurement paths.
These series were then grouped together per number of measure-
ment paths used to build them, with each of the nine groups having
10,000 replicates. The Merssenne-Twister algorithm (Matsumoto
and Nishimura, 1998), implemented in the base package of R 2.4.12.
(R Development Core Team), with seed set by set.seed function
and an initial value of 1000 was  used to generate pseudo-random
numbers needed for the selection of measurement paths.

Groups of time series were used to estimate the optimal num-
ber of measurement paths needed to get a statistically significant
signal as well as to determine the inter-row variability of the cell
elements. The optimal number of rows was  estimated by two meth-
ods:

1. Correlating the series with a reference series obtained by
averaging all ten measured paths and calculating the median
correlation for each number of measurement paths.

2. Calculating the median correlations from the correlation matrix
of the series built from a certain number of measurement paths.

Both methods use the Pearson’s r index of correlation and deter-
mine confidence intervals for the calculated correlations at the 90%
and 95% levels of significance. For this study, the optimal number
of measurement paths was considered to be the minimum number
of paths needed to achieve 0.90 median correlations.

Fig. 1. Left: Transverse thin section from an increment core (Pinus sylvestris L.) at Virkan in Norway (VN) with ten selected rows (in blue) of tracheids in radial direction
(path); Right: Definition of lumen area (LA = green color), radial lumen diameter (LD = c), cell-wall thickness (CW = (a + b)/2) and cell diameter (CD = LD + CW). RCs: resin
canals, Rs: rays. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. Variation of correlation coefficients between cell-anatomical sequences averaged by randomly selected measurement paths (10,000-times replications) from one to
ten  and the reference chronologies averaged from ten measurement paths. Horizontal dashed lines: correlation coefficient of 0.9, vertical dashed line: number of measurement
paths  above which the correlation reached the 90% confidence level, solid curve: median value, dark area: 95% confidence level, light area: 90% confidence level.

The variability of the cell-element measurement paths was  esti-
mated by analyzing median correlations between measurement
paths used to build series by calculating the mean of the corre-
lation matrix between measurement paths for each time series.
The median of the means estimates the variability of the ele-
ments in different measurement paths, while confidence intervals
of the means indicate the precision of the variability determination.
Wider confidence intervals imply lower precision, and vice versa.

Similarly, we have also used mean sensitivity (Fritts, 1976) and
Gleichläufigkeit (Eckstein and Bauch, 1969) to test other common
dendrochronogical statistics. Mean sensitivity cannot directly be
used in the algorithm, since it evaluates single series and not sim-
ilarity between two series. Therefore, we transformed the original
measures with the following equation:

MSs  = 1 −

√
(MSa − MSb)2

(MSa + MSb)2

In the above equation MSs  is the transformed mean sensitivity,
while MSa  and MSb  represent the mean sensitivities of any a and b
cell component series, respectively. Since Gleichläufigkeit already
evaluates the similarity between two  series, it can be used without
any transformation to estimate the optimal number of measure-
ment paths.

Results

Comparison between cell-anatomical sequences established from
randomly selected measurement paths and the respective
reference chronology (Option 1)

At all sites, the correlation coefficients were increasing by
increasing the number of measurement paths included (Fig. 2).
This was true for both earlywood and latewood. This general pat-
tern was mirrored when using Gleichläufigkeit and the comparison
of the mean sensitivities, with Gleichläufigkeit and correlations
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Fig. 3. Variation of correlation coefficients between cell-anatomical sequences averaged by randomly selected measurement paths (10,000-times replications) from one to
ten.  Solid curve: median value, dark area: 95% confidence level, light area: 90% confidence level. Horizontal dashed lines: correlation coefficient of 0.9, vertical dashed line:
number of measurement paths above which the correlation reached the 90% confidence level, solid curve: median value, dark area: 95% confidence level, light area: 90%
confidence level.

between mean sensitivities increasing and their confidence inter-
vals narrowing.

LA showed a wide range of correlation values in VN and KF,
where five to six measurement paths were needed to reach a con-
fidence level of 90%. The other variables required three to four
measurement paths to reach that level at VN and KF. At SF all vari-
ables had narrower ranges of correlation values and their medians
reached the 90% confidence level with fewer measurement paths
(2–3) than at VN and KF.

When using six paths, Gleichläufigkeit was well above 0.8 and
the correlations between the mean sensitivities were in the range of
0.93–0.98. These values were more or less in a similar range when
using eight paths in the case of LA (analyses not shown).

Comparison among cell-anatomical sequences (Option 2)

At VN and KF, the variables LA, LD, CW and CD needed 7–8, 6, 3–5
and 5–6 measurement paths, respectively, both in the early- and in

the latewood for reaching the 90% confidence level (Fig. 3). At SF,
the correlation values were less varying than at VN and KF, with LA,
LD, CW and CD needing 5–6, 3–5, 3–4 and 3–4 measurement paths,
respectively. LA at all three sites required the most measurement
paths to reach the 90% confidence level. Analysing Gleichläufigkeit
and correlations between mean sensitivity, results were in similar
ranges as reported above.

Discussion

The assembly of cell-anatomical chronologies is a time-
consuming process, and the time required highly depends on the
number of tracheid rows included. According to our reliability test
based on the comparison of mean sequences of various sample
depths with a reference chronology from ten measurement paths,
maximally six measurement paths were sufficient to reach the 90%
confidence level (Fig. 2). A similar result was obtained when cell-
anatomical chronologies of various sample depths were correlated
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among each other (Fig. 3) apart from LA, for which the sample depth
should be eight paths. This might be a remarkable aspect for decid-
ing on the number of tracheid paths to obtain an optimal climatic
signal archived in cell-anatomical variables.

When using six paths, Gleichläufigkeit was well above 0.8 and
the correlations between the mean sensitivities were in the range of
0.93–0.98. These values were more or less in a similar range when
using eight paths in the case of LA, thus, in the case of Gleichläu-
figkeit, well within or above commonly reported values for reliable
chronologies (e.g., Sarris et al., 2007; Kaiser et al., 2012). Since it
is difficult to establish a common threshold for Gleichläufigkeit or
especially for mean sensitivity, we recommend testing the effect
of these two and other parameters in additional data-sets and in
differing species.

Unlike LD, CW and CD, LA showed a wider range in the size of
the confidence interval (Fig. 2) and in comparison among measure-
ment paths used to establish cell-anatomical chronologies (Fig. 3).
The main reason for this variation might be their large variations in
tangential direction between the measurement paths (see Fig. 1).
In order to perform time-series analysis with LA it is therefore
required to select a higher number of measurement paths or to
have more caution to select measurement paths by avoiding (1)
contact with resin ducts or ray cells and (2) with cells remarkably
changing their sizes within measurement paths. According to the
result from a previous study (Seo et al., 2012), LA might even be
replaced by LD or CD in the time-series analysis due to their high
association with these parameters.

CW showed quite high correlations and narrower confidence
areas when compared to the other cell-anatomical variables. This
might indicate that CW is either very complacent and simply varies
in a smaller ranges than LA, LD and CD, both within early- and
latewood. Or CW is very sensitive to one particular environmental
factor and strongly co-varies throughout the radial files or mea-
surement paths; the very limited sample size prohibits further
generalizations. In order to apply our result to other conifer species
or at much lower latitudes, which have much longer growing sea-
sons and different growing conditions, similar studies with larger
sample sizes are needed, ideally using various conifer species col-
lected from various sites.

Take-home message

• Six measurement paths are sufficient in all our variables (lumen
area, lumen diameter, cell-wall thickness, cell diameter) to reach
a confidence level of 90%.

• Lumen area has the widest confidence intervals and might
require more measurement paths.

• Cell-wall thickness has the smallest confidence intervals and gen-
erally requires less than six measurement paths.
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Dorado Liñán, I., Gutiérrez, E., Helle, G., Heinrich, I., Andreu-Hayles, L., Planells, O.,
Leunberger, M.,  Bürger, C., Schleser, G.H., 2011. Pooled versus separate mea-
surements of tree-ring stable isotopes. Sci. Total Environ. 409, 2244–2251.

Eckstein, D., Bauch, J., 1969. Beitrag zur Rationalisierung eines dendrochronologis-
chen Verfahrens und zur Analyse seiner Aussagesicherheit. Fortwiss. Centralbl.
88, 230–250.

Esper, J., Büntgen, U., Timonen, M.,  Frank, D.C., 2012. Variability and extremes
of  northern Scandinavian summer temperatures over the past two  millennia.
Global Planet. Change 88–89, 1–9.

Fonti, P., García-González, I., 2004. Suitability of chestnut earlywood vessel
chronologies for ecological studies. New Phytol. 163, 77–86.

Fritts, H.C., 1976. Tree Rings and Climate. Academic Press, London, pp. 254–260.
García-González, I., Eckstein, D., 2003. Climatic signal of earlywood vessels of oak

on  a maritime site. Tree Physiol. 23, 497–504.
Grudd, H., 2008. Torneträsk tree-ring width and density AD 500-2004: a test of

climatic sensitivity and a new 1500-year reconstruction of north Fennoscandian
summers. Clim. Dyn. 31, 843–857.

Kaiser, K.F., Friedrich, M.,  Miramont, C., Kromer, B., Sgier, M.,  Schaub, M.,  Boeren, I.,
Remmele, S., Talamo, S., Guibal, F., Sivan, O., 2012. Challenging process to make
the Lateglacial tree-ring chronologies from Europe absolute – an inventory. Q.
Sci. Rev. 36, 78–90.
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a  b  s  t  r  a  c  t

Dendrometers  are  measurement  devices  proven  to be useful  to  analyze  tree water  relations  and  growth
responses  in  relation  to environmental  variability.  To  analyze  dendrometer  data,  two  analytical  methods
prevail:  (1)  daily  approaches  that  calculate  or extract  single  values  per  day,  and  (2)  stem-cycle  approaches
that  separate  high-resolution  dendrometer  records  into  distinct  phases  of  contraction,  expansion  and
stem-radius  increment.  Especially  the  stem-cycle  approach  requires  complex  algorithms  to disentan-
gle  cyclic  phases.  Here,  we  present  an  R package,  named  dendrometeR,  that  facilitates  the  analysis  of
dendrometer  data  using  both  analytical  methods.  By  making  the  package  freely  available,  we make  a
first step  towards  comparable  and  reproducible  methods  to analyze  dendrometer  data.  The package  con-
tains customizable  functions  to prepare,  verify,  process  and  plot  dendrometer  series,  as  well as functions
that  facilitate  the  analysis  of  dendrometer  data  (i.e.  daily  statistics  or extracted  phases)  in relation  to
environmental  data.  The  functionality  of dendrometeR  is  illustrated  in  this  note.

© 2016  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Dendrometers are measurement devices used in plant sciences
that can monitor size variation of plant organs like stems, roots,
branches and fruits with high temporal and spatial resolution. In
forest ecological and tree physiological research, these tools are
increasingly used to study seasonal growth dynamics of trees (e.g.,
Duchesne et al., 2012; van der Maaten, 2013), to gain insights
in environmental parameters driving tree growth (Biondi and
Hartsough, 2010; Deslauriers et al., 2003; Köcher et al., 2012), and
to monitor the water balance of trees (Giovannelli et al., 2007;
Turcotte et al., 2011; Zweifel et al., 2005). Dendrometers contin-
uously record stem-size variations without invasive sampling of
the cambium (Drew and Downes, 2009), making them particularly
suitable for long-term monitoring. Recorded signals comprise irre-
versible stem growth and reversible cycles of stem water depletion

∗ Corresponding author.
E-mail addresses: ernst.vandermaaten@uni-greifswald.de,

ernst.vandermaaten@gmail.com (E. van der Maaten).

and replenishment (Herzog et al., 1995; Kozlowski and Winget,
1964; Tardif et al., 2001). Several approaches have been proposed
to analyze the different components of these data (e.g., Deslauriers
et al., 2003; Downes et al., 1999; Drew and Downes, 2009; Herzog
et al., 1995; King et al., 2013). Among them, two major approaches
can be identified: (1) daily, and (2) stem-cycle approaches.  The daily
approach characterizes the properties of the circadian cycle by cal-
culating or extracting summary metrics per day (i.e. daily mean,
minimum or maximum) (Bouriaud et al., 2005; King et al., 2013;
van der Maaten et al., 2013), whereas the stem-cycle approach sep-
arates stem-size changes into the distinct phases of contraction,
expansion and stem-radius increment (Deslauriers et al., 2003;
Downes et al., 1999; Herzog et al., 1995). Although time series from
daily and stem-cycle approaches are highly correlated (Deslauriers
et al., 2007), only stem-cycle approaches can consider cycles that
last longer than one day.

To disentangle the different cyclic phases from dendrometer
data, Deslauriers et al. (2011) presented an algorithm for the pro-
prietary software SAS. For the free and open-source statistical
software environment R (R Development Core Team, 2016) no
such routine is available, yet. A steadily increasing offer and use

http://dx.doi.org/10.1016/j.dendro.2016.06.001
1125-7865/© 2016 Elsevier GmbH. All rights reserved.
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Fig. 1. Schematic overview of the functions included in dendrometeR.

of dendro-related R-packages like ‘dplR’ (Bunn, 2008), ‘treeclim’
(Zang and Biondi, 2015) and ‘pointRes’ (van der Maaten-Theunissen
et al., 2015) are clearly highlighting the appreciation of the research
community to make use of the extremely versatile R environment.
Hence, a new R package was developed, named dendrometeR, that
facilitates the analysis of sub-daily dendrometer data. Rather than
a simple translation of the original SAS code (Deslauriers et al.,
2011), dendrometeR presents an innovative and more comprehen-
sive suite of customizable functions including functions for both
daily and stem-cycle approaches. In this note, we describe and
illustrate the functionality of the package.

2. Package functionality

The package dendrometeR contains functions (1) to prepare and
verify dendrometer and environmental data formats for further
processing in the package, (2) to perform gap-filling of dendrometer
data, and to sequentially process dendrometer and environmen-
tal data for (3) daily statistics and (4) stem-cycle analysis (Fig. 1).
Appropriate plotting functions allow to easily visualize gap-filled
time series and the stem-cycle assignments.

2.1. Data formatting and verification

The package dendrometeR requests the input data to be format-
ted as a data frame with a timestamp as row names (in date-time
format: %Y-%m-%d %H:%M:%S without daylight savings, e.g., time
zone GMT), and dendrometer series (or environmental data) in
columns; missing values should be indicated with NA. To facili-
tate a possibly needed transformation of raw dendrometer data,
the package includes a vignette called ‘Import dendrometer data’.
It is highly recommended to consult this vignette, as it illustrates
the transformation process for diverse raw data formats. The func-
tions is.dendro and dendro.resolution can be used to verify
the correct formatting and the time resolution of the input data. The
function is.dendro returns TRUE when the data is in the required
format, and FALSE if not. In the latter case, specific error messages
on the nature of the problem (e.g., problems with timestamp, non-
numeric data etc.) are returned as well. The temporal resolution of
the data, which needs to be constant within a time series, can be
obtained using dendro.resolution.

2.2. Gap filling

As there may  be missing values in the dendrometer data, a
function named fill gaps is provided. This function employs an
ARIMA model (cf. Deslauriers et al., 2011) to fill gaps of short dura-
tion (i.e. several hours). The ARIMA model cannot sensibly handle
long gaps, i.e. lasting over more than a day. Optimal models are
selected using the auto.arima function from the ‘forecast’ package
(Hyndman and Khandakar, 2008). Optionally, seasonal components
of ARIMA models can be included. In that case, AR-, I- and MA-
components are checked across the seasonal oscillations within
the data (for dendrometer data most likely to be daily). Although
the inclusion of a seasonal component might increase the robust-
ness and precision of the ARIMA model, it will also demand more
computation resources, thereby slowing down the execution of
fill gaps. The output of the model can be smoothed using a user-
defined smoothing parameter. As the ARIMA parameters, and thus
the gap-filling, might be distinct for individual growing seasons,
we deliberately designed fill gaps for single growing seasons.
Consequently, long dendrometer series should be splitted in indi-
vidual growing seasons prior to gap-filling. To allow the usage of
the function for datasets from the Southern Hemisphere, the input
data may  contain two consecutive calendar years at maximum.
fill gaps can work on multiple series simultaneously and returns
a data frame with gap-filled dendrometer series. The output can
be conveniently displayed for specified time windows using the
fill plot function.

2.3. Daily approach

For daily analyses, the function daily stats can be applied
on both dendrometer and environmental datasets. The func-
tion returns, depending upon the entry for argument sensor
(i.e. a numeric or “ALL”), multiple statistics (mean, minimum,
maximum, amplitude, and timing of minimum/maximum) for a
specified sensor, or a single statistic (daily mean, minimum, maxi-
mum,  or sum) for all sensors in a data frame. The option to calculate
daily sums is included in daily stats as it is relevant for envi-
ronmental parameters like precipitation. An optional smoothing
argument is included (smooth.param) to handle noisy datasets; it
requires gap-free (or -filled) series.

2.4. Stem-cycle approach

The stem-cycle processing includes three functions that need
to be sequentially performed, i.e. phase def, cycle stats and
climate seg. The function phase def identifies and assigns each
timestamp to the three distinct phases of contraction, expansion
and stem-radius increment for dendrometer series from a data
frame with gap-free (or -filled) dendrometer data. Thereby, the
function first searches for minimum and maximum points within
a specified daily time window. Then, the original dendrometer
series are offset back- and forward to make sure that the identified
extrema are indeed extrema of the cyclic phases. A compari-
son between the original and offset series finally allows selecting
all appropriate minimum and maximum values. The phase def
function can be customized in many different ways. For exam-
ple, the minimum temporal distance and the minimum difference
between consecutive minimum and maximum points (i.e. in x and
y direction) can be specified using the arguments minmaxDist and
minmaxSD,  respectively. The argument radialIncrease allows to
determine from which moment on data points should be assigned
to the stem-radius increment phase: when data points are con-
tinuously above the previous maximum (“max”), when a single
data point is above the previous maximum (“min”), or right in
between “min” and “max” (“mid”). This highly flexible architec-
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ture of phase def allows handling noisy and sub-hourly data as
well, making it a more robust algorithm compared to the original
SAS routine. The output of phase def, a data frame with numbers
indicating the different stem-cyclic phases, can be directly used as
input for the phase plot function. This plotting function creates
graphs for single or multiple dendrometer series showing stem-
cyclic phases (one color per phase). The time axis is automatically
labeled depending upon the length of the dendrometer series. The
output of phase def is further used in cycle stats,  a function that
defines stem cycles from the identified phases and that calculates
statistics for all phases and cycles. These statistics include the tim-
ing and duration of each phase and cycle, as well as information on
the magnitude and range of stem-size changes. The function works
for single dendrometer series, which are defined by the argument
sensor. We  further included a smoothing option in cycle stats
(argument smooth.param; cf. Deslauriers et al., 2011) particularly
for noisy datasets in which outliers may  under- or overestimate
the minimum and maximum stem size within phases and stem
cycles. By default, no smoothing is performed. The function cli-
mate seg finally calculates means or sums, or extracts minimum
or maximum values of environmental parameters for the stem-
cyclic phases as defined using cycle stats.  Thereby, the function
facilitates the analysis of dendrometer in relation to environmental
data. For climate seg, the temporal resolution of the environmen-
tal data should be equal to, or higher than that of the dendrometer
data used to define the cyclic phases. Similarly, the period covered
by data should be identical or longer.

The output of dendrometeR, being either daily statistics for den-
drometer and environmental data (when using a daily approach)
or segmented dendrometer and environmental data according to
stem-cyclic phases, can be used in further analyses.

3. Illustrated example

The package dendrometeR includes dendrometer data from
Canada and Germany, both raw and pre-processed, to exhaustively
illustrate all functions on its integrated help pages. The Canadian
series presents hourly dendrometer data for a coniferous tree (Picea
mariana (Mill.) BSP) from Camp Daniel for the year 2008; the Ger-
man series present half-hourly data for three broadleaved trees
(Fagus sylvatica L.) from Hinnensee and Eldena for the years 2012
and 2015, respectively. For Eldena, also some temperature data is
included in the package. Hence, we illustrate the functions of den-
drometeR for Eldena in the following examples. Thereby, we will
focus on the steps that need to be sequentially performed when
using a stem-cycle approach, mainly because the usage and output
of daily stats is very straightforward (i.e. a single daily statistic
for all sensors in a data frame, or multiple statistics for a specified
sensor).

After processing the raw dendrometer data (named dmEDraw)
using code from the vignette ‘Import dendrometer data’, and check-
ing the import data using is.dendro, few missing records in the
series should be filled using fill gaps. In the following example,
we introduce, after loading the data, some artificial gaps for demon-
stration purposes, fill these gaps and create a plot with gap-filled
series:

> data(dmED)
> dmED[c(3189:3196, 3401:3419),1] <- NA
> dm.gpf <- fill gaps(dmED, Hz = 0.01, season =

TRUE)
> fill plot(dmED, dm.gpf, sensor = 1, year = NULL,

period = c(124, 134))
The argument Hz of fill gaps is a smoothing parameter

allowing to adjust the level of smoothing of the results of the
ARIMA model; higher values mean rougher smoothing. With the
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Fig. 2. Example of a plot created with the fill plot function. Gap-filled records
are indicated in orange. Data is presented for a European beech tree from Eldena
(Germany) for selected days in 2015.

argument season it can be indicated whether only non-seasonal
(season = FALSE), or non- and seasonal models should be checked
(season = TRUE). The output, in this case named dm.gpf, is directly
used as input in fill plot. This function creates a plot highlight-
ing the filling of missing records in orange (Fig. 2). The argument
sensor allows to specify a particular dendrometer (by column
number), whereas year and period define the year and period
(using day of year numbers for begin and end) to be plotted.

The gap-filled dendrometer data can be used as input in
phase def to define phases of contraction, expansion and stem-
radius increment. Example code reads:

> dm.phase <- phase def(dm.gpf, resolution = den-
dro.resolution(dm.gpf), shapeSensitivity = 0.6,
minmaxDist = 0.2, minmaxSD = 2, radialIncrease =
“max”)

The phase def argument resolution specifies the resolution
of the dendrometer data (in seconds), and defaults to the res-
olution of the dendrometer data (dm.gpf). shapeSensitivity
specifies the time window (i.e. proportion of a day) within which
extrema points are searched for in the dendrometer data. It fur-
ther defines the offsetting of dendrometer series back and forth to
assure that the identified extrema are indeed the extrema of cyclic
phases: offsetting is fixed to (1 − shapeSensitivity)/2 day
ratios. The arguments minmaxDist and minmaxSD allow to specify
the minimum temporal distance (i.e. in x direction) and the mini-
mum  difference, expressed in standard deviations (in y direction),
between consecutive minimum and maximum points. Here, these
arguments are set to 0.2 day and 2 standard deviations. radial-
Increase is set to “max”,  meaning that the stem-radius increment
phase is first defined when dendrometer records are continuously
above the previous maximum. The output phase def (a data frame
with numbers indicating the different stem-cyclic phases) is named
dm.phase here, and can be directly used as input in phase plot as
follows:

> phase plot(dm.gpf, dm.phase, sensor = 1,
period = c(145, 151), colPhases = c(“#fdcc8a”,
“#fc8d59”, “#d7301f”), pch = 16, main = “Sensor Beech03
(2015)”)

The phase plot function creates a plot showing the three dis-
tinct phases of contraction, expansion and stem-radius increment
for a period as defined in period, while using colors as specified in
the colPhases argument (Fig. 3). colPhases defaults to the first
three colors of the current palette. Additional graphical param-
eters (e.g., points, axis, text and color options) can be added to
phase plot as for the high-level plotting function plot.
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Fig. 3. Example of a plot created with the phase plot function. The stem-cyclic
phases of contraction, expansion and stem-radius increment are indicated by dif-
ferent colors. A sequential color scheme from ColorBrewer (http://colorbrewer.org)
was  used. Data is presented for a European beech tree from Eldena (Germany) for
selected days in 2015.

The output of phase def can further be used as input for
cycle stats.  This function defines the actual stem cycles, and cal-
culates statistics for them as well as for all individual stem-cyclic
phases. The function can be called as follows:

> dm.stats <- cycle stats(dm.gpf, dm.phase, sen-
sor = 1)

The output of cycle stats is a list containing a data frame
named ‘cycleStats’ with information on the timing (begin and end)
and duration (in hours and minutes) of all phases and cycles, as well
as on the magnitude and range of stem-size changes. The function
climate seg finally calculates means or sums, or extracts min-
imum or maximum values of environmental parameters for the
stem-cyclic phases as defined using cycle stats.  Example code
to run the function reads:

> data(envED)
> clim.phase <- climate seg(envED, dm.stats,

value = “mean”)
Next to the output of cycle stats (dm.stats), the function

requires environmental data as input. This environmental data
should cover at least the same period as the dendrometer data,
should have the same (or a higher) temporal resolution, and should
be similarly formatted (verify using is.dendro). The climate seg
argument value allows to specify whether means (“mean”), sums
(“sum”), minimum (“min”) or maximum values (“max”) should
be calculated or extracted. As the example data includes air and
soil temperature parameters, “mean” was selected here. The out-
put of climate seg is a data frame with the environmental data
segmented for all phases and cycles.

4. Package availability

The dendrometeR package is available as an add-on package
in R, and can be downloaded from the Comprehensive R Archive
Network website (CRAN: http://cran.r-project.org/web/packages/
dendrometeR). To install dendrometeR from the R console,
type ‘install.packages(“dendrometeR”)’. dendrometeR requires the
packages ‘forecast’ (Hyndman, 2015), ‘pspline’ (Ripley, 2015) and
‘zoo’ (Zeileis and Grothendieck, 2005).

The package dendrometeR is designed with entry-level users
of R in mind, and comes with extensive documentation including
example code for all functions. In addition, a vignette describes
how input data can be formatted and verified. The package doc-
umentation is accessible from the R console using the command

’?dendrometeR’, or directly from the integrated help pages for users
of the RStudio software (RStudio, 2015).

5. Outlook

The package dendrometeR contains customizable functions to
import, verify, process and plot high-resolution dendrometer data.
Further, it facilitates analyses of dendrometer data in relation to
environmental parameters. By making the package freely avail-
able in the open source R statistical software, we  made a first step
towards homogenized analyses of dendrometer data. In the future,
new functions may  be added to dendrometeR depending upon sug-
gestions of the research community.
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A B S T R A C T

Dendrometers are useful tools to analyze intra-annual variation of radial growth in trees, but have rarely been
applied in marginal environments. Our aim in this study was to explore stem radial variation (SRV) of Scots pines
(Pinus sylvestris L.) growing in a marginal environment on top of a peatland and compare it with stem radial
variation of Scots pines growing in a nearby forest. We compared high-resolution (30min) tree-growth of the
peatland and forest pines in two consecutive years in two ways. First, we modeled raw SRV using site and
weather parameters as predictors, to determine if and in what way stem radial variation depends on the site type.
Second, we split the SRV signal into sub-series of varying length to test for differences between the time-series
pattern of peatland and forest SRV with clustering methods and classifier models. We found indications that site
type is influencing raw stem radial variation as: 1) an intercept, i.e. forest trees tended to grow more than
peatland trees (as expected); 2) an interaction factor with structural and weather parameters, i.e. response of the
forest trees to changing environmental parameters was different than the response of the peatland trees.
Conversely, with regard to the temporal pattern of the stem radial variation, we found that the conditions within
one year, e.g. weather patterns, were more important than site conditions, especially at short time scales.
However, with increasing length of the sub-series the relative accuracy of the classifier models increased. Our
results indicate that the site type was important for the raw SRV (amplitude) but not for the SRV pattern, which
might be important to consider when comparing intra-annual signals from multiple sites.

1. Introduction

Automated dendrometers have been extremely useful in disen-
tangling factors controlling stem radial variation of many tree species
(Deslauriers et al., 2003; Deslauriers et al., 2007; van der Maaten et al.,
2013; van der Maaten et al., 2016). They continuously measure the
change of the stem radius and output a signal proportional to the sum of
reversible and irreversible SRV. Reversible SRV is generally related to
shrinkage and swelling of the stem due to stem water content, while
irreversible SRV is usually related to radial growth. Due to the high
temporal resolution of dendrometers (usually 15–30min), they allow a
detailed analysis of factors influencing SRV, both during a day and
during a season. They thus complement tree-ring studies by providing
highly resolved intra-annual time series of radial growth.

Up to now, SRV studies of trees growing at extreme sites were
seldom (Gruber et al., 2009; Oberhuber and Gruber, 2010), although
trees from extreme sites tend to be very useful, e.g. as proxies to their
limiting factors (Fritts, 2012). Peatlands are one example of extreme
sites, where trees are usually exposed to poor soil aeration, low nutrient

availability and cold substrate (Ohlson, 1995; Macdonald and Yin,
1999), often resulting in very narrow, wedging or missing rings, or
stunted growth forms of trees (Wilmking et al., 2012). Although diffi-
culties are numerous when working with peatland trees, the availability
of subfossil material buried in peatlands allows the construction of very
long chronologies, making peatland trees very interesting study objects
in the field of dendrochronology (Linderholm et al., 2002; Eckstein
et al., 2009; Edvardsson, 2010; Edvardsson et al., 2012; Smiljanić et al.,
2014; Edvardsson et al., 2015; Scharnweber et al., 2015).

However, in order to identify important factors driving peatland
tree growth and to better interpret the subfossil tree ring record, it
might be helpful to conduct at least some intra-annual studies (Seo
et al., 2014). These temporally highly resolved studies complement
classical studies on peatland trees using tree ring width data
(Linderholm et al., 2002; Wilmking and Myers-Smith, 2008; Cedro and
Lamentowicz, 2011; Edvardsson et al., 2015). SRV analysis, as a highly
resolved, accurate and precise method for the study of intra-annual tree
growth, might help us to identify factors which drive peatland tree
growth as well as to analyze this relationship in greater detail, as
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suggested in Edvardsson et al. (2016). Therefore, our aim with this
study was to initially explore peatland SRV, and to compare it to SRV of
trees growing in a nearby forest to better understand the influence of
site type on SRV.

2. Materials and methods

2.1. Site information

For our study site we selected Salmisuo (62.79 N; 30.94 E), a
peatland located near the town of Ilomantsi in the North Karelia pro-
vince, Finland (Fig. 1; Map). Salmisuo is an oligotrophic low-sedge pine
fen with some minerotrophic strips (Saarnio et al., 1997). The climate
at the study site is humid, continental subarctic, and classified as Dfc,
according to the Köppen-Geiger climate classification system (Kottek
et al., 2006).

2.2. Data collection

For this study we monitored SRV of Scots pine (Pinus sylvestris L.) at
the peatland and an adjacent forest site. In the peatland, pines grew
only on organic soils on top of small hummocks, elevated and com-
paratively dry areas (Becker et al., 2008). At the forest site, pines grew
on sandy substrate. We installed circumference dendrometers, (DC
type, Ecomatik, Germany) on five dominant Scots pine trees per site
(Fig. 1). The sensors were connected to Campbell Scientific CR-850
dataloggers in the half-bridge configuration in the summer of 2011. We
configured the system to measure the dendrometer signal every 60 s
averaged over 30min (Supplement Code 1).

Before the growing season of 2012 started, two sensors at the forest
site and one at the peatland site had broken down, probably due to the
low temperatures outside the safe operating ranges of the sensors
during the winter (lower than −35 °C). In general, the system worked
until July 2012, when we had equipment and power failures on site,
due to rodent activity. We were able to repair the damages for the
peatland part of the system in the 2012 field campaign, which worked

Fig. 1. Location of the Salmisuo peatland and our study sites.
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without further interruptions until July 2013.
For the period of this study (2012 and 2013) we downloaded the

weather data from Mekrijärvi weather station (62.77 N; 30.98 E), lo-
cated about 2.5 km from our study site. To get the data, we used open
access API of the Finnish Meteorological Institute to build an R (R Core
Team, 2016) custom parser in the resolution of the dendrometer signal
(Supplement Code 2).

In summary, we collected two seasons of peatland pine dendrometer
signals, most of the 2012 season for the forest dendrometers and ac-
companying weather data. We have reformatted the data to fit our
analysis and validated it by ensuring that we had either a measurement
point or a missing value placeholder at each timestamp. Since some of
the models we selected for this study cannot work with the missing
values, we imputed missing data points by simple approximation.

2.3. Statistical methods

After initial exploration and clean-up of our data, we formulated
three specific research questions: Q1) What is the influence of site type
on SRV? Q2) Is the SRV pattern from the peatland trees in two con-
secutive years more or less similar than the pattern of peatland and
forest trees recorded in the same year? Q3) Is it possible to reliably
distinguish pattern of the peatland SRV from the pattern of the forest
SRV?

To start answering our questions, we first identified start and end of
the growing season for each of the series with a structural analysis
(chapter: Structural analysis). After ensuring that our series started at
about same time of the years, we fitted weather model to the SRV signal
(chapter: Influence of the site type on SRV) with and without site type
interaction in order to answer our first research question (Q1).

To explore the similarity of the pattern between peatland and forest
trees, we had to first split each SRV series into multiple sub-series of
varying length (chapter: Generating dendrometer sub-series). We then
proceeded to answer our research questions regarding SRV pattern by:
Q2) clustering the dendrometer series according to the pattern dis-
similarity (chapter: Cluster analysis); and Q3) building classifier models
to distinguish between peatland and forest sub-series of varying length
(chapter: Classifying dendrometer subseries).

2.3.1. Structural analysis
We used structural analysis to determine beginning and end of the

growing season for each of the SRV series. Among several methods that
could be used for detection of the structural changes of the time series,
e.g. time series decomposition or spline modeling, we decided to fit
knotted linear models with weather and structural data as predictors.
These models are one type of spline models, which use a linear equation
as the basis instead of the polynomial. Among all possible knot posi-
tions, we selected the optimal position based on the model with the
minimal Bayesian information criterion (Supplement Code 3).

To account for the possibility that we did not manage to record an
entire growing seasons, e.g. for forest trees, we determined positions
successively for up to two knots in each series. In all of the cases the
first knot was associated with the start of the growing season, while the
second knot determined the end of the growing season.

2.3.2. Influence of the site type on SRV
In order to infer whether and how site type drives SRV, we wanted

to use a model as interpretable as possible. Therefore, we decided to
again use a knotted linear model. We limited the site type analysis to
the year 2012, since that was the year when we managed to collect data
from both peatland and forest sites. As predictors of the model we used
weather parameters and three types of derived parameters: 1) the spline
parameters from the optimal knot positions of SRV series as determined
by structural analysis; 2) relative humidity integrated over 24 h to be
consistent with daily temperature feature already in the dataset; 3) the
site type (peatland or forest) for each of the SRV observations.

To estimate out-of-sample error rates of our models, we split our
dataset into training and validation sets using a 60/40 split. We used a
training dataset for the calibration and estimated the out-of-sample
error of the models on the validation set with mean squared error
(MSE).

We estimated the significance of the site type for SRV from the
significance of the site type coefficients in the models. After de-
termining that the site type parameter was indeed significant for the
raw SRV, we fitted two sets of models in order to evaluate the nature of
the site type influence on SRV. In the first set of models, we treated the
site type parameter as any other variable. In the second set of models,
we added interaction factors between site type and other parameters.
We created each of the model sets by progressively fitting the models
with increasing number of predictors. A specific model for the set
number of predictors was selected by minimizing the MSE value of the
models, i.e. we parametrized all possible models with the specific
number of predictors and selected the one with minimal MSE. In each
case new predictors were added to the set of predictors defined for the
previous models, although we allowed for the displacement of pre-
viously established predictors (Supplement Code 4).

2.3.3. Generating dendrometer sub-series
After ensuring that the growing season started at the same general

time in both study years, we split the dendrometer series into sets of
sub-series of the varying length from 1 to 20 days in half-day incre-
ments. In order to eliminate any low-frequency signal in these sub-
series, we centered and scaled each of the sub-series to the same mean
and variance, respectively. Final distribution of each sub-series was
therefore N(0,1). Since the sub-series were transformed to the same
distribution, dissimilarity between the sub-series of the same length was
proportional to the difference between the patterns of two time series.

2.3.4. Cluster analysis
To estimate dissimilarity between sub-series of the SRV we used

dynamic time warping (DTW) algorithms. DTW estimates dissimilarity
between two time series, while allowing for noise in the time axis. In
the case of the SRV series, time axis flexibility might allow for different
response times to the environmental changes affecting individual trees.
At the same time, if the time axis stays constant between the series,
DTW distance should simplify to the more common Euclidean distance.
To generate dissimilarity matrices for the sub-series, we calculated
pairwise distances between SRV series for the each window length of
the sub-series as the mean DTW distance between the pair’s sub-series
from the same time (Supplement Code 5).

For the clustering algorithm, we used unsupervised hierarchical
agglomerative clustering (HAC) with previously calculated distance
matrices. To estimate the significance of classification of the HAC we
looked at the ratio of heights between two top clusters and how it
changes with the increasing lengths of the dendrometer sub-series
(Supplement Code 6). In addition to HAC, we also used k-medoids
clustering, from cluster package (Maechler et al., 2016) in R. Since we
inferred the same conclusions from both algorithms, we decided to only
show the results from more common method, HAC.

2.3.5. Classifying dendrometer subseries
To see if there was a difference between peatland and forest SRV

patterns, we built classifier models (Supplement Code 6). We fitted the
models for all window lengths of the dendrometer sub-series. Based on
the accuracy of the models for each length, we have further estimated
time scales at which models could reliably differentiate between peat-
land and forest site types.

To fit our models we had to build a feature set by labeling each of
the sub-series with the appropriate site type and analyzing it in-
dividually to extract the following time series properties: linear trend,
linear intercept, kurtosis, skewness, seasonal and non-seasonal ARIMA
orders and coefficients. We obtained ARIMA and distribution
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parameters with the R packages forecast (Hyndman and Khandakar,
2008) and e1071 (Meyer et al., 2015).

We decided to fit three classifiers models: binomial logistic regres-
sion family of the generalized linear model (stats package in R; R Core
Team, 2016), recursive partitioning and regression trees (rpart package;
Therneau et al., 2015) and random forest (randomForest package; Liaw
and Wiener, 2002). The dataset was randomly split into two subsets:
training and validation, again with common 60/40 split. We used the
training set to parameterize the models and later the validation set to
estimate the out-of-sample errors and if there is any temporal pattern of
the incorrectly classified sub-series. All of the models were cross-
validated with 10-fold crossvalidation for logistic regression and re-
gression tree models and out-of-bag error estimation for the random
forest model. We used wrapper package for the machine learning in R,
caret (Kuhn, 2008), to split the dataset and to build and validate the
models.

In addition to out-of-sample errors, we estimated the 95% con-
fidence interval of the accuracy for each of the respective models and
how accuracy changed with the increasing length of the sub-series. In
addition, we wanted to estimate if there is some trend of the incorrectly
classified sub-series dependent on the observation time of the sub-
series. Since our validation set was randomly sampled it did not have
uniform representation at each time point. Therefore, we weighted the
sum of correctly classified series with the number of the total series at
that time point in the validation set. Since our accuracy estimate could
only have count values (0,1,2, …, n), we fitted a Poisson family of
generalized linear model with the mean time of the sub-series as a
predictor to check if there was any temporal trend in the accuracy es-
timate of our classifiers.

Since we checked for the time trend at all lengths of the sub-series
and model types, we expected to have at least some spurious “sig-
nificant” p-values. To avoid Type I errors caused by the spurious sig-
nificance of p-values, we took all of the p-values and applied a
Bonferroni correction for multiple testing (Dunn, 1961) and less strict
false discovery rate correction (Benjamini and Hochberg, 1995) using
p.adjust function from stats package in R.

3. Results

3.1. Data and structural analysis

All peatland SRV series had lower growth rates than forest series,
while at the same time having less pronounced oscillations during the
growing season. Structural analysis indicated that the growing season
of forest trees started around the 25-th of May in 2012. Growth of the
peatland SRV series in both study years (2012 and 2013) started within
an 8 day period (Fig. 2) around the 20th of May. In general, the growth
season of peatland trees ended within a 5 day period, centered around
mid June, with one series (Tree 01 in 2012) being the outlier. At that
time, forest trees still accumulated growth (Fig. 2).

3.2. Site type influence on SRV

Models which accounted for the possibility that site type interacted
with other parameters performed always better, i.e. had lower mean
squared error, than models which did not account for site type inter-
action (Supplemental Fig. 1). At the same time, mean squared error in
both model sets stabilized after the fifth predictor was added, indicating
that models did not need more than five predictors to establish their
maximal predictive power. In the model set without interaction pre-
dictors were added in the following order: spline growth, site type, spline
end, spline start, daily relative humidity (Supplemental Table 1).
Concurrently, in the model set with interaction predictors were added
in the following order: site type (added automatically), spline growth,
daily relative humidity, spline start, wind direction (Supplemental Table 2).

Bootstrapping of the model sets indicated that MSE estimates were

very precise with the 95% confidence interval range of less than 3
micrometers. The predictor selection was stable until the fifth predictor
was added to the model and became unstable later on, i.e. the algorithm
did not select the same predictor in each bootstrap iteration of the
model sets after the fifth predictor was selected for a given number of
predictors.

3.3. Clustering analysis

Clustering analysis indicated that the differences between the SRV
patterns of peatland SRV series from two consecutive years was higher
than the difference between peatland and forest SRV series of the same
year (Fig. 3, top). The ratio between two top heights of the HAC was
stable at values above 1.85 for the series longer than 16 days.

However, with increasing lengths of the dendrometer sub-series, the
difference between the two clusters became smaller. At the same time,
the difference between individual series within clusters rose, but the
algorithm never preferred to cluster all peatland series in one cluster.

3.4. Classifier models

In general, our classifiers had problems to distinguish between
peatland and forest sub-series for the short SRV sub-series, especially if
the sub-series were shorter than 5 days (Fig. 4). However, accuracy of
all models increased with increasing length of the dendrometer sub-
series.

We were also unable to find any temporal pattern in the incorrectly
classified sub-series, e.g. clustering of the incorrectly classified series
towards the beginning or the end of the growing season (Fig. 5). Po-
sitional coefficients from the Poisson’s generalized linear models for all
classifiers and lengths of the sub series were always non-significant
after applying Bonferroni and FDR corrections.

4. Discussion

Unfortunately, the data obtained for this study was neither long nor
of great quality, due to the power and equipment failures during data
collection phase. Therefore, all of the inferences we made here should
be taken with a grain of salt and subjected to further review. However,
we believe that both the origin of the data, peatland trees growing in an
extreme environment, and the inferences we made are important steps
towards better understanding tree growth at sub-annual scales.

4.1. Stem radial variation and site type

Since 1) our models from the model sets (Supplemental Fig. 1)
tended to show good fits between observed and predicted data with
homoscedastic residuals and without influential outliers (Supplemental
Figs. 2 and 3), and 2) site type was added as a second most important
predictor to the model set without interactions (Supplemental Table 1),
we inferred that site type was indeed a significant driver of the stem
radial variation.

Relationship between site type and SRV seems to be neither con-
stant nor simple. It seems that trees had different response patterns to
the predictors based on the site type. From the model coefficients
(Supplemental Table 1), response of the peatland trees to the environ-
mental conditions was more conservative than the response of their
forest counterparts, i.e. the amplitude of the stem radius change was
smaller for peatland trees in the same mesoclimatic conditions. This
lower response of the peatland trees was probably due to the poorer soil
conditions (waterlogging, less nutrients) at the peatland site in com-
parison to the forest site, which in turn probably reduced the ability of
peatland trees to exploit favorable weather conditions for radial tree
growth.

Different response levels of peatland and forest trees to climatic
conditions were also found at annual time scales in tree-ring studies
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comparing peatland and forest trees (Linderholm et al., 2002; Wilmking
and Myers-Smith, 2008; Cedro and Lamentowicz, 2011; Edvardsson
et al., 2015). When comparing tree-ring studies and SRV analysis using
dendrometer data, the higher temporal resolution of SRV data allowed
us to not only determine that there were differences in the response of
two pine populations, but also to examine a nature of those differences,
i.e. to see if site type factor interacts with other predictors. However,
this came at expense of considerable investment in time and equipment
as well as risk of technical failures.

Daily relative humidity was the first weather predictor to be se-
lected in our models, which was fairly surprising, since air temperature
was previously found to be the most important meteorological factor
driving stem radial variation (Tatarinov and Čermák, 1999; Gruber
et al., 2009, van der Maaten et al., 2013). In fact, daily relative hu-
midity was the only weather parameter selected before the stabilization
of the mean squared error in both model sets. However it should be

noted, that preferential selection of the daily relative humidity to other
weather factors might be a consequence of the specific conditions found
in the peatland environment, i.e. very high humidity, and not simply a
spurious finding due to the quality of our data.

Except for daily relative humidity, meteorological predictors did not
have any effect on the model fit. It should be noted that the purpose of
our modeling exercise was not to build a model with high predictive
power, but instead to test the nature of the relationship between site
type and SRV. If we selected another model type, e.g. linear or non-
linear mixed effect models, or if we applied some of the preprocessing
transformations before modeling, e.g. scaling or reduction of dimen-
sions, meteorological parameters might have had higher influence on
the overall model fit. However, this would compromise interpretability
of the models regarding our initial question and we opted not to do it
here. In addition, other meteorological parameters might control some
aspect of the SRV on the annual scale, e.g. growing season start or end,

Fig. 2. Raw dendrometer series with the estimation
of the growing season start and end (vertical lines)
for all of the SRV series (growing season end is
missing for forest trees).

Fig. 3. Ratio of the heights of the two top clusters
(top) and clustering dendrograms for 5, 10, 15 and
20 day long dendrometer sub-series (bottom row).
Dashed lines indicate that dendrogram figures are
snapshots of the top figure.
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which we here covered with structural parameters of the individual
series. To test this hypothesis one would need to collect additional data
with at least several years of observations.

4.2. Pattern of the stem radial variation

Conversely to our analysis of the raw stem radial variation, where
we found that the site type was a significant driver of the SRV, we were
mostly unable to find a significant influence of the site type on the
temporal pattern of SRV. Although peatland and forest series were
sometimes grouped in separate clusters, the height between these site
type clusters was always lower than the height between peatland
clusters observed in different years (Fig. 3). The ratio of the two
heights, between site types and between years, never fell below 1.85,
indicating further that year clusters were more significant than site type
clusters. In addition, when comparing height between site type clusters

and heights between individual series of the two clusters, we have re-
mained doubtful that the differences were significant. Finally, k-me-
doids clustering indicated that two clusters were always preferable to
the three clusters, since mean lengths of the silhouettes were always
higher for two-cluster solutions (Supplemental Fig. 4). Therefore, it
seems that the difference between the SRV patterns in two consecutive
years was more significant than the difference between SRV pattern of
the peatland and forest site types.

On the other hand, we were able to build classifier models to ac-
curately identify site type of the individual sub-series for temporal
scales longer than 5 days, especially with random forest models (Fig. 4).
It should be noted that the accuracy of 0.5 for these models indicates
unsuccessful classification of the sub-series, which is an expected ac-
curacy of the fair coin flip for binary variables. In our case, boot-
strapped accuracy of the models determined from validation set and in
all temporal scales never went that low (Fig. 4), implying at least some

Fig. 4. Accuracy of the classifiers for the varying
length of the dendrometer sub-series. 95% confidence
interval is indicated by the shaded area around the
black line.

Fig. 5. Accuracy of the classifiers in time for 5, 10,
15 and 20 day long dendrometer sub-series.
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predictive power of all classifiers. In addition, we were unable to find
any temporal trends of the models accuracy (Fig. 5), e.g. clustering of
the inaccurate sub-series towards growing season start or end, in-
dicating that the predictive power was stable through time.

However, for the short temporal scales, e.g. less than 5 days, the
predictive power remained rather low for all models (less than 0.7)
including the random forest model, which in turn implied that the
pattern of SRV was not easily detected if the temporal scales were low
enough, which complies with the clustering analysis, that the site type
did not significantly influence the pattern of SRV series.

4.3. Implication for dendro-sciences

Our results and inferences might be worth considering when de-
signing future dendrochronological studies with peatland tree popula-
tions. First, it might be worth to test further if peatland trees in general
have shorter growing seasons than trees from the nearby mineral soils,
as this might be one possible explanation for the weaker climate-growth
relationship of peatland trees (Linderholm et al., 2002; Wilmking and
Myers-Smith, 2008). Unfortunately, our dataset is not suitable to an-
swer questions on annual scales due to its short length and, therefore,
further data collection will be required to test this hypothesis.

Second, a probable interaction between site type and the predictors
of the peatland SRVs indicated that peatland trees might respond dif-
ferently than forest trees to the same environmental drivers at intra-
annual scales. If the complex relationship between SRV and site type is
transferred to annual growth, it might complicate finding appropriate
models to mix peatland with forest trees when building chronologies or
directly comparing signals obtained from the two without accounting
for the site type interactions beforehand, i.e. removing site type influ-
ence from the signal.

Finally, we did not find significant differences between the temporal
patterns of peatland and forest SRV series, although these two site types
were themselves very different. Lack of the differences in pattern might
imply that the SRV pattern was more dependent on the intra-annual
conditions, e.g. weather patterns, than on the site conditions, which
might be worth considering in future SRV studies designed across site
type gradients.

5. Conclusions

While acknowledging the imperfect quality of the dataset used in
this study, we nevertheless may conclude that: 1) Site type was a sig-
nificant driver of the raw stem radial variation not only as the constant
factor (higher growth of forest trees), but also as a modifier of the trees
response to other environmental factors. 2) Daily relative humidity
might be worth considering when investigating daily (or longer) os-
cillations of the stem radial variation in peatland trees or trees growing
close to peatlands. 3) Site type does not seem to influence the temporal
pattern of stem radial variation in any meaningful way.

These conclusions might imply that there was a significant differ-
ence between peatland and forest stem radial variation. However, since
the difference between sites was not expressed in the intra-annual
temporal pattern of stem radial variation, it seems that peatland site
quality does not influence Scots pine stem radial variation at intra-an-
nual, but rather at annual scales.
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• We analyzed growth of Scots pines from peatland in relation to environmental factors.
• Developed an algorithm to identify changes in limiting factors and missing rings
• Distinct growth periods were identified using structural analysis.
• Water table fluctuations were the main drivers of peatland pine growth.
• Tree rings of peatland pines can serve as a proxy variable to water table levels.
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Dendrochronological investigations of Scots pine (Pinus sylvestris L.) growing onMännikjärve peatland in central
Estonia showed that annual tree growth of peatland pines can be used as a proxy for past variations ofwater table
levels. Reconstruction of past water table levels can help us to better understand the dynamics of various ecolog-
ical processes in peatlands, e.g. the formation of vegetation patterns or carbon and nitrogen cycling. Männikjärve
bog has one of the longest water table records in the boreal zone, continuously monitored since 1956. Common
uncertainties encountered while working with peatland trees (e.g. narrow, missing and wedging rings) were in
our case exacerbated with difficulties related to the instability of the relationship between tree growth and
peatland environment. We hypothesized that the instable relationship was mainly due to a significant change
of the limiting factor, i.e. the rise of the water table level due to human activity. To test our hypothesis we had
to use several novel methods of tree-ring chronology analysis as well as to test explicitly whether undetected
missing rings biased our results. Since the hypothesis that the instable relationship between tree growth and
environment was caused by a change in limiting factor could not be rejected, we proceeded to find possible
significant changes of past water table levels using structural analysis of the tree-ring chronologies. Our main
conclusions were that peatland pines can be proxies to water table levels and that there were several shifting
periods of high and low water table levels in the past 200 years.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Peatlands are not onlymajor global carbon stores and contemporary
carbon sinks (Gorham, 1991), but also a significant source of methane
emissions (Matthews and Fung, 1987; Turetsky et al., 2014). Spatiotem-
poral dynamics of these carbon fluxes in peatlands aremainly driven by
hydrological conditions, expressed by water table level (WTL) (Moore
and Knowles, 1989; Freeman et al., 1992; Gažovič et al., 2010; Mitsch
et al., 2013). In addition to driving carbon flux,WTLs in peatland ecosys-
tems influence a wide range of environmental processes including but
not limited to: formation of peatland vegetation patterns (Glaser et al.,
1990; Robroek et al., 2007), nitrogen gas flux (Freeman et al., 1992;
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Abbreviations:WTL, water table level; TRI, tree ring index; EPS, expressed population
signal; PCA, principal component analysis; PLSR, projection on latent surfaces regression;
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limiting factor; RMAV, regression model with all variables; RMSV, regression model with
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Regina et al., 1996) and the chemical composition of water passing
through peatlands (Freeman et al., 1993). Consequently, records of
WTL variations are required to improve our understanding of the
temporal variability of these environmental processes. However,
monitoring datasets of WTLs are rare and often limited to the last
decades. Consequently, WTL time series are mostly too short for robust
statistical inferences.

Estimating past WTLs beyond the time of instrumental record
requires reliable proxy variables (Cook and Kairiukstis, 1990; Fritts,
1976). One of the potential proxies in peatlands with established tree
populations might be tree growth, i.e. tree-ring widths. In previous
studies, peatland trees were used as proxies for various environmental
variables (Läänelaid, 1979, 1982; Vaganov and Kachaev, 1992;
MacDonald and Yin, 1999; Linderholm et al., 2002; Linderholm and
Leine, 2004; Dauskane et al., 2011; Moir, 2012), including peatland
hydrology using subfossil pines (Eckstein et al., 2008, 2009, 2010;
Moir et al., 2010; Edvardsson et al., 2012). However, whether it is possi-
ble to use tree rings for annually resolved reconstructions of WTLs in
peatlands, has to our knowledge yet to be considered.

Tree-ringwidth is a good proxy only for the environmental variables
with limiting effect on tree growth (Fritts, 1976). Limiting effects of
WTLs on peatland tree growth can be twofold: 1) if WTL is high there
is less oxygen available, i.e. the trees suffer from hypoxia or anoxia,
and 2) when WTL is low, surface layers of peat dry out and since
peatland trees form most of their roots in the top peat layer they
might be prone to drought stress (Braekke, 1983; Dang and Lieffers,
1989; Pepin et al., 2002). Therefore, we might expect that the growth
of peatland trees might be a good proxy for WTLs as long as the effect
of lowWTLs on tree ring formation can be differentiated from the effect
of high WTLs.

However, peatland trees also have certain properties that complicate
dendrochronological studies. Peatland environments, characterized by
not only high water table, but also poor soil aeration, often low nutrient
availability and cold substrate (Botch and Masing, 1979; Ohlson, 1995;
MacDonald and Yin, 1999; Kimmel et al., 2010; Masing et al., 2010),
can cause trees to have shorter lifespans than trees growing on dry
sites (Moir et al., 2010), to form extremely narrow tree rings or to skip
forming rings entirely or partially (Läänelaid, 1984, 1988; Linderholm
et al., 2002; Moir et al., 2010; Wilmking et al., 2012). Consequently,
establishing exactly dated chronologies, which is a prerequisite for
reconstructing past environmental variation, might be problematic.
We have tried to overcome these difficulties by using some novel
methods of tree-ring time series analysis.

The aims of this study were 1) to investigate whether radial growth
of peatland pines could be a potential proxy for WTLs and/or regional
climate conditions, and 2) to develop a conceptual model of how to
test peatland pine potential for reconstructing environmental variables,
accounting for the complex interplay of tree growth, natural and human
environment in a peatland ecosystem.

2. Materials and methods

2.1. Study site

The site selected for this study was Männikjärve, a 1.5 km2 raised
bog located in Central Estonia (58°52′N 26°15′E; Map). It is a part of
the Endla Nature Reserve, a 101 km2 protected area around lake Endla
(Ramsar Secretariat, 2014), which is located about 3.5 km southwest
from our study site (Map). Endla lake level has been significantly
changed in the recent past due to human activity: 1) it was lowered
two times (1872 and 1950) with the construction of a channel
connecting lakes Endla and Sinijärv to the river Põltsamaa (Map) and
2) in 1968 local fishermen blocked the channel and water level of
both lakes rose again (Endla Nature Center, 2014). The regional climate
is classified as humid continental (Dfb climate type) according to the
Koeppen–Geiger climate classification system (Peel et al., 2007). Mean

monthly temperature and precipitation data originated from the Jõgeva
and Tooma climate stations, located approximately 15 km and 2 km
from the study site, respectively. Mean annual temperature between
1950 and 2000was 4.6 °C. On average, the coldest andwarmestmonths
were February (−6.8 °C) and July (16.3 °C), respectively. The average
annual precipitation sum for the same period was 659 mm. The driest
andwettestmonthswereMarch (32mm) andAugust (82mm), respec-
tively. MännikjärveWTL has been recorded since 1956 (Valgma, 1998),
resulting in one of the longestWTL records available in the boreal zone.
Since theWTLs is the shortest environmental series, it defines our study
period (1956–2003). Average annual WTL fluctuations over the whole
period of record were 16.3 cm, with 1991 and 1998 having the lowest
WTL fluctuation (6 cm) and 1970 having the highest WTL fluctuation
(30 cm). WTL was mainly influenced by precipitation in the previous
3 months and air temperature of the current month (Supplemental
Figs. 1 and 2).

2.2. Site chronologies

Sixty-six Scots pine trees (Pinus sylvestris L.) were sampled with
seventy penetrating cores in August 2005. Cores were taken as near to
the peat surface as possible. The transverse planes of the samples
were sanded with sand paper of increasingly finer grit until tree rings
and cellular structures became clearly visible. Two radii per sample
were then measured with a resolution of 0.001 mm using a Lintab 5
measuring stage and TSAPWin software (Rinn, 2003).

Individual tree-ring width series were visually and statistically
crossdated with TSAPWin and COFECHA (Holmes, 1983), while
ARSTAN (Cook, 1985) was used to build local site chronologies from
reliably crossdated series (25 out of 66 trees). Trends related to age, in-
dividual tree variations and auto-correlation were removed with a neg-
ative exponential function, robust mean indexing and autoregressive
modeling, respectively. We thus obtained three chronologies: the raw
ringwidth chronology, a standardized, detrended chronology (standard
chronology) and a residual chronology with removed autocorrelations.
Reliability of the chronologies and the common variance of the
single series were evaluated with the expressed population signal
(EPS) (Wigley et al., 1984) and running rbar (Briffa and Jones, 1990), re-
spectively. The resulting site chronologies were absolutely dated by
referencing them with an already established regional chronology
(Läänelaid, unpublished results).

2.3. Proxy potential of the peatland pines

To estimate the proxy potential of peatland pines,we designed an al-
gorithm (Fig. 1) thatfirst determinedwhether the relationship between
tree growth and environmental variables was stable through time
(Section 2.3.1). If it was unstable, the algorithm estimated whether
the instability was due to a possible change in limiting factor and if
undetected missing rings might bias the results (Section 2.3.2). Based
on the results of the previous steps, the algorithm leads to a decision,
whether it was possible to reconstruct environmental variables
(Section 2.3.3). Finally, regression analysis was used to determine
which environmental variables were dominant drivers of tree growth
(Section 2.4).

2.3.1. Strength and stability of the tree growth–environment relationship
Pearson correlation analysis was used to estimate the strength of the

linear relationship between the residual site chronology and monthly
series of the environmental variables, i.e. WTLs, temperature and pre-
cipitation, over our study period. A preliminary time series analysis of
the WTL series, using the stats package for R 2.14.2 (R Development
Core Team, 2012), showed moderate to high significant autocorrela-
tions with a two-year lag. Consequently, the site chronology was corre-
lated with monthly environmental data between September of the
current year and January from three years ago. Central moving window
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correlations, with a window length of 21 years, were used to test
whether the relationship between the site chronology and environment
was stable through time.

Significance of the correlationswas estimated for the 95% level using a
bootstrappingmethodwith 10000 replicates, implemented by bootpack-
age (Canty and Ripley, 2012). Pseudo-random numbers needed for
bootstrapping were generated using the MT19937 algorithm (Matsumoto
and Nishimura, 1998) implemented in the base package. Random seed
necessary for initializing the pseudo-random number generator was set
by set.seed() function with the initial argument equal to 1000.

Since the sign of all significant correlations remained constant
throughout the study period, significances of the central moving win-
dow correlations were treated as binary time series, i.e. whether or not
the correlations were significant at the 95% significance level. Structural

analysis was then used to estimate whether the significance of correla-
tions changed at any point in time. Afterwards, a segmented horizontal
linear model was built, where the endpoints of the segments were the
years inwhich correlation significances had significant structural chang-
es. Confidence intervals of the linear model parameters were estimated
at significance levels of five standard deviations to determine the pe-
riods when the correlations between the site chronology and each envi-
ronmental variable were significant. Strucchange package (Zeileis et al.,
2002, 2003) was used for the structural analysis. The linear model was
calibrated with the lm() function from the stats package for R.

2.3.2. Causes of the relationship instability
During the correlation analysis, we found that the linear relationship

between the site chronology and environmental variables was not

Fig. 1. Flow chart of the algorithmused to decidewhether or not tree-rings of the peatland pines can be used as proxies for peatland environment. Algorithm segments (shaded areas) are
numbered according to the chapters in which they are explained in detail.
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stable through time. To explain this instability, we hypothesized that
environmental conditions driving tree growth significantly changed at
one point of time during the study period (change of the limiting factor
hypothesis):

H0. There was no significant change of the environmental conditions.

H1. There was a significant change of the environmental conditions.

To test the hypothesis, we first found periods with significantly
different environmental conditions using a principal component analy-
sis (PCA) of the standardized environmental variables and a structural
analysis of the first principal component scores. PCA was performed
with the prcomp() function from the stats package, while the
strucchange package was used again for the structural analysis.

Since the analysis of the environmental conditions revealed two
significantly different periods with several transitional years in
between, projection on latent surfaces regression (PLSR) models
(Wold et al., 2001) of the tree-ring indices (TRIs) were built for each
of these two periods. PLSR is a statistical method similar to a principal
component regression (PCR), i.e. both methods decompose a matrix of
independent variables into scores and loadings to construct uncorrelat-
ed principal components, which are then used to build a regression
model. However, the PLSR is optimized to explain as much of the
dependent variable's variance as possible with minimum number of
the principal components, by using the information about both inde-
pendent and dependent variables to construct principal components,
while PCR uses only information about the independent variables
(Garthwaite, 1994). PLSR was implemented using the pls package
(Mevik and Wehrens, 2007) with standardized variables and “leave-
one-out” cross-validation to avoid model overfitting.

To estimate the differences between the twomodels, we used cross-
calibration and verification (Fritts et al., 1990). Themeandifferences be-
tween the calibration and verification series were then calculated for
each of the periods using the bootstrapping method set up for the
correlation analysis. Differences were considered significant if their
95% confidence interval did not overlap zero. If any of the differences
were significant, the null hypothesis that there was no significant
change of the limiting factor could be rejected.

Due to difficulties encountered during crossdating, we also wanted
to check whether undetected missing rings in the chronology might
bias our results. To check this possibility we systematically tested the
change of the limiting factor hypothesis for various chronology align-
ments, created by inserting missing ring combinations (MRCs) into
the original chronology. If there was any chronology alignment for
which the null hypothesis (no change of the limiting factor) could not
be rejected, the missing ring bias could not be ruled out.

The change of the limiting factor hypothesis was retested for: 1) all
possible combinations with up to five missing rings and 2) combina-
tions with up to ten missing rings that had stronger correlations with
a preselected reference variable than the unaltered chronology. The ref-
erence variable was selected using correlation analysis as the variable
with themost stable, significant and strong correlations. Since the over-
lapping period of our chronology and the shortest environmental series
(WTLs) was 47 years long, there is in totalN=∑ i = 1

10 (i47) ∼ 6.89 × 109

MRCs considered.

2.3.3. Proxy potential
In the last algorithm step, we estimated whether peatland pines at

our site could be proxies to WTLs based on the results of the previous
tests and the following premise: environmental reconstructions are
most likely possible when 1) a stable, significant relationship between
the TRIs and an environmental variable exists, or 2) the relationship
between the TRIs and the environmental variable is significant in
some periods only, and structural analyses of the TRIs and environmen-
tal time series show structural breaks in close proximity to the period
when the relationship between TRIs and environment significantly

changed. Conversely, the environmental reconstructions aremost likely
impossible, when 1) no significant relationship between the TRIs and
environmental variable exists, or 2) the times of the structural breaks
do not coincide.

2.4. Drivers of tree growth

We estimated the most important environmental variables
influencing tree growth with a regression analysis. However, since the
environmental variables used in this study were collinear, multiple
linear regression models could not be used. Consequently, PLSR was
again used to model TRIs.

To explain as much of the TRIs variance as possible, a PLSR model
was created with all of the considered variables. However, since the
number of the variables in this study is rather large (135), interpretabil-
ity of the model might be diminished. To improve this aspect of the re-
gression analysis, another PLSR model was built using a subset of the
variables that had significant correlationswith the chronology, as deter-
mined previously by the correlation analysis. Cointegration of the com-
ponents between the two models was evaluated with the augmented
Dickey–Fuller test from the tseries package (Trapletti andHornik, 2012).

2.5. Periods of suppressed and enhanced growth

To determine the periods of suppressed or enhanced growth, we
used a structural analysis of the raw, standardized and residual chronol-
ogies. One consequence of the standardization process is that the ex-
pected mean for the entire chronology equals one (Cook et al., 1990).
However, the local mean can significantly deviate from this expected
mean. Periods when the local mean is significantly higher or lower
from the expected mean (1.0) might be the periods when prevailing
environmental conditions were either favorable or unfavorable for
tree growth, respectively.

Therefore, a tree-ring chronology can be representedwith a horizon-
tal linearmodel (Y= βX+α;β=0),whereα is the parameter equal to
the expected mean for the entire chronology (1.0), but can vary locally.
Significant changes of the local mean (α′) from the expected mean (α)
were detectedwith structural analysis of the tree-ring chronologies and
a moving average filter with a length of 10 years to avoid short-term
oscillation bias.

Confidence intervals for the local mean deviations of the tree-ring
chronologies were calculated by first applying the structural analysis
on the individual series used to estimate tree-ring chronologies.
Bootstrapped mean and confidence intervals of the local mean
deviations from the individual series were then used to estimate the
significance of the local mean deviations for each of the chronologies
at the 95% significance level.

3. Results

3.1. Tree-ring width and chronology characteristics

From the 66 trees sampled, 25 could be reliably crossdated. Average
tree-ring width of the crossdated trees was 0.40 ± 0.19 mm, while
mean sensitivity of the raw tree-ring series was 0.27 ± 0.04 mm. The
chronology with a sample depth of more than five trees was
203 years long, covering the period from 1803 to 2005 (Fig. 2).

The EPS values of the raw, standardized and prewhitened residual
chronologies were higher than the critical threshold of 0.85 after
1900, 1859, and 1840, and they stabilized at 0.92, 0.93 and 0.95 after
early 1900, respectively (Fig. 2). Concurrently, mean rbars were 0.35
for standardized and raw chronologies and 0.40 for the residual
chronology.
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3.2. Correlation analysis

Out of the 135 environmental variables, correlations between 14
variables and the residual chronologywere significant. Of these, correla-
tions with April WTL from the previous year and May WTL from two
years ago were stable through time (Fig. 3). Correlations with further
two precipitation variables were significant at the start of the study
period but later lost their significance. Correlations with further ten
variables became significant at one point in time and maintained their
significance until the end of the study period (Fig. 3).

All unstable correlations changed from significant to non-significant
or vice versa during the 1970s and early 1980s. However, the period
when these switches occurred between the chronology and WTL vari-
ableswas narrower (1979–1981) than the period inwhich the switches
occurred between the chronology and climate variables (1972–1983).

Significant correlations between the chronology and all WTL vari-
ables were negative. Concurrently, significant correlations between
the site chronology and climate variables were both positive (2) and
negative (3).

Bootstrapped strength of the stable correlations for the entire study
period (1956–2003) was −0.51 with confidence interval between
−0.30 and −0.67 for both April WTL from the previous year and May

WTL from two years ago. During the study period, there was a slight
but non-significant increasing trend for the correlations between
these variables and the site chronology.

The bootstrapped correlations between the chronology and two var-
iables significant before 1972–1983were 0.46 and−0.49 for theAugust
precipitation from the previous year and October precipitation from
three years ago, respectively. The mean bootstrapped correlation
strength between the chronology and variables significant after
1972–1983 for the period of significance was 0.52 ± 0.11. Of these,
the strongest correlation was with February temperature from the
current year (−0.73).

3.3. Change of the limiting factor

3.3.1. Cross-calibration
Scores of the first principal component calculated from the

Männikjärve environmental variables indicated that there were two
distinct periods of the peatland environment: before 1981, and after
1987, with several transitional years between the two periods
(Fig. 4a). The PLSR models calibrated on the periods before 1981 and
after 1987, explained 94.0% and 98.6% of the chronology variance with
two components, respectively. WTLs between the two periods differed

Fig. 2. Raw, standardized and pre-whitened residual tree-ring chronologies with expressed population signal (EPS), average correlation between the series (rbar) and sample depth.

56 M. Smiljanić et al. / Science of the Total Environment 500–501 (2014) 52–63

43



by 8.5 cmon average, with the period before 1981 having lower and the
period after 1987 having higher WTLs.

The first and second components of the model calibrated with the
data from the period before 1981 explained 63.5% and 30.5% of the
variance present in the chronology, respectively. The first component
was significantly correlated at the 99% level with 15 WTL and 4 precip-
itation variables. Mean strength of the correlations was 0.64 ± 0.13. Of
these, the strongest correlation waswith OctoberWTL from three years
ago (−0.83). Concurrently, the second component was significantly
correlated with August temperature from the previous year (0.55).

The first and second components of the model calibrated with the
data from the period after 1987 explained 84.6% and 14.0% of the
variance present in the chronology, respectively. The first component
was significantly correlated at the 99% level with four WTL and five cli-
mate variables. Mean strength of the correlations was 0.58 ± 0.08. Of
these, the strongest correlation was with April WTL from the previous

year (−0.70). Concurrently, the second component was significantly
correlated with two WTL and four climate variables. Mean strength of
the correlations was 0.54 ± 0.10. Of these, the strongest correlation
was with September temperature from two years ago (−0.68).

The bootstrapped differences between the calibration and verifica-
tion series, obtained from the cross-calibration process, were significant
for both periods (Fig. 4b). Thus, it was not possible to estimate the
chronology variance in the period after 1987with themodel developed
from the data before 1981 and vice versa. Therefore, the null hypothesis
that therewas no change of the limiting factor at one point in time could
be rejected.

3.3.2. Missing ring bias
From 6.89 × 109 of the missing-ring combinations with up to ten

missing rings, the hypothesis that there was no change of the limit-
ing factor was retested for ∼ 2.7 × 106 cases. Of these, exactly n =

Fig. 3. Significance of the central moving window correlations between the residual chronology and environmental variables: water table level (black bars), temperature (dark gray bars)
and precipitation (light gray bars). Striped and solid bars indicate positive and negative correlations, respectively. The figure indicates that the only environmental variables significantly
correlated with the chronology for the entire study period (1956–2003) were April WTL from the previous year and May WTL from two years ago.

Fig. 4. Testing the change of the limiting factor hypothesis. a) Scores of the first principal component (PC1) showing three distinct periods (dashed line). b) Alignment of the calibration
(dashed line) and verification (dotted line) time series with the residual chronology (solid line). The figure shows that it is not possible to predict tree-ring indices from one period using
the model from the other, since the model from the period after 1987 underestimates the values of tree ring indices from the period before 1980. At the same time, the model from the
period before 1980 overestimates the values for the tree ring indices from the period after 1987.
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∑ i = 1
5 (i47) ∼ 1.7 × 106 were the combinationswith up to fivemissing

rings and ∼ 1.0 × 106 combinations with six or more missing rings that
had higher correlation strengths with the reference variable than origi-
nal chronology. As a reference, we chose April WTL from the previous
year, which was the most recent environmental variable significantly
correlatedwith the residual chronology through the entire study period.

The hypothesis that there was no change of the environmental con-
ditions at one point in timewas rejected for all of the tested chronology
alignments and therefore we concluded that missing ring bias was
unlikely to influence our study.

3.4. Regression models

PLSR models calibrated using all of the studied environmental
variables (RMAV) and a subset of significantly correlated variables
(RMSV) explained 90.0% and 55.1% of the variance present in the
chronology with three components, respectively (Figs. 5a and 6a).
Cross-validated root mean standard error of prediction was less than
0.2 for both models.

The first, second and third components of the two models were sig-
nificantly correlated at the 95% level with strengths of 0.91, 0.70 and
0.30, respectively. However, mean bootstrapped differences were not

significant between the first and second components of the regression
models. In addition, an augmented Dickey–Fuller test of cointegration
indicated that all of the components were cointegrated.

Therewere significant correlations at the 99% level between the first
components of both models and almost all WTL variables (Figs. 5b and
6b). The sign of the correlations was negative, while strongest correla-
tions were with early spring WTLs from the previous years. Mean
strength of the correlations between the first principal components
and WTL variables was −0.70 ± 0.12 for the RMAV and −0.79 ±
0.06 for the RMSV. Concurrently, mean strength of the correlations be-
tween the first principal components and spring/winter (December–
April) WTL variables was −0.75 ± 0.08 for the RMAV and −0.88 ±
0.05 for theRMSV. Thefirst componentswere also significantly correlat-
ed with some of the climate variables, e.g. February precipitation and
winter/spring temperature, but with comparatively lower strength,
with mean correlation strengths of 0.47 and 0.52 for RMAV and RMSV,
respectively.

The second component of RMAV was not strongly correlated with
any environmental variables (less than |0.66|), but there were some
variables with moderate correlations (higher than |0.50|). Of these,
the strongest correlations were with October WTL from the previous
year (0.61). Concurrently the second component of the RMSV was

Fig. 5. RMAV: Projection on latent surfaces regression (PLSR) model of the tree-ring indices using all environmental variables between September of the current year and January three
years prior. a) Actual chronology (solid line) and estimation (dashed line) from the PLSR model. b1–3) Correlations between environmental variables and the first three principal
components indicating that the WTL variables were predominantly influencing the PLSR components. Variables were coded with the following key: the first character indicates an
environmental factor, W — water table level, T — temperature, and P — precipitation. The second and third characters denote the yearly offsets: CR — current year and xP — month
from x years ago. Finally, the last two characters denote a month, from 01 — January to 12 — December.
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strongly correlated only with August precipitation from the previous
year (0.70). The signs of all significant correlations for both second
components were positive.

The third components were not strongly correlated with environ-
mental variables, but there were some variableswithmoderate correla-
tions. Of these, the strongest correlations were with August WTL from
the previous year (−0.57) and October precipitation from three years
ago (0.59) for the RMAV and RMSV models, respectively.

3.5. Growth periods

The structural analysis of the site chronologies divided the horizon-
tal linear models for the raw, standardized and residual chronologies
into twelve, ten and again twelve segments, respectively (Fig. 7). The
periods of the positive and negative signs of the local mean deviations
from the expected mean were concurrent for all of the chronologies.

The structural analysis of the single tree series showed that from
1808 until 1818 environmental conditions were generally unfavorable
for tree growth, although the deviations of the local mean from the
expectedmeanwere significant only for the standard and residual chro-
nologies and not for the raw chronology. Conversely, structural analysis
of the raw and standard chronologies indicated that from 1828 to 1830
environmental conditions for tree growth were significantly favorable,
but this was not the case for the structural analysis of the residual
chronology. During the period 1831–1938 tree growth was generally

suppressed, although structural analysis of the raw chronology indicat-
ed significant growth suppression from 1890, while structural analysis
of the standard and residual chronologies indicated significant growth
suppression from 1905. In addition, there is one period, from 1914 to
1928, in which deviations of the local mean from the expected mean
were not significant. Similarly, environmental conditions were also
mostly average during the period 1939–1970. From 1971 to 1986
growth conditions were significantly favorable, while significantly
unfavorable after 1991 until the end of study period.

4. Discussion

4.1. Tree-ring chronology

The discard rate of the samples in this study was 62%, which is
comparatively high for dendrochronological studies, but common for
peatland pine samples (Bridge et al., 1990; Pilcher et al., 1995;
Linderholm et al., 2002; Dauskane et al., 2011; Moir, 2012). Differences
between the characteristics of reliably crossdated and discarded trees
were significant for the series length, tree diameter and height
(Table 1).

However, 1) diameter and height of the trees are functions of tree
age, i.e. series length. Furthermore, 2) there were no significant differ-
ences between average annual increments of these two groups of
trees and 3) the spatial distribution of the discarded among sampled

Fig. 6. RMSV: Projection on latent surfaces regression (PLSR)model of the tree-ring indices using a subset of the environmental variables. a) Actual chronology (solid line) and estimation
(dashed line) from the PLSRmodel. b1–3) Correlations between environmental variables and the first three principal components indicating that theWTL variables were predominantly
influencing the PLSR components. Variables were coded with the following key: the first character indicates an environmental factor, W — water table level, T — temperature, and
P — precipitation. The second and third characters denote the yearly offsets: CR — current year and xP — month from x years ago. Finally, the last two characters denote a month, from
01— January to 12 — December.
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trees was approximately random (Map). Therefore, we can conclude
that there were no areas of significantly different growth conditions at
the study site, and that the reliability of the crossdating procedure
most likely depends on the length of the series.

The length of the peatland pine series after which crossdating be-
comes more difficult is typically between 100 and 200 years (Pilcher
et al., 1995; Linderholm et al., 2002). The mean length of the series for
which the crossdating was unreliable in our study also falls within this
range at about 120 years, i.e. the mean length of the discarded series
(Table 1). The lack of the data points in the shorter series was therefore
the most likely reason for the difficulty to reliably crossdate them.

In addition to various factors suppressing peatland pine growth,
e.g. high WTLs and low nutrient availability, peat is an unstable and
windswept surface, which can cause trees to form compression
wood in various directions within one tree (Schweingruber, 1988;
Linderholm et al., 2002). This further complicated measuring and
crossdating procedures, consequently increasing discard rates.

4.2. Instability of the relationship

The instability of the correlations between the chronologies and en-
vironmental variables can havemany underlying causes, e.g. non-linear
correlations (Wilmking et al., 2004;Wilmking and Myers-Smith, 2008)
or climate regime shifts (Barber et al., 2004; Ohse et al., 2012). For the
studied trees, the most recent trigger for an altered growth response
was most likely the anthropological change of the hydrological regime,
i.e. rewetting of the nearby Endla lake, which started in 1968 (Aber
et al., 2012). A PCA of the environmental variables indicated that
WTLs responded to the refloodingwith a lag of about 15 years, probably
due to the distance of the study site from the lake (3.5 km) and the
refilling speed of the lake basin.

Although misdating of the chronologies caused by undetected miss-
ing rings can cause spurious unstable correlations, this possibility could
be rejected with a fair amount of confidence in our case, since the
hypothesis that there was no shift in the environmental conditions
could be rejected for chronology alignments with up to ten missing
rings. More than ten undetected missing rings in the final chronology
are very unlikely, since in that case all trees would have simultaneously
missed forming rings in more than 20% of the last 47 years. Therefore,
we conclude that 1) the increase in correlation strength of WTLs and
tree growth and 2) changes in the significance of the correlations
between the environmental variables and tree growth correlations
were most likely the result of the WTL rise due to rewetting of the
Endla lake rather than an effect of undetected missing rings.

4.3. Main drivers of tree growth

Correlation and regression analyses (Figs. 3, 5 and 6) indicated that
higherWTL aswell as warmer andwetter winters before the vegetation
period had a negative impact on tree growth. The underlying reasons
might be twofold:

Fig. 7. Structural analysis of the raw (a), standardized (b) and pre-whitened residual (c) chronologies. The sub-figures show the horizontal segmented linear model (black line) and its
confidence interval (gray polygon) for the chronologies (gray line). d) Aggregate of the 5-year averaged significant deviances of the local mean from the expected mean for the chronol-
ogieswith the possible values of±1,±0.67,±0.33 and 0when there are significant deviances in all three, two, one and none of the chronologies, respectively. The figure indicates several
periods of negative (1808–1818; 1905–1913; 1929–1938 and 1991–present) and two periods of positive (1828–1830 and 1971–1986) significant deviations from the expectedmean for
two or more chronologies (values ≥ |0.67|).

Table 1
Characteristics of included and discarded trees expressed through mean and standard er-
ror. Significant differences (P b 0.01) between two groups, estimated with the Wilcoxon
rank sum test (W), are indicated in bold.

Characteristic Included Discarded

Diameter at breast height [cm] 13.46 ± 0.73 10.28 ± 0.56
Tree height [m] 3.85 ± 0.15 3.13 ± 0.14
Series length [years] 154.18 ± 8.26 120.48 ± 7.92
DBH increment [mm] 0.90 ± 0.05 0.94 ± 0.08
Height increment [cm] 2.65 ± 0.17 2.91 ± 0.21
Mean ring width [mm] 0.41 ± 0.02 0.45 ± 0.03
Median ring width [mm] 0.37 ± 0.02 0.41 ± 0.04
Max ring width [mm] 0.92 ± 0.04 1.06 ± 0.06
Mean ring width of the series last 5% [mm] 0.30 ± 0.03 0.28 ± 0.02
Mean ring width of the series max 5% [mm] 0.92 ± 0.04 1.06 ± 0.06
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1) High water table restricts growth of the tree roots to the upper
aerobic peat layers and consequently leads to reduced root develop-
ment (Coutts, 1982; Kozlowski, 1997; Leuschner et al., 2007) limiting
the plant's nutrient pool in an already nutrient limited environment
(Ohlson, 1995). This ultimately leads to a reduction in plant growth.

2) Low oxygen levels in the soil can cause oxygen deficiency in upper
plant tissues and can later lead to inhibition of plant growth
(Boggie, 1977). By definition, oxygen deficiency or hypoxia is a
state where O2 partial pressure limits mitochondrial production of
ATP (Drew, 1997). Since the reduction of ATP into ADP is one of
themain energy sources in theCalvin's cycle, inhibition of its produc-
tion limits carbon fixation and consequently plant growth.

In general, WTL is mainly controlled by climate in the form of sum-
mer temperature and precipitation (Charman et al., 2004). However,
the water reservoir can act as a buffer influencing future WTLs, and
consequentlyWTL response to the climatemight lag behind the climate
up to several years (Kilian et al., 1995; Linderholm et al., 2002). TheWTL
lag might be a contributing factor to the lagged climate response of the
peatland trees observed in this, as well as in some of the other studies
that use peatland pines (e.g. Vaganov and Kachaev, 1992).

Climatemight influence peatland tree growthdirectly, but to a lesser
extent thanWTL (Linderholm et al., 2002; Dauskane et al., 2011). How-
ever, we found that the climate response of the trees analyzed in this
study became significant only during unfavorable period for tree
growth (1981–2003), which was most likely caused by a rise of WTL.
This is also the case for February climate conditions, which were previ-
ously found to be an important factor driving pine growth in peatlands
(Linderholm, 2001; Dauskane et al., 2011), aswell as tree growth on dry
sites in this region (Läänelaid and Eckstein, 2003; Elferts, 2007). There-
fore, using peatland trees as climate proxiesmight be possible, although
it seems that these trees have lower climate sensitivity than trees grow-
ing on dry soils (Linderholm et al., 2002; Dauskane et al., 2011) and
might be prone to shifting drivers of growth warranting very careful
analysis.

4.4. (Un)favorable growth periods and WTL oscillations

The structural analysis of the tree-ring chronologies indicated that
there were periods of significantly favorable as well as periods of signif-
icantly unfavorable conditions for tree growth (Fig. 7). At our site,
1) WTL variables had the strongest and most stable correlations with
the site chronology (Fig. 3) and the first principal components of both
PLSR models (Figs. 5 and 6), and 2) the period of the last significant
structural change in all three chronologies overlapped with the period
of the last significant WTL rise around 1988 (Figs. 4 and 7). 3) WTL
had negative influence on tree growth, since all WTL variables have
negative correlations with the tree-ring chronology (Fig. 3) and there
was no evidence to support the theoretical possibility that peatland
pines suffer from drought stress when WTL lowers significantly
(Supplemental Fig. 3). Therefore, we can infer that favorable environ-
mental conditions for tree growth indicated lower than usual water
table levels and vice versa.

Around the start of the WTL instrumental record in 1956, environ-
mental conditions for tree growth improved significantly in two steps,
i.e. around 1939 and 1971, indicating that during this time WTLs were
most likely significantly lowered, either due to the previous draining
of Endla lake or some other causes. Conversely, during the period
1880–1938, environmental conditions for tree growthwere either aver-
age or slightly unfavorable indicating higher WTLs. For the relatively
short period, 1914–1928, environmental conditions for tree growth
seem to be approximately average indicating a brief lowering of WTLs.

There is an indication of comparatively favorable environmental
conditions and low WTLs during the period 1804–1880. However,
since the chronology has less than ten samples in this period, the confi-
dence interval is considerably wider than in other periods. This makes

any inference about environmental changes difficult, without increasing
the sample depth of the tree-ring chronology for this period.

5. Conclusions: reconstruction of the WTLs using peatland pines

In this study, we found thatWTL is the predominant factor influenc-
ing growth of Scots pine trees in Männikjärve bog, Estonia. Therefore,
annual ring width might be a useful proxy to reconstruct WTLs not
only at our sampling site, but also in other peatlands with present tree
cover and WTL records long enough to do cross-calibration and detect
structural changes in the growth record of trees.

Compared to other methods of peatland WTL reconstructions,
e.g. testate amoebae (Woodland et al., 1998), tree-ring proxies have
high temporal resolutions and offer an independent alternative. Howev-
er, it should be noted, that using peatland tree populations for WTL
reconstruction comes with certain pitfalls. Due to high frequencies of
missing rings in individual tree-ring series, there is always some possi-
bility that the dating of the series was not correct. To avoid dating errors
and extract a correctly dated signal from the peatland tree populations,
the sample size must be rather large and carefully measured. However,
after careful consideration of all possible pitfalls, it seems possible to
disentangle tree growth, local hydrological regime and possible
human influences with a combination of sophisticated, novel and
basic statistical tools.
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Synthesis

After  testing  and  developing  tools  to  study  growth  ecology  of  peatland  Scots  pines  in

chapters I and II, intra-annual growth patterns of the peatland pines were subsequently examined in

chapter III, where I evaluated the differences between stem radial variation of peatland and forest

Scots pines. Finally, the potential of the peatland pines as proxies to the peatland environment was

investigated in chapter IV, with a focus on different peatland hydrological regimes, i.e.  median

levels of the peatland groundwater table.

I will now discuss the main results of the studies comparing peatland and forest Scots pine

growth ecology and the response of the peatland pines to the peatland environment. I want to put

special  focus  on  using  peatland  Scots  pines  in  dendrochronological  studies  and  compare  my

findings with results of the similar studies. Finally,  I will  cover most important methodological

constraints relevant to the use of peatland Scots pines in dendrochronological and ecological studies

and some of the possible solutions to frame a direction for the further research of the peatland Scots

pine ecology and its potential as proxies to the peatland environment.

Growth ecology of the peatland pines

During investigations of the peatland pine wood anatomy in chapter I, we found that peatland

Scots pine had lower variability of their wood cell parameters, suggesting that, for the same level of

accuracy and precision, we need to measure fewer tracheid rows in peatland than in forest Scots

pines. Peatland pine had smaller wood anatomical features than the two forest trees (Figure 3), but

early/latewood ratios of the cell parameters were not significantly different for the peatland tree

from the forest trees (Figure 4).  In addition, we found some temporal variability in the wood cell

parameters of the peatland Scots pines. Considering all the above, we concluded that there is at least

some potential in the wood anatomical research of the peatland Scots pines.
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Figure 3: Relative size of the various wood-anatomical features found in forest and peatland trees

However, while researching wood anatomy of the peatland Scots pines, we found that the

number of cells in the tree rings was very low, ranging in the previous example from 8 to 36, with

an average of 16 over last 20 rings. Since a low number of cells in tree rings leads to the low

temporal resolution of the wood anatomical features, it would be very difficult to gain insights on

the peatland Scots pine intra-annual stem variation using this technique.
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Figure4: Early/Latewood ratios of the various wood anatomical features

Therefore, I turned to the sensors which constantly monitor linear displacement of the stem

radius, i.e. dendrometers, to examine radial growth patterns of the peatland Scots pines on the intra-

annual  scale  and its  ecology in  greater  detail.  The high temporal  resolution of  the  stem radial

variation  dataset  gathered  through  dendrometer  monitoring  system  allowed  to  negate  a

comparatively low number of cells formed within each tree ring of the peatland pines. However,

one deterrent of using dendrometers to evaluate growth ecology of the peatland pines is the loss of

archiving provided by the tree-ring features, as the information about past tree growth patterns is

not available anymore.

In chapter III, I found that the pattern of stem radial variation at both peatland and forest sites

was very similar at the scale of less than five days. Lack of the significant differences in the pattern

of the radial growth at peatland and forest sites might indicate that there is the same driving factor at

both  sites.  As  the  forest  and  peatland  sites  have  very  dissimilar  soil  and  general  microsite

conditions, most likely driving factor influencing the pattern of the stem radial variation is neither

soil nor some microsite property and must be a more general environmental factor with most likely

diurnal variation.

More detailed analysis  of  the pattern indicated that  the driving factor  behind stem radial

variation  is  probably  daily  relative  humidity,  which  is  contrary  to  the  more  commonly  found

temperature variation (van der Maaten et al.,  2013). However, daily relative humidity is usually

missing from the predictor sets and, at the site used for the study in chapter III, temperature and

daily  relative  humidity  were  significantly  intercorrelated  (r  =  0.34;  p  <  0.001),  indicating  that

temperature and daily relative humidity carried very similar signals during the growing season.
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However, differences between the two sites on the annual and seasonal scales were profound

with, somewhat obvious, mean of the total radial growth accumulation in the monitored year at the

forest site higher than at the peatland site by ~1.5 mm, with ~2.25 mm at forest site and ~0.75 mm

at  peatland  site.  However,  less  obvious  differences  between  the  two site  types  occurred  when

looking at the defining characteristics of the growth curves. Trees at both sites started at the same

time, late spring, but trees from forest sites finished with their growth at least 3 weeks later than

trees  from  the  peatland  site.  Shorter  duration  of  the  growing  season  can  have  important

consequences  on  the  response  of  the  peatland  Scots  pines  to  the  environmental  factors  and,

consequently, dendrochronological studies dealing with peatland Scots pine material (Hasenauer et

al., 1999).

Peatland pines as dendrochronological proxies

In the final chapter of this thesis, I clearly showed that the growth response of the peatland

Scots pines was the strongest to the prevailing hydrological conditions. Out of the temperature,

precipitation and the level of the groundwater table, the sampled population responded with the

highest correlations to the groundwater table levels. At the same time, the growth response of the

Scots pines  to  the levels of the groundwater  table  was stationary,  significant  for  all  periods  as

determined by central moving window correlations, while the response to the climatic variables was

not. In addition to the correlation significance it seems that there were two periods of distinctly

different growth conditions and responses, favourable and unfavourable, that coincided with the

significant (p < 0.001) change of the median level of the groundwater table (Figures 5 and 6),

further indicating that hydrological conditions were the main driving factor behind Scots pine radial

growth.
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Figure 5: Median groundwater table level during two different hydrological regimes. Inter quantile

range indicated with dotted lines (0.75 and 0.25 quantiles)

However, peatland Scots pines did respond to the meteorological variables to at least some

extent.  Specifically,  during  unfavourable  hydrological  conditions,  i.e.  high  levels  of  the

groundwater table, growth response of the peatland Scots pines to the climate was significant. At

the same time response of the Scots pines to the climatic factors was insignificant during the periods

of  the  favourable  hydrological  conditions,  i.e.  low  levels  of  the  groundwater  table.  Complex

response of the peatland Scots pines studied here was contrary to the expected limiting factors

theory, which postulates that plant growth will be limited only by the most unfavourable factor at

any one time (von Liebig, 1855), and indicated more complex growth responses in trees growing at

peatland sites than in those trees growing at sites with mineral soils, i.e. forests.

The growth of the forest Scots pines is usually responsive enough to the climate that it can be

used for the past climate and environmental reconstructions (Kirchhefer, 2001; Martin-Benito et al.,

2013). On the other hand, the growth of peatland Scots pines was found to be less responsive and

the response more  variable  to  the environment  and climate  relative  to  their  forest  counterparts

(Pilcher et al., 1995; Linderholm et al., 2002). Therefore, in most cases, peatland Scots pines were

seldom  used  in  the  reconstructions  and  reconstructions  were  mostly  limited  to  the  hydrology

(Tamkevičiūtė, 2018). More often peatland material was used for the dating of the archaeological

objects (Billamboz, 2003), for which peatland Scots pines are especially useful because they tend

not to decompose and stay available as subfossils buried in the peatland in which they grow for a

very long time.
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The most likely causes for the lower and the unstable growth response of the peatland Scots

pines to the environment, are 1) that the Scots pine growth is only indirectly driven by the climate

variables and 2) great variability of the peatland hydrology, especially in recent times. Based on

studies presented in this thesis, chapters III & IV, as well as elsewhere (Linderholm et al., 2002),

direct driver of the growth of peatland Scots pine is most likely peatland hydrology, which is driven

by  climate  with  significant  buffering  and  lag  effects  (autocorrelations)  and  other  confounding

variables (e.g. human activity, vicinity of the water bodies). Therefore, to include peatland Scots

pines  in  climate  reconstructions,  it  will  be  probably  necessary  to  first  disentangle  the  various

confounding variables from the climate signal,  for which the lack of the longtime series of the

peatland hydrology is very detrimental, preventing the development of the robust tree-growth ~

hydrology statistical models.
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Figure 6: Changing growth response of the peatland Scots pine to the changing groundwater table

levels – Raw ring chronology; Groundwater table levels and the central moving window

correlations between the two. Correlations with a 95 % confidence interval.

The same reason, lack of the long monitoring datasets, contributes as well to the difficulties

related to the direct reconstructions of peatland hydrology. Recently, lake levels have been used as

proxies  to  the  peatland  hydrology  (Tamkevičiūtė  et  al.,  2018),  but  those  two-step  regressions

intrinsically increase the error rates (Wooldridge, 2015). Another factor limiting the possibility of

the  hydrological  reconstructions  is  the  non-linear  response  of  the  peatland  Scots  pines  to  the

groundwater table variability (Figure 6). Namely, if the overall hydrological regime is high than

peatland Scots pine growth response seems to be stronger as well, than when the overall peatland

hydrological regime is low.

The non-linearity of the tree-growth response to the environment has been well documented

(Carrer and Urbinati, 2001; Wilmking, et al., 2005). There are even indications that environmental

response of the single tree might be significantly changing during its lifetime (Carrer, 2011) even at

forest sites. At growing peatland sites, where the peat layer rises with time, deteriorating vitality of

the trees, due to ever deeper burying of the tree roots in peat (Watson and Himelick, 1997) might be
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an  additional  factor,  further  altering  individual  growth  response  and  complicating  efforts  to

disentangle various factors confounding the peatland tree growth and climate signal.

One of the confounding factors specific to the peatlands is ever-changing land use conditions.

Peatlands have been exploited for different economic activities for a very long time (Zeeuw, 1978),

including but not limited to peat extraction, animal husbandry, agriculture and forestry (Hermanns

et al., 2017). Prerequisite for most of these land-uses is the manipulation of the peatland hydrology,

usually draining the peatland and subsequent lowering of the groundwater table. Lowering of the

groundwater table has the significant impact on the further development of the peatland in general,

but also usually causes the changes in the growth and growth response of the peatland trees (Dang

and Lieffers, 1989b).

To  keep  peatland  drained,  drainage  infrastructure  (ditches,  levees)  must  be  actively

maintained, which might be both time and resource demanding. Therefore, peatlands may revert

back to the wet conditions when drainage infrastructure fails or is not maintained properly, and

those events may not be properly recorded. Further, recently there is a recent trend of peatland

restoration (Joosten and Clarke, 2002; Schumann and Joosten, 2008; Bonn et al., 2016), with the

policies set  in  place to try  and rewet  as many of the previously drained peatlands  as possible,

changing their hydrological regimes again. Consequently, any given peatland might have complex

and ever-changing land-use history,  with or without historical records,  expressing itself  through

ever-changing hydrology.

When working with trees from peatlands with known land use history, it could be possible to

directly  address  these  concerns.  However,  most  of  the  times direct  monitoring  of  the  peatland

hydrology regimes will be missing, with only archival records of the various land-use activities,

which might be unreliable. Beyond uncertainty of the archival records, the possible cause of the lag

is that the change of peatland hydrology might lag behind the groundworks related to the human

activity. For example, during rewetting and restoration of the peatland, a record might show when

the ditch was dammed, but that activity might not be followed through with the actual rise of the

groundwater  table  for  various  reasons,  e.g.  peatland  might  need  some  time  to  recover  after

rewetting or precipitation levels after groundworks might be too low for groundwater table to rise

sufficiently. Similarly, if the peatland was drained and also remote, it would be difficult to record

and implement the necessary maintenance of the drainage system maintaining the low levels of the

groundwater table.

Therefore, the levels of the peatland groundwater table might significantly lag behind the

human activity record and independent proxies of the hydrological regimes are probably needed in

order to detect periods of low and high growth response of the peatland Scots pines. My results here
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indicate that growth of peatland Scots pines might be such proxy, but as the hydrological regimes

have lower frequency, it might be better to use another, independent and less resolved proxy (for

example pollen concentrations) to that end and reserve the high resolution of peatland Scots pine

growth for the more detailed reconstructions of the peatland hydrology. The combination of the

several independent proxies, or multi-proxy approach  (McCarroll et al., 2003; Edvardsson et al.,

2014), would allow for more robust and detailed models of the peatland hydrological systems at

both low and high frequencies.

Methodological constraints and outlook

In this thesis, I have shown that peatland Scots pines respond to the peatland hydrology on

both intra-annual, in the form of the daily relative humidity, and multi-annual, in the form of the

groundwater table levels, temporal scales. However, that approach glosses over the complex issue

of the peatland hydrology and substitutes entire emerging area of research with point measures. For

example, neither daily relative humidity nor the level of the groundwater table accounts for the local

soil hydraulic properties which can vary considerably in the peatland.
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Figure 7: Autocorrelations of the groundwater table levels. Dotted horizontal lines indicate levels

above/below which the autocorrelations are significant

Additionally, the lag and the memory of the groundwater table levels seem to be an important

factor expressing themselves as high and significant partial autocorrelations with at least two-year

lags (Figure 7). Similar levels of autocorrelations seem to be commonly present in the time series of

the  groundwater  table  levels  (Kovács,  2010).  To  robustly  decompose  seasonal  time  series  and

remove  autocorrelations  long  records  are  usually  required,  especially  when  time  series  of  the

groundwater table levels have structural shifts (e.g. changing hydrological regimes).

Relative lack of the long hydrological monitoring datasets implies that only a small number

of the peatlands can be studied using the methodology described here. One possibility is to use

some other hydrological proxy to approximate the peatland hydrology, e.g. lake levels. However,

that procedure adds another level of abstraction and increases errors, as previously discussed. In

addition, water bodies might have different response patterns, and lower of higher autocorrelation

lags,  than  groundwater  table  levels,  and therefore  might  not  be  suitable  proxies  to  detect  true

autocorrelations of the groundwater tables. Finally, groundwater table in the vicinity of the water

bodies is not on the uniform level and has a tendency to increase in depth with the distance from the

open water (Munter and Anderson, 1981), further confounding the signal. Therefore, in order to
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further understand the peatland Scots pine growth, it seems necessary to put additional resources in

the detailed understanding of the peatland hydrology, especially increasing the resolution of the data

collection  and  investigating  hydraulic  conductivity  of  the  peatland  soil,  possibly  near  the  tree

locations.

Unfavourable conditions in which peatland Scots pines grow usually result in, among other

things, stunted growth. With the low precision of the measurements, stunted growth may further

result in the near-zero variance of the tree-growth features (ring-width, cell anatomy or ratios) of

peatland Scots pines than in forest trees. As near zero variance of any variable invalidates the use of

that variable in statistical inferences (Kuhn, 2008), higher precision of the measurement is often

necessary  for  peatland  trees  than  in  forest  dendrochronology.  I  have  measured  the  samples

presented in this study, to the best of my ability and our equipment’s precision (0.001 mm) and even

for  the  smallest  samples  variance  was  always  well  above  zero,  and  therefore,  measurement

precision should not cause the invalidity of the inferences presented in this thesis.

Another  frequent  problem probably  caused  by  the  unfavourable  growing  conditions  and

occurring very frequently with peatland Scots pines is continuously missing outer rings (Wilmking

et al., 2012) in the lower segments of the tree, which in turn can cause miss-dating further leading to

the excessive error rates and potential  bias in the temporal dimension of the statistical  models.

Continuously missing outer rings are common in the vascular plants growing in extreme conditions,

but it seems that serial sectioning method offers a good chance to properly date samples coming

from lower plant sections (Beil et al., 2014; Myers-Smith et al., 2015). However, serial sectioning

depends on the growth signal  being constant  in the individual  to  be able  to  cross-date  various

sections and detect the missing rings within the tree. On the other hand, the growth response of any

peatland Scots pine might vary during the lifetime of the tree, because of the changing conditions in

the peatland, e.g. constant raising of the peatland with accumulating peat implies that peatland tree

roots are buried ever deeper as the tree grows. Therefore, the assumption of the constant growth

signal in the peatland trees may not hold and serial sectioning might fail.

When  cross-dating  of  the  peatland  tree  fails,  the  sample  is  discarded  from  further

investigation and information contained in that sample lost, which introduces a bias to any further

inference. The cross-dating bias might be resolved by individualistic approaches and creation of the

dummy variable which indicates failed or successful cross-dating. However, that procedure would

introduce  another  degree  of  freedom and  might  consequently  compromise  the  precision  of  the

inference, inadvertently introducing an additional source of Type I and II errors. With larger sample

sizes  inferences  should be  more  robust  towards  these  type  of  errors,  and therefore,  any future

research in peatland Scots pines should aim for relatively large sample sizes.
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Classical,  aggregated,  tree  growth  model  often  used  in  dendrochronology  (Cook,  2013)

assumes independent drivers of the tree growth. However, in the case of intercorrelated factors, tree

growth is probably additionally driven by interactions between the factors, e.g. changing growth

response  to  the  environment  with changing hydrological  regime,  in  addition to  the stand-alone

drivers,  e.g.  hydrology  and  climate  independently  driving  tree  growth.  When  described  as  a

statistical model, complex relationship between peatland Scots pines and peatland environment, as

well as the intercorrelated environmental factors may result in the chaotic growth responses of the

peatland  Scots  pines,  i.e.  small  changes  of  the  environmental  factors  lead  to  the  large  and

unpredictable changes of the tree growth (Berliner, 1992). To avoid such behaviour of the complex

models, classical calibration-verification procedure of the response functions (Fritts, 2012) might

not be enough, and additional training and validation steps would probably be necessary, e.g. k-fold

cross-validation or receiver operating characteristic (ROC) curves. Such procedures usually involve

splitting the sample into several sub-samples each containing training and validation subsets of the

data which further indicates that larger sample sizes might be necessary when dealing with the

peatland trees in general, and peatland Scots pines in particular. Once the models are calibrated and

pass  the  validation  tests,  interpretability  of  the  model  parameters  might  be  compromised,  as

assigning any ecological meaning to  the coefficients of the complex models is  difficult  at  best

(Askira-Gelman,  1998;  Vellido  et  al.,  2012).  Therefore,  as  this  thesis  is  mostly  based  on

understanding the growth ecology and the responses of the peatland Scots pines to the changing

peatland environment and limited dataset available for the model parametrization I decided to use as

interpretable models as possible.

Finally,  studies  presented  in  this  thesis  are  limited  to  the  specific  peatland  type,  North

European  fen/bog  complexes,  and  tree  species,  Scots  pine.  By  broadening  the  field  to  other

peatlands, mid-latitude peatlands and large pristine peatland complexes found in central Asia, or to

the other tree or shrub species, e.g. Vaccinium sp.; Alnus sp.; Betula sp.; Quercus sp.; Picea sp., it

might be possible to gain further insights into the relationship between peatland tree growth and

peatland environment with its temporal or categorical variability and complex interactions found

within.  As of this writing, there is an active project in Germany (WETSCAPES) looking at the

effects of the peatland rewetting that might offer further insights into the growth responses of the

trees, specifically alders, to the peatland environment.
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