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Recent Trends of Tree Growth
in Relation to Climate Change in Hungary

Zoltan HMocy!’

Hungarian Forest Research Institute (ERTI), Budapest, , Hungary

Abstract — The paper addresses two related issues. One is whether, and how, growth patterns of stand
mean height have changed in Hungary in the last few decades, and the other is whether recently
observed increases in mean annual temperature might have caused changes in growth trends. Changes
in tree growth were investigated for beech (Fagus sylvatisessile oak Quercus petragaand

Turkey oak Quercus cerriy by comparing stand mean heights over age using data from the forest
inventories of 1981 and 2001, and for sessile oak using stand mean height data from permanent
sample plots since 1961. Tree growth was found to have accelerated for each species mentioned, with
Turkey oak showing the largest acceleration. To study the second issue, stand mean height was related
to elevation, wich in turn was related to mean annual temperature and precipitation. For these
analyses, too, data of many thousands of stands in the forest inventory was used. Stand mean height
was found to increase with decreasing elevation, i.e. with increasing mean annual temperature, for
each of the three species. As the annual precipitation and air humidity decreases with decreasing
elevation, it was concluded that increases of mean annual temperature could positively have affected
tree growth in the last few decades. However, this effect is expected to be soon limited by water
availability.

climate change / tree growth / beech / sessile oak / Turkey oak

Kivonat — A fandvekedés és a klimavaltozas néhanysiefliggése MagyarorszagorA tanulmany

két, egymassal Osszefitgpgérdést elemez. Az egyik az, hogy vajon felgyorsult-e a fdk magassagi
ndvekedése az elmult évtizedekben, a masik pedig az, hogy e gyorsulast okozhditaéesakiet
ndvekedése? A fandvekedés-gyorsulast egyrészt az Orszag@ddldendny Adattar 1981-es, illetve
2001-es erérészlet-adataibdl biikkre, kocsanytalan tolgyre és cserre levezetett kor-magassag gorbék
Osszehasonlitasaval vizsgaltuk, masrészt pedig hosszulejaratu fatermési kisérleti teriiletek adatainak
trendelemzésével kocsanytalan télgyre. Mindegyik esetben a névekedés gyorsuldsa volt kimutathato;
leginkabb a cser ndévekedése gyorsult fel. E gyorsulas okainak vizsgalatdhoz 6sszefliggést kerestiink az
Orszégos Erghlloméany Adattar talalhatd sokezer émészlet tengerszint feletti magassaga és a fak
atlagmagassaga kozott. Kimutattuk, hogy az atlagmagassag — minden egyébt tahgeddnak

tekintve — tt a tengerszint feletti magassag csokkenésével, ami megfelel azéatéagbklet
novekedésének. Mivel a csapadék éves mennyisége csokken a tengerszint feletti magasséag
csokkenésével, ezért azt a kdvetkeztetést vontuk le, hogy az elmult évtizedek magasabbktete

valéban intenzivebb névekedéssel parosult. Ahen ahémérséklet-ndvekedés hatasat azonban
varhatdan korlatozni fogja a rendelkezésre allo viz abszolut vagy relativ csokkenése.

klimavaltozas / ndvekedésgyorsulas / bukk / kocsanytalan tolgy / cser
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1 INTRODUCTION

In its most recent assessment report, IPCC (200Fyested that a ,global assessment of
data since 1970 has shown it is likely that antbggmic warming has had a discernible
influence on many physical and biological systenig&dsed on data, models and scientific
reasoning, the report also stressed that, ,globa&ibmmercial timber productivity rises
modestly with climate change in the short- to mediierm with large regional variability
around the global trend”.

For Europe, Nabuurs et al. (2002) suggested, basedodel simulation, that increment
could grow by 18% by 2030, and slow down on a lortgem. Solberg et al. (2003) suggested
increased wood production in Western Europe, liegaeased production in Eastern Europe.
Finally, Schroeter (2004) also suggested incredsesbt growth in most parts of Europe,
especially in Northern Europe.

With respect to tree growth, these findings coultmstimes be expected as a
consequence of the recent warming in Europe. Hokyevighout evidence that is based on
measured data it is not entirely clear how and hatvextent tree growth may change due to
climate change.

Since tree growth is not only a biological procdss, also affects the economic, social
and environmental aspects of forestry, and sin@ait be measured relatively cheaply and
accurately (as compared to most characteristiesa$ystems, such as food chain), one of the
first consequences of climate change to study imgduy was tree growth (Matyas 1994,
Somogyi 1998.a-c, Somogyi 2001, Makkonen-Spiecken&yyi 2000).

Another reason of the interest in tree growth iatths patterns seemed to have
changed throughout Europe over a decade ago, adiestwere conducted, even without
considering climate change, that were widely pubiid. Kuusela (1994) was among the
firsts to show, by analysing the forestry statsstimf the European countries, that the
standing volume and current increment had consldgriacreased during the previous 40
years, although the amount of harvest had alseasad. This study was followed by that
of Spiecker et al. (1996) who, in addition to studythe issue whether tree growth could
have increased or not, also attempted to addregsitvdould have happened. The studies
included analyses of forest inventory data, bub alata from scientific studies such as
permanent sample plots and tree ring analyses wdwmeracy is of high importance. The
synthesis of the results suggested a more or lxsdexated tree growth rate in most parts
of Europe.

In Hungary, tree growth was not suspected to haamged in the 1980’s (Kiraly 1986),
however, several case studies applied the hypethikat it might have changed (Somogyi
1998a-c, Makkonen-Spiecker-Somogyi 2000, Toth 1988abados 2007). The results
suggested that a large-scale study was necessary.

In this paper, which reports on the results of shigly, two main questions are focused on:

I. Is there any indication of a recent change endglowth pattern at the country level?
[I. Could the recent climate change result in clesng tree growth?

These questions cannot directly be answered, tiveredperative questions, two for each
questions above, were formulated, also considalirgvailable data. These are the
following:

I(a) What was the growth trend like of three impaotttree species, i.e. beech, sessile oak
and Turkey oak between 1981-2001 using forest itorgrdata of the National Forestry
Database (NFD)?

I(b) What was the growth trend of sessile oak likpermanent sample plots?
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lI(a) Could any relationships be found between wemwvth rate and site characteristics that
are strongly affected by mean annual temperature?

lI(b) In case there are such relationships, cohtlincrease of temperature between 1981-
2001 be shown to bring about the observed tree tyrohange (under | above) during
the same period?

2 METHODS AND DATA

The above questions required different methodsynagBons and data, therefore, they are
detailed in relation to the questions themselvég Jame applies later for the results.

I. Recent tree growth trends

Of all possible measures, tree height was analysatktect trends as it was available in
each dataset, and it strongly correlates with sitee heights or height growths of the
same species were compared in different yearsnog periods with the assumption that,
within the limits of sample errors and the errofshe measurements, the same site brings
about the same height growth. It is the same totkay, if site has changed, it affected
height growth.

Another main element of our approach was that @dlyaes were done using all data
available in the country, i.e., using the largestgle size, by which the effects of local
differences of site, forest management etc. oktdmples, that could have affected the results,
could be minimized.

Question number I(a) was analysed using stand flata the NFD for sessile oak
(Quercus petraed.iebl., SO), common beech (Fagus sylvatica L., CB)d Turkey oak
(Quercus cerrid.., TO). Only those stands were included where theemwavailable for
the roots only included water from precipitatiore(j stands under the influence of floods
were excluded). For all these stands and for atigs in the stands, and for both 1981
and 2001, age, species ratio (by crown projectioni)gin (seed, coppice), mean stand
height, mean stand diameter, standing volume, dsasgesite characteristics (see below)
were queried from the NFD. From the mean standhieagd age data, age-height curves
were developed for both 1981 and 2001, and theseswere compared using regression
and correlation techniques.

Question number I(b) was analysed using data fleenSIO permanent sample plots of
the Hungarian Forest Research Institute. Here, tbe, mean stand height data were
plotted against age. In this analysis, differentnber of data per sample plot could be
used depending on when observations started osatimgle plot (the difference of the age
of the stand between two consecutive measuremdrtteecsame sample plots is usually
between 5-10 years). The sample plots includedkcsilitural experiments where a range of
thinning intensities was experimented with. Inchgliall plots of the experiments, often
with different stand densities, was based on theuragtion that, within wide ranges,
thinning does not affect mean stand height. Intenghinnings, which might have
increased mean stand height causing mean standhthiigtend lower, only occurred
during the 1960’-1970’s, and stands became muclsatelater. Thus, including these
experiments could not result in the increase ofdbheerved mean stand height growth,
rather, it could only reduce any observed increddeeight growth.
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II. Site - tree height and site change — tree growtrelationships

When studying the effects of climate change, twpartant climatic factors to analyse are
temperature and precipitation. Unfortunately, thdeta were not directly available as they are
not measured and stored in forestry databaseswand not available at an appropriate
density from other (e.g. meteorology) databaseiseeiOn the other hand, we suspected that
relationships may exist across large areas, i.theativerage of many stands, between these
climatic factors and two measures that are assdes&@dch stand in Hungary: elevation and
forest climate type. Elevation (EL) is measured] atored in the NFD, for each stand at the
nearest hundred m. Concerning forest climate t¢#is€3), four types are used in standard site
assessment based on the occurrence of main treespehich is thought to correlate well
with the joint effects of all climatic factors. Tée four types, named after the main indicator
tree species themselves, are Common Beech Type )(GBdrnbeam-Sessile oak Type
(HST), Turkey Oak Type (TOT), and Forest Steppe €TYpST). According to Matyas-
Czimber (2000), the difference between the meay dwinthly temperature of CBT and HST
is 0.9 degrees °C, whereas that of HST and TOT2i8@ and the difference between the mean
annual precipitation of CBT and HST is 32 mm, whsrthat of HST and TOT is 86 mm.

In the present study, multiple regression techrsqwere used to detect relationships
between mean stand height on one hand, and EL @mdoR the other, to address question
number ll(a). The regression analyses were madely so that, within each FCT, further
categories were created using other standard aiteneters available in the NFD: aspect, soil
type, rooting depth, as well as physical soil cbhemastics. However, due to limited data
availability, only those categories were considevdtere tree growth was limited by the
amount of precipitation, and where a number of dgawas available that could allow to
perform statistical tests. Of all possible comhbimag of the above site characteristics, 84 site
categories were studied. Based on the relationstupsd, simple relationships between
temperature and tree growth were developed, usisighple meta-analysis of the results by
all site categories, for the three tree speciapiettion number I.

Finally, in analysing question number lI(b), théat®nships found under ll(a) were used
to estimate how much increase of tree growth cbeléttributed to the observed increase of
mean annual temperature between 1981-2001. Usinglibive relationships, predictions were
also made in several scenarios of possible fuhaeease of temperature.

3. RESULTS

I. Recent growth trends

I(a) Several thousands of mean stand height data warkalale for all three tree species from
the NFD (not shown in the figures below). The seconder polinomial age-height curves
fitted for these data for 1981 and 2001, which showerlap, show significant differences for
a range of age classdsdure 1).

A more detailed analysis of differences by age sdas as well as FCT and origin
(Table ) shows more detailed tests of significance. Theenwategories we have, the less is
of course the number of stands in a category, thexethe less is the chance to find
significant differences, and indeed, less significalifferences were found, and non
significant catagories were found, too. There dse aategories where the mean height is
lower in 2001 than in 1981. However, overall, tf32 mean heights were generally larger
than the 1981 mean heights in the same speciesarsit origin categorieggble ). In the
latter, ,main” means stands where the given spégi@snain species, i.e. its species ratio is more
than 50%, whereas ,mixed” means stands where theespratio is less than 50%. Dark cells
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indicate significantly higher mean heights of thene age (in 2001), light gray colors indicate
non-significantly higher mean stand heights, wherealdle gray colors indicate non-significant
lower mean heights. There were no significant lomean stand heights in 2001 than in 1981.
White cells indicate classes with not enough nurobstands in the respective category.

mean stand height (m)

40 50 50 70 80 %0 100
age (yr)
Figure 1. Second-order polinomial age—mean starighteurves,
based on data (not shown in the figure) from thé®Nfer species SO, TO and CB

for 1981 (continuous line) and 2001 (continuou®Jin
together with the confidence bands of 95% prolgi{diashed lines).
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Table 1. The difference between the mean stanthtisdig2001 and 1981 by age class for
SO, TO and CB species by the origin (seed or ceppicd species ratio categories.

Origin  Mixing Age class (year)
41-50 51-60 61-70 71-80 81-90 91-10m01-110111-120

SO
seeq  Main 257 0,50 042 083 0,23
mixed 0,37 @ -024 -0,78 -0,36 BFINIBGFEN 0,06 0,04
coppice ™A AW 266 | 227 [ 150 | 1357 133 |
mixed 204 PXrZl 198 | 1,27/ 1,68 JIFEE 3.30

CB
seeq  Main 1,23 0,25 1,28 0,65 0,00
mixed GNIQN 303 | 121 | 230 009 | 119 | 235
coppice main BEEOIEEE 111 2,75
mixed 0,25 0,59 527

TO
seeq Main 0,99 0,10 IENYE] 059 IEWCREEEE
mixed 016 052 0,09 BF¥ZE] 053 1,32
coppice AN QYO 112 | 200|349 | 305 [ 621
mixed XVl 245 | 1,83 243 | 1,76 PEN

I(b) Data from SO permanent sample plots were groumedhat one group contained
measurements that were taken before 1990, andhke group contained measurements that
were taken after 1990. A second-order polinomiavewvas fitted to both datasetadure 2.

40
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25

20

mean stand heght (m)

15

0F- - -Lb——J - J L
| | | | | | |

| | | | | | |

5 | |

40 50 60 70 80 0 100 110 120

age (yr)

Figure 2. Second order polinomial fits to mean gtheight data of SO permanent sample plots for
pre-1990 measurements (thick continuous line) awd-p990 ones (thin continuous line),
together with confidence bands of 95% probab(litgshed lines).
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In general, the curve fitted to the post-1990 mesments goes higher than the one fitted to
the pre-1990 measurements. Significant differemese found between ages 75-95 years.

II. Site-tree growth relationships

[I(d) The relationships between elevation and mean sterght was modeled using linear
regression models with the data from the NFD. Tdmdassumption was thegteris paribus

l.e. everything else (species, FCT, soil type, eBpeeing the same, mean stand height is
determined by the elevation. The linear model wagetbped for all possible species and site
combinations between 300-600 m a.s.| where we hadgh data. The regression coefficients
(i.e. the coefficients of the slope of the lineare) varied between -1.6 and 0.8 and
represented a normal distributidriqure 3. The full confidence interval of 95% probability
is found in the negative range for each tree spe@ad the mean value of the regression
coefficients is a negative number, i.e. -0.499C@@&, -0.57 for TO and -0.29 for SO. It thus
seems that generally, although with a high deviatelevation has a discernible effect on
mean stand height, and mean stand height decre@bete decrease of the elevation.

_

.

o
|
2
/ .
7 %277,
_ . .=
6

%/ /é
% |
%

Figure 3. The distribution of the regression camdfints (b) of the linear model:
mean stand height = a + b * elevation for all sgectaken together and for all possible site catiegor
for elevations between 300-600 m (N = 84; meanerald0.454, and the confidence band is found
between -0.545 and -0.362). Similar distributioregevfound, with different mean values, by species
(see text).

Relationships between FCT and mean stand heightisasmodeled by species, as well
as main soil types, using second-order age-heiglmagmial curvesFigure 4 demonstrates
that, for SO and on typical brown forest soil typsignificant differences exist between the
age-height curves of the different FCTs. The défees by FCT are more expressed than
those by the elevation. However, standard deviasarsually high, and, although differences
are often found, the number of stands by a sitesdks usually not enough to find significant
differences. Generally, trees grow highest in tH&TCthey grow lower in the HOT, and
lowest in the TOT (there are very few occurrencethe three species studied in the FOS
forest climate type).
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We note here that it may seem paradoxical that nstamd height decreases with the
decrease of the elevation, but it increases weghRGT when moving from TOT towards CBT
(CBT is usually found at higher elevation than TOHpwever, elevation is only one factor that
determines FCT, thus, moving along elevation and@ EOnot equivalent to moving along the
same axis but in opposite directions, rather, élmvaand FCT are different dimensions of the
same niche. In any event, we do not have a cohéventy on how FCT affects tree growth, and
further studies are needed to identify the effetthe various factors in relation to FCT that may
affect tree growth.

m ean stand heght (m )

age (yr)

Figure 4. Age-height curves (continuous lines) ByHor SO stands on typical brown forest soils
and in Southern aspects. Dashed lines represerfidence bands of 95% probability.
The upper lines are fitted to data of stands iT@Be data are not shown in the figure),
the lines in the middle are for HOT, and the lowees are for TOT.

lI(b) We have estimated what increase of height grovathidc occur, by applying the
relationships of the ll(a) analysis, assuming atréase of temperature of 1.0 °C that was
observed in Hungary between 1981 and 2001. WeesBmated what would happen in the
future in case of a further temperature increase.®fand 2.0 °C. (Note that these increases
are the same or higher than the differences betwlsemean annual temperatures of the
various forest climate types that were mentioneamvapsee Matyas-Czimber 2000.)
As a first step, it is necessary to define growttrease potential. It is
— along-term average increase of the tree heigivith
— if mean annual temperature increased in the tengy by X °C (i.e., if the mean
temperature stabilized after an X °C increase),
— and if all other factors that influence tree giowemained the same, including e.g. the
amount of precipitation.

! According to our current knowledge about the pitipn, it will decrease somewhat in Hungary. Hegreeven with
the same amount of annual precipitation, it canmit@at the precipitation becomes a growth limifexgjor according to
Liebig's law of the minimum. This, however, does Inave any major effect on the conclusions of tudys
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In the second step, we must convert elevation tepézature. In Hungary, the mean
annual temperature changes by 0.5-0.6 °C by eve@ym change of elevation, and this
change can be assumed linear. In the third stegheiflinear model under li(a) above is
applied to the mentioned temperature changes tleaiget an average potential tree height
growth increase of 0.45 m for every 100 m increaké¢he elevation. Formulated in yet
another way, every 0.1 °C increase of mean tempergéacross all age and site classes and
for all tree species studied) is equivalent to @hitegrowth increase of 0.07 m. The species
specific values are the following: CB, 0.1 m/0.1 SO, 0.05 m/0.1 °C, and TO, 0.1 m/0.1 °C.
Finally, using these values and assuming threeasimsnof temperature increase, the potential
tree height growth increase values can be calalfateall tree specied @ble 3.

Table 2. Tree growth increase potentials (for iefiition see text above) in three scenarios of
temperature increase by tree species, calculatenh fthe linear model under li(a) and all
assumptions and calculations under li(b) above.

Mean increase of tree height (m)

Tree species if the increase of mean temperature is (°K)
0.5 1 2
Common beech (CB) 0.5 1 2
Sessile oak (SO) 0.25 0.5 1
Turkey oak (TO) 0.5 1 2

4. DISCUSSION

The results of the study of recent growth trendsegtjons number la and b) suggest that tree
growth has recently increased in Hungary. The stuplved many data (and all data
available) that eliminated the errors of individtréle height measurements. We also checked
whether there were any changes in the methodolbgyean stand and individual tree height
measurements during the forest inventories betvi®&1 and 2001, however, according to
information that we received from the National FRbré&ervice, which runs the forest
inventories, there were no such changes. Thus,omeluded that there is high confidence
that tree height growth has indeed increased.

Concerning site-growth relationships (question nenlba) it must be stressed that both
temperature and precipitation are very complexofactand neither any mean value (annual,
monthly, or for the ,vegetation season”), nor tetahinimum or maximum values (again for
a year, a month or for the vegetation season) moagh to fully predict tree growth, even if
any of these factors are Liebig-minimum valueseaist for a certain period of time. The
application of the elevation, a data that is awdéan the NFD, as a temperature-proxy has
the advantage that no such means, totals, minimmaxima were used but a complex,
although proxy, variable that integrates all ofsieboth for temperature, as well as for
precipitation.

With the decrease of elevation, the mean annugbeesiture increases and the amount of
precipitation decreases, which means that usingldneation as a proxy will only show the
effect of temperature in the increase of tree gnowhd the decrease of the precipitation may
only result in an underestimation of this tree gilowncrease (i.e., we get a conservative
estimate for the temperature — tree growth increalsgionship). It is, however, clear that we
only identified statistical (correlational) relatiships between temperature increase and tree
growth increase, and not causal relationships.

We applied theceteris paribusprinciple for each other tree growth limiting factthat
were available in the NFD. This means e.g. thatewhktudying the possible effects of the
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elevation, we only involved data of those standd ttad the same other characteristics, such
as tree species, FCT and soil type. Again, mangrdtctors that could not be included in the

analysis, such as the amount of photosinteticaltiva radiation and the like, do cause tree

growth to change in directions opposite to tempeeafe.g., they decrease tree growth when
temperature increases), thus, ignoring them ordgddo an underestimation, or conservative
estimation, of the possible effects of warming.

As mentioned before, tree growth was modeled use®height which is age dependent.
The effects of age on the regression coefficient&igure 3 could sometimes be shown,
however, it could not be shown in other cases. @biss not mean that the elevation, or the
related mean annual temperature, do not affect thratvonly means that, in addition to the
elevation, age, aspect etc., there may be oth&r&athat affect growth, or we did not have
enough data in certain species-site categories.

Concerning the effects of the elevation and the F@WE latter showed stronger
correlation to growth than the elevation. This nbh&yexplained by the fact that the FCT is a
more complex indicator of all factors affecting @tb than the elevation. But because FCT is
not only defined by the temperature, and becausdimeat relationship is known between
FCT and temperature, we could not use it to pratietincrease of tree growth in relation to
the change of temperature. On the other hand, BGIEfined by the very occurrence of the
species themselves, however, the occurrence ofeaiespdoes not only depend on the
requirements of these species to the physical @mvient, but also on the competition of
these and other species with overlapping niche eisn therefore, it can occur that a
characteristic species of a FCT grows better irireard=CT (e.g. SO in the CBFjgure 4).

In any event, further analyses will be requiredngigeographical information systems,
to better understand the relationships betweeelthation and tree height growth. Many site
type combinations could be defined using the sitaracteristics that are available in the
NFD. We did not analyse all these combinations, hot only because many of these
characteristics may not have strong relationshijis tkee growth, but because our intention
was to establish relationships at the country leVbEse relationships are most probably not
linear, and depend on age and many other factatstiuld not be involved in the analyses.

When studying the possible effects of the tempeeatn tree growth in various scenarios
(question number li(b)), the estimated increasdreé growth corresponds well with the
observed changes between 1981-2001, thus, we cmtlthat the observed increase of
temperature in the country recently could give teséhe observed changes in the tree growth.
We, however, again stress that we only studiedsstatl correlations, not causal effects.

Finally, we note that the rate of increase of vatugnowth that may be a resultant of the
increase of tree height growth will probably nostjty a substantial increase of the annual
allowable cut. Also, as a consequence of Liebigig bf the minimum, a further increase of
tree growth due to a further increase of tempeeatnay not happen at all (Matyas—Nagy
2005, Métyas, 2006). According to IPCC (2007), glbh the wood production could only be
increased slightly in the short- and medium-ternmaip further 1-3 °C temperature increase.
This is because the trees’ requirements to watéingrease at a speed that is higher than the
speed of the temperature increase, and, accorditiget current predictions, the amount of
summer precipitation is likely to decrease, andjogg to limit tree growth accross large
areas as the amount of precipitation is alreadsecto the limiting amount. It can be assumed
that both trees, as well as forest management migyhave a few more years, possibly a few
decades, to successfully adjust and adapt to teetgf climate change.
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