RESEARCH COMMUNICATIONS

i Placing unprecedented recent fir growth in a
European-wide and Holocene-long context

Ulf Biintgen">*, Willy Tegel*, Jed O Kaplan’, Marcus Schaub', Frank Hagedorn', Matthias Biirgi',
Rudolf Brézdil>®, Gerhard Helle’, Marco Carrer®, Karl-Uwe Heussner’, Jutta Hofmann'’, Raymond Kontic'',
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Forest decline played a pivotal role in motivating Europe’s political focus on sustainability around 35 years
ago. Silver fir (Abies alba) exhibited a particularly severe dieback in the mid-1970s, but disentangling biotic
from abiotic drivers remained challenging because both spatial and temporal data were lacking. Here, we
analyze 14 136 samples from living trees and historical timbers, together with 356 pollen records, to evalu-
ate recent fir growth from a continent-wide and Holocene-long perspective. Land use and climate change
influenced forest growth over the past millennium, whereas anthropogenic emissions of acidic sulfates and
nitrates became important after about 1850. Pollution control since the 1980s, together with a warmer but
not drier climate, has facilitated an unprecedented surge in productivity across Central European fir stands.
Restricted fir distribution prior to the Mesolithic and again in the Modern Era, separated by a peak in abun-
dance during the Bronze Age, is indicative of the long-term interplay of changing temperatures, shifts in the

hydrological cycle, and human impacts that have shaped forest structure and productivity.
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Environmental political action catalyzed about 35 years
ago in Europe, with the widespread public perception
that forests were dying as a result of air pollution and
related acid deposition (Schiitt and Cowling 1985; Innes
1987; Kandler and Innes 1995). This apparent decline,
considered to be unprecedented in a broad spatiotemporal
context, stimulated new pollution control legislation and
promoted environmental awareness. However, scientific
curiosity about this subject gradually waned after a decade
of intensive research in conjunction with evidence of for-
est ecosystem recovery (Spiecker 1995).

Reports of crown dieback and declining tree growth
during the mid-1970s were mostly derived from individ-
ual stands of silver fir (Abies alba; Kandler and Innes
1995). These changes were linked with local to regional
assessments of sulfur emissions, drought, insect and
pathogen outbreaks, and soil acidification. However,
quantifying and fully understanding the reasons for these
variations in forest health were complicated by a general
lack of long and well replicated tree-ring width chronolo-
gies (ie annually resolved and properly dated time series
of radial stem thickening) and the difficulty of disentan-
gling the biotic and abiotic factors that might be respon-
sible for the observed changes. In other analyses of envi-
ronmental change, chronologies of tree-ring width have
been extremely useful in characterizing long-term vari-
ability in climatological and ecological conditions and
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the effects on forest productivity and vigor (Biintgen et al.
2011b, 2013). Unfortunately, extensive temporal and
spatial datasets on silver fir growth have not been avail-
able, and this has limited the opportunities for under-
standing past changes in the species’ growing conditions
across Europe.

Here, we compile ring-width measurements from living
fir trees and historical construction timbers throughout
Europe and use them to quantify trends in forest productiv-
ity over the past millennium. We also utilize paleobotani-
cal pollen profiles to reconstruct trends in fir land cover
over the entire Holocene. This novel, multi-proxy (tree-
ring/pollen) approach provides a much broader and longer
term perspective on the highly publicized Central
European forest decline of the 1970s and therefore allows
for an improved understanding of the external drivers of fir
growth and abundance at various spatiotemporal scales.

M Methods

Core and disc samples of 14 136 living and historical silver
fir trees were collected over the past four decades in Spain,
France, Italy, Switzerland, Germany, Poland, Slovakia,
Ukraine, and the Czech Republic. All historical samples
were obtained from construction timbers that made up the
frameworks of roofs and walls in old buildings. Such mate-
rials represent a rich source for dendrochronological stud-
ies, providing data that go back to medieval times across
most of Central Europe (WebFigure 1). (See Biintgen et al.
[2011b, 2013] for a more detailed description of the various
tree-ring archives that offer a unique source of multi-cen-
tennial to millennial-long tree-ring chronologies in
Central Europe.)
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Figure 1. (a) Location of the three core regions of living and historical silver fir sampling that are situated north of the Alpine Arc
(West, Mid, and East) , as well as the additional four sampling areas near the species-specific distribution limits in the Carpathian Arc
(EA1), along the Italian Peninsula (SA1 and SA2), and in the Pyrenees Mountains (SA3). (b) Temporal distribution of the 11 873
living and historical fir samples (ie measurement series) from the three core regions, along with information on average growth rate
(AGR), mean segment length (MSL), and sample replication. (c) The biological aging trends expressed by the Regional Curve (RC)
per region (West, Mid, and East), which shows exponentially decreasing tree-ring widths (TRWs along the y axis) with increasing
tree age (years along the x axis). (d) Regional subset chronologies of the three fir core subsets (green), their mean values (black), and
the four more marginal chronologies (blue—red). All chronologies were RCS detrended and additionally smoothed with a 40-year low-
pass filter. Highly significant correlation coefficients (P < 0.00001 in all cases) of the original (upper right values) and 40-year
smoothed (lower left values) chronologies from the three core regions (West, Mid, and East) were computed over the 1133—1996
common period, during which each chronology is replicated by at least 20 series. Additional correlation coefficients, calculated
between dll core and marginal chronologies over the 1800—1996 industrial period, were also significant (P < 0.0001). The gray
horizontal bar at the bottom refers to general Central European climate conditions, as introduced by Biintgen et al. (2011b).

Our compilation of annual-ring-width data spans
962-2011 CE and covers the entire range of silver fir dis-
tribution, including three core regions north of the
European Alps (West, Mid, and East), as well as fringes in
the Carpathian Arc (EA1), northern and southern Italy
(SA1 and SA2), and the Pyrenees (SA3) (Figure la;

WebFigure 1; WebTable 1). This represents the world’s
largest dendrochronological dataset for a single conifer
species. Samples from the three core regions were exclu-
sively taken from forest stands < 900 m above sea level
(asl), and each contains sequences of at least 50 consecu-
tive rings (Biintgen et al. 2011a, 2012b). Sample sizes,
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aging trends, and growth levels are similar among the core
regions (Figure 1, b—d), with significant correlations
("1133.1996 = 0.77-0.94; P < 0.00001), indicating highly syn-
chronized growth behavior. The massively replicated core
subsets of 3517-4413 samples each share a high degree of
common growth variability (ie internal signal strength;
WebFigures 2 and 3). See also Biintgen et al. (2011a,
2012b) for additional information on growth trends and
levels among the different regions (WebFigures 2—4).

Geographically averaged instrumental measurements
were extracted from a network of meteorological stations
across the greater Alpine region (HISTALP; Auer et al.
2007). These records were used to assess changes in the
relationship between radial fir growth and monthly tem-
perature means (since 1760 CE), sunshine duration
(since 1880), precipitation totals (since 1800), and
cloudiness (since 1840). A suite of 2736 correlation coef-
ficients, together with split-period and moving-window
approaches, were applied to detect spatiotemporal insta-
bility in the relationship between Central European fir
growth and climate variation.

Pre-instrumental indices of temperature and precipita-
tion back to 1500 CE were further derived from docu-
mentary evidence, including annals; chronicles; memor-
ial books; visual daily weather observations; private
correspondence; illustrated broadsheets; newspapers and
journals; pictorial evidence; stall-keepers’ and market
songs; early scientific papers and communications; epi-
graphic sources; and early instrumental meteorological
measurements (Brazdil et al. 2005). Central European
temperature indices were obtained from Dobrovolny et
al. (2010), while corresponding precipitation indices
were compiled specifically for this study. These data were
used to explore associations of annual weather condi-
tions with regional- to continental-scale extremes in
radial growth of the silver fir. Individual months were
classified on an ordinal scale: =3 (extremely cold/dry), -2
(very cold/dry), -1 (cold/dry), O (normal), +1
(warm/wet), +2 (very warm/wet), and +3 (extremely
warm/wet), with seasonal indices fluctuating from -9 to
+9 (WebTable 2; see also Dobrovolny et al. [2010] and
Biintgen et al. [2011a] for details).

We used decadal records of sulfur dioxide (SO,) and
nitrogen oxide (NO,) emissions across Europe, extracted
from version 2.0 of the Emission Database for Global
Atmospheric Research (EDGAR 2.0; van Aardenne et al.
2001), to explore their possible associations with fir
growth and vigor back to 1850 CE.

Paleoecological evidence of silver fir occurrence was
synthesized from the European Pollen Database (Fyfe et
al. 2009), the PANGAEA database (www.pangaea.de),
values digitized from published pollen diagrams, and per-
sonal communications from specific authors (WebTable
3). These pollen records were derived from sediment
cores of European lakes, swamps, and bogs. Abies pollen
cannot be differentiated at the species level, so records
were made at the genus level. The percentage of pollen

that was composed of fir pollen at each sampling site was
binned into multiple 500-year periods spanning the past
10 500 years. Using a 3D thin plate spline method that
uses elevation as a third dimension (Collins et al. 2012),
we spatially interpolated these values on five arc minute
(~5 km) grid cells. The resulting time sequence of fir dis-
tribution maps encompassed the Holocene and was spa-
tially adapted to cover the continent’s major drainage
basins north of the Alps, and from the Rhine to the
Danube.

M Results

Fir growth varied considerably over the past several cen-
turies. Low growth rates occurred prior to ~1200, from
~1600 to 1700, and from 1780 to 1870, whereas anom-
alously high growth rates occurred at most sites ~1350,
~1490, from ~1880 to 1950, and from the mid-1980s to
the present (Figure 1; WebFigure 4). Reduced fir growth
rates prior to ~1200 and in the first half of the 19th cen-
tury coincided with relatively dry and cold periods
(Figure 1d), whereas above-average growth rates paral-
leled periods of an overall wetter and warmer climate
(Biintgen et al. 2011b). The relationship between tree
age and growth resembles a negative exponential func-
tion, characteristic of a species regenerating under rela-
tively open canopy forest structure (WebFigure 2). The
appearance of suppressed juvenile growth prior to ~1300
and in the 19th century indicates relatively higher stand
densities during these periods, which, in turn, is sugges-
tive of greater resource competition (Biintgen et al.
2012b).

Growth—climate relationships of all ring-width mea-
surement datasets from the three core regions (West,
Mid, and East) remain non-significant overall
(P >0.001), with the exception of some spurious agree-
ment between recently increasing trends in temperature
and fir growth (Figure 2). Correlation coefficients that
are based on six slightly different silver fir chronologies
(ie raw measurements, raw measurements after power-
transformation, Regional Curve Standardization [RCS]
detrending, RCS detrending after power-transformation,
negative exponential functions, and 80-year spline func-
tions), 19 monthly and seasonal resolved targets among
temperature, sunshine, precipitation, and cloudcover,
two independent early and late split periods (1760-1950
and 1951-2007), and three geographical regions
(Northwest Alpine Arc, Northeast Alpine Arc, and the
Greater Alpine Region) accumulate to growth—climate
2736 pairings (see also Biintgen et al. [2012a] for method-
ological insight on the so-called “Ensemble Approach”).
An array of statistically significant negative correlations
with indices of May temperature and springtime sunshine
before the mid-20th century indicates the inverse rela-
tionship of these two parameters with precipitation and
therefore suggests some dependency of fir growth on soil
moisture availability at the beginning of the vegetation
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period, in line with the findings
of Biintgen et al. (2011a).
Nevertheless, a lack of short-term
climate sensitivity is evident
and possibly reflects transient
growth responses to environmen-
tal changes, related in part to the
fact that all samples from the core
regions were collected at < 900 m
asl. The high degree of tem-
poral instability in the obtained
growth—climate associations is
further emphasized by 31-year
moving correlation coefficients
(WebFigure 5). Although non-
significant overall, there is a ten-
dency for increasing positive rela-
tionships between fir growth and
temperature/sunshine after 1950
(although partly inflated by simi-
lar trend behavior), whereas re-
cent correlations with precipita-
tion/cloudcover are decreasing.
We also found little similarity
between reconstructed April-June
precipitation totals and June—
August temperature means (Web-
Figure 6). Nevertheless, there was
clear evidence that negative and
positive growth extremes have
coincided with dry and humid
springtime conditions, respec-
tively, during the past 500 years
(WebTable 2).

Growth rates among all
regions were highly synchro-
nized (7500 190 = 0.44-0.97) and
generally increased during the
1800-1996 industrial era (Figure
3a). There was a synchronous
post-1950 ring-width depression,
but growth strongly increased

from the early 1980s onward, though this was less pro-
nounced in Southern Italy and the Spanish Pyrenees

(Figure 3b).

Postglacial forests included only a small fraction of fir
trees between ~8000 and 6000 BCE (Figure 4), after
which the relative amount of fir steadily increased.
Despite a short depression ~4000 BCE, fir pollen contin-
ued to increase relative to total terrestrial pollen, reach-
ing a maximum of ~7% on average ~1000 BCE, which
preceded a continuous decline during the Common Era.

M Discussion

During the early 1980s, considerable scientific and public
attention was directed toward ongoing extensive dieback
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Figure 2. A total of 2736 associations (correlation coefficients) between six slightly different
silver fir chronologies and 19 monthly and seasonally resolved climatic targets were calculated
over two independent early and late split periods (1760—-1950 [blue] and 1951-2007 [red])
and three geographical regions (Northwest Alpine Arc, Northeast Alpine Arc, and the
Greater Alpine Region) (Auer et al. 2007). The six fir chronologies — based on raw
measurements, raw measurements after power-transformation, RCS detrending, RCS
detrending after power-transformation, negative exponential functions, and 80-year spline
functions — were calculated from all ring-width measurement series of the three core regions
(West, Mid, and East). The monthly (a) temperature, (b) sunshine, (c) precipitation, and
(d) cloudcover indices range from January—December, whereas the seven climatologically
defined  seasonal means include March-May (3-5), June—August (6-8),
September—November (9-11), December—February (12-2), April-September (4-9),
October—March (10-3), and annual (1-12). Horizontal dashed lines refer to the 99.9%
significance levels, independently calculated for the early and late split periods (blue and red).

in European forest trees, especially silver fir (Schiitt and
Cowling 1985; Innes 1987; Kandler and Innes 1995).
Concern over these declines motivated stricter air-pollu-
tion regulation and generated a new political focus on the
environment that persists to this day in Europe. Although
several studies documented local to regional forest
declines during this period, primarily across the central
portion of the continent, it is useful to revisit this dieback
from a much broader perspective in time and space.
Paleobotanical evidence from pollen profiles
(WebTable 3) indicates that fir trees were a fairly small
component of postglacial forests from 8000 to 6000 BCE
(Figure 4). Fir pollen, however, steadily increased after
~6000 BCE, both as a percentage of the total terrestrial
assemblage and relative to other arboreal taxa. Range

© The Ecological Society of America
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coastal and hilly areas, suggesting
high performance of silver fir
under conditions warmer than
those of today.

Timber harvesting, along with
intense woodland grazing and
litter collection, influenced the
disproportionate decrease in fir
abundance long before industrial-
ization. Clear-cutting, as part of
intensive forest extraction since
the 14th century and especially
after the Thirty Years’ War
(~1618-1648), root decay, and

Growth
release

Growth \f
decline ’ f

' Mediterranean
drought

o

[
2
T©
£
K=

£
k]

3

o
£

¥

3

2
F 2 30+

(<]
T 360 (c) g 25—
g r E 20
~ 340 [
8 L L2151
- o
3 320 i .§ o
g 300 g 5 European SO,
Global CO, Z M), o
(Ppm) oL®"

1800 1850 1 500
Year (CE)

later smoke damage all con-
tributed to some extent to an
accelerated European-wide de-
cline in the 17th century. Fir
regeneration was suppressed by
competition from spruce, beech,
and pine, which were intensively
planted from the 18th and early-
19th century onwards, following
clear-cutting (Biirgi and Schuler
2003). Exploitative land-use/land-

EOIDD .
cover changes may partially

explain declining fir abundance

Figure 3. Changes in annual (original unsmoothed data) and decadal (10-year low-pass from medieval times until ~1840.

filtered time series) fir growth across (a) Central Europe and (b) the Mediterranean (SA2 =

Despite the millennium-long

Southern Italy and SA3 = Pyrenees). (c) Long-term evolution of global nitrogen (N) and decline in fir populations, pro-
atmospheric carbon dioxide (CO,) concentrations, as well as European-scale estimates of ~ductivity has substantially in-

sulfur dioxide (SO,) emissions, which were compiled by van Aardenne et al. (2001).

creased Europe-wide during the

expansion and increased abundance were likely triggered
by a shift to moister conditions after the “8.2k event”
(Tinner and Lotter 2006). Despite the declining total
arboreal pollen percentage after ~4000 BCE, fir pollen
continued to increase until ~1000 BCE, probably due to
increasingly moist European conditions (Feurdean and
Willis 2008). This prehistoric fir peak was followed by a
continuous decline that has lasted until the present.

This long-term trend is corroborated by dendroarchae-
ological evidence — from several Swiss Neolithic lakeside
dwellings — in the form of a vast abundance of fir wood
~3500 BCE (Figure 4). Investigations of northern Alpine
settlements revealed thousands of fir logs used for Bronze
Age and newer construction. Interestingly, fir wood not
only dominated roof construction and skeleton framing
during the past millennium but also was frequently used
in assembling ancient Roman barrels, wells, and ships.
However, increasing forest extraction, agricultural expan-
sion, and competition from beech probably diminished
total silver fir cover during recent millennia. Prior to the
conversion of pristine forests into fire-prone macchia-
dominated ecosystems (densely growing evergreen Medi-
terranean-type vegetation) at ~4000-3000 BCE (Colom-
baroli et al. 2007), fir was abundant in Mediterranean

past two centuries (Figure 3).
This boost in productivity may be attributed in part to
the advent of less intense practices of woodland utiliza-
tion. However, these changes alone cannot explain the
synchronous increase in productivity, because different
strategies were applied at different times and at different
national, county, and even communal levels. Clear-cut-
ting after artificial spruce regeneration may have affected
the mid- and eastern core subsets in a similar manner. For
example, Swiss federal laws established in 1870 banned
forest grazing (to which fir is particularly sensitive), and
clear-cutting was abandoned shortly after the beginning of
the 20th century (Biirgi and Schuler 2003), when various
forms of group cutting were promoted. Selective logging of
fir was applied in the Venetian Republic of Northern Italy,
and fir grazing in combination with coppicing of the
broadleaf species was applied in the Italian Piedmont.
Industrialization presumably promoted fir recovery
beginning around the mid-19th century, since wood fuel
was gradually replaced by fossil fuels, particularly since
the 1950s when globalization led to the abandonment of
local semi-autarkic (ie semi-self-sufficient) agricultural
production systems throughout the mountainous areas of
Europe. The long-term ring-width increase that occurred
from ~1840 to 1940 in almost all fir habitats across the
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continent was therefore proba-
bly stimulated by a combination
of land-use practices and warm-
ing without drying, as well as
through fertilization by nitrogen
(N) and carbon dioxide (CO,)
(Figure 3c; Kérner 2006; Thomas
et al. 2008). In contrast, sulfur
(in the form of SO,) deposition
caused negative feedbacks, with
soil acidification inducing alu-
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enhancement (Korner 2006).
The absolute change of ~40
ppm in atmospheric CO, prior
to the mid-20th century possi-
bly initiated an effect on tree
growth similar to that of the
most recent increase from
315-385 ppm, which was partly
masked by pollutants (SO,,
NO,) and tropospheric ozone

Figure 4. Pollen-based estimates of relative changes in Central European silver fir distribution
as compared with other tree and shrub species, as well as with grasses and perennial herbs
during most of the Holocene (8500 BCE to 1950 CE). The relative proportion of fir
abundance reveals a maximum peak between around 1500 BCE and 500 CE, after which a
long-term decline in fir distribution and abundance, together with a general decrease in forest
cover, stretches from medieval times to the present. The three lower maps are temporal
snapshots of Central European fir distribution and abundance at 1500 BCE, 1000 CE, and
1950 CE. Green horizontal bars at the upper x axis provide the temporal distribution of
dendrochronologically dated fir wood, including material from Neolithic lakeside dwellings,
ancient Roman settlements, and medieval constructions in Central Europe.

(O;) after ~1950, for instance.

A substantial and synchronous decline in fir productiv-
ity, despite the ongoing multi-century trend of increasing
growth, is clearly evident during the 1970s, followed by a
recovery phase (Figure 3a). The late-1970s’ depression
coincided with increasing SO, emissions (Figure 3¢). Air
pollution not only directly harmed needle growth but also
may have prompted lag effects via soil acidification.
Moreover, it is probable that tree nutrition became
imbalanced with disproportionate N uptake compared to
base cations by elevated N deposition (Schulze 1989).
The success of recent pollution mitigation initiatives is
indicated by a rapid surge in Central European growth
after ~1982, with the effects of forest management, cli-
mate warming, and atmospheric fertilization potentially
also amplifying this boost. In contrast, Mediterranean
forest ecosystems suffer from a long-term drying trend
since the 1970s (Figure 3b). Fir growth in the Spanish
Pyrenees likely showed local drought-induced post-1980s
decline (Figure 3a), and affected stands were not able to
increase their water-use efficiency (Camarero et al. 2011;
Linares and Camarero 2012), despite rising atmospheric
CQO, concentrations.

There has possibly been some underestimation of the
1970s Central European forest dieback and overestimation
of the subsequent growth release as a result of tree-ring
sampling bias, given that the 20th century is represented
by surviving trees only, which have recently grown under

lower and wider canopy structures in more open habitats.
Estimates of early industrial pollution and the resulting
atmospheric composition are also not sufficiently resolved
in space and time to accurately explain any direct vegeta-
tion responses; likewise, the historical development of
acidification in different soil types is not well understood.
The relative importance of forest insect and disease out-
breaks to observed growth declines observed here remains
unclear due to the lack of consistent regional outbreak
records. The possibility that insect pests or fungal
pathogens functioned as either primary or secondary fac-
tors contributing to the mid-1970s fir decline still repre-
sents an unanswered question (Houston 1987), particularly
considering that these agents may have interacted with the
extreme drought that occurred in 1976 (Spiecker 1995).

This study suggests that silver fir growth, in contrast
with the growth of other tree species, will benefit from a
projected warmer but not drier climate in mesic areas,
whereas more southern habitats near the species’
Mediterranean distribution limit are already exhibiting
drought-induced growth depression, which will become
even more critical in a drier future. These spatially
diverse trends, projected to continue under climate
change, could potentially be important to recent large-
scale estimates of terrestrial carbon budgets, and thus
should be considered for inclusion in certain ecological
and biogeochemical models.
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