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Climatic Control of the
High-Latitude Vegetation Greening
Trend and Pinatubo Effect

Wolfgang Lucht,” I. Colin Prentice,? Ranga B. Myneni,>
Stephen Sitch,’ Pierre Friedlingstein,* Wolfgang Cramer,’
Philippe Bousquet,* Wolfgang Buermann,® Benjamin Smith®

A biogeochemical model of vegetation using observed climate data predicts the
high northern latitude greening trend over the past two decades observed by
satellites and a marked setback in this trend after the Mount Pinatubo volcano
eruption in 1991. The observed trend toward earlier spring budburst and in-
creased maximum leaf area is produced by the model as a consequence of
biogeochemical vegetation responses mainly to changes in temperature. The
post-Pinatubo decline in vegetation in 1992-1993 is apparent as the effect of
temporary cooling caused by the eruption. High-latitude CO, uptake during
these years is predicted as a consequence of the differential response of
heterotrophic respiration and net primary production.

Satellite observations over the past two de-
cades indicate a trend toward longer growing
seasons and greater annual net primary pro-
duction (NPP) in high latitudes (/-3). Using
a dynamic vegetation model that predicts leaf
area index (LAI), primary production, and net
ecosystem carbon exchange from first princi-
ples (4-7), we show that the trend and vari-
ability in the satellite observations are
consistent quantitatively with independent
climate data and qualitatively with net eco-
system carbon exchange, which was indepen-
dently calculated from atmospheric CO, con-
centration measurements (8).

We analyzed data for a 1982-1998 inter-
val for which we had access to both climate
and satellite data. A previous analysis of 10
years of data from the Advanced Very High
Resolution Radiometer (AVHRR) indicated a
progressive greening of the boreal zone. A
steady increase in annual maximum LAI dur-
ing 1981-1991 was associated with a slight
advance of spring budburst and delay of au-
tumn abscission (/). Subsequent work span-
ning 1981-1999 has confirmed these findings
(2, 9), but doubts about the validity of the
trend have persisted because of the need for
data corrections for instrumental and naviga-
tional drift, intercalibration of successive in-
struments, and consideration of aerosol ef-
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fects (10). Such doubts could be dispelled if
the interannual variations in greenness and
growing season length were shown to be
quantitatively consistent with independent
expectations on the basis of climate variabil-

ity and/or with independent reconstructions

of changes in regional CO, balance. This
analysis uses a climate-driven terrestrial car-
bon cycle model capable of simulating the
interannual variability of LAI and the com-
ponents of the terrestrial carbon balance.
We compare monthly LAI anomalies for
the boreal zone, derived from a recent version
of the AVHRR data, with monthly LAI
anomalies independently predicted by the
LPJ Dynamic Global Vegetation Model
(LPJ-DGVM), a biogeochemical process
model driven by monthly climate observa-
tions and by the global mean CO, concentra-
tion increase (see Materials and Methods in
supporting online material). Both simulated
and observed LAI anomalies show an overall
increasing trend, but periods lasting several
years with positive or negative deviations
from the trend can be discerned in the obser-
vations and are correctly simulated (Fig. 1).
The pattern of LAI anomalies within each
year is, in general, correctly simulated, al-
though discrepancies are seen in 1988 and
1996. The similarity between the model re-
sults and the observations is seen not only for
the whole boreal zone but also for each sep-
arate continent, even though the patterns dif-
fer substantially among the continents.
Further analysis of the data and model
results (Fig. 2) reveals an increasing trend in
the annual maximum LAI during 1982-1991
(+0.23, observed), an abrupt decline from
1991-1992, and a resumed increase during
1992-1998 (+0.19). The model reproduces
65% of the amplitude of the increasing trend
before 1992, 85% of the trend after 1992, and

63% of the overall trend (table S1). Accord-
ing to the AVHRR data, the overall greening
trend is associated with an advance of spring
budburst by several days and a similar delay
of autumn leaf-fall (Fig. 2). The model agrees
closely with the trend in spring onset and its
interannual variability (r = 0.91), and it also
shows a delay in autumn onset. The ampli-
tude of this delay is underestimated, but this
quantitative comparison is less appropriate
than for spring onset because the model esti-
mates the timing of cessation of carbon as-
similation rather than the timing of leaf ab-
scission, which is what is visible from space.

During the analysis period, global average
CO, concentration rose by 25 parts per mil-
lion (ppm), annual mean temperature in the
boreal zone increased by 0.8 K, and annual
precipitation increased by 9.7 mm. Individu-
ally, each of these changes would be expected
to increase NPP. The model showed boreal
zone NPP increasing by 34.6 gC/m?/year
(where gC is grams of carbon) and heterotro-
phic respiration by 31.7 gC/m?/year (linear
trends), which is an imbalance of —2.9 gC/
m?/year (the minus sign denotes uptake from
the atmosphere, i.€., a terrestrial carbon sink).
When taking into account the modeled burn-
ing of biomass, the magnitude of the sink is
increased to —3.6 gC/m?/year (—0.1 PgC/
year for the region). The average overall
modeled sink for the period is —7.8 gC/m?/
year (—0.2 PgClyear).

To determine the climatic factors leading
to the observed trends and variability, we ran
the vegetation model while keeping selected
climatic inputs constant at 1966—1995 aver-
age values. We find that variations in temper-
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Fig. 1. Monthly boreal zone anomalies of LAl
from the AVHRR satellite time series and sim-
ulated with the LPJ-DGVM. Due to the low solar
angle and snow cover during the winter, only
growing season anomalies (May to October)
were evaluated. Dotted vertical line indicates
time of Pinatubo event.
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ature alone account for nearly all of the mod-
eled behavior. Changes in precipitation and
physiological effects of atmospheric CO,
concentration contribute only marginally
(Figs. 2 and 3).

Stratospheric aerosol generated by the
Pinatubo eruption in 1991 depressed in-
coming short-wave radiation. The global
effect was still ~—1 W/m? even a year
after the event (/1, 12). As a result, an
anomalous cooling of ~—0.5 K was ob-
served (/3) in the northern high-latitude
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Fig. 2. Relative changes in boreal zone timing of
spring green-up and autumn senescence, and
anomalies of maximal LAIl, from the AVHRR
satellite time series (blue) and simulated with
the LPJ-DGVM (red). Markings on either side of
the curves indicate the starting and ending
points of linear fits to the whole time period.
The LAl is shown to display a break of linear
trends in 1991, the year in which the volcano
Mount Pinatubo erupted. Results for LP}-DGVM
simulations with constant atmospheric carbon
dioxide concentration, precipitation, and cloud-
iness (1966—1995 averages) but variable ob-
served temperatures are given for comparison
(purple dashed line).
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growing seasons of 1992-1993. The
AVHRR data indicate a large negative
anomaly of LAI in the boreal zone during
these years. The reliability of this finding,
taken in isolation, is uncertain because vol-
canic aerosols increase atmospheric scatter-
ing and could have spuriously lowered the
apparent LAI. However, the LAI values
estimated from the satellite data agree
closely with those we simulate from cli-
mate data during this period (Fig. 2). Both
data and model results indicate that the
northern biosphere suffered an abrupt set-
back (9) after 1991, followed by a resump-
tion of the greening trend in 1993. The
decline in LAI from 1991 to 1992 was 0.27
in the satellite data and 0.22 in the model
results. Spring onset was delayed by four
days according to the satellite data and
three days in the model. Autumn onset was
brought forward by nine days according to
the satellite data and four days in the mod-
el. These reactions to the Pinatubo eruption
occurred more or less uniformly on all
three northern continents (Fig. 1).

The agreement of satellite data and
model results suggests that the LAI setback
seen in the satellite data during 1992-1993
represents the response of the biosphere to
the Pinatubo cooling event. Furthermore,
simulated net primary production was re-
duced by 21.5 gC/m? and simulated hetero-
trophic (soil microbial) respiration was re-
duced by 32.2 gC/m2. When variability in
natural biomass burning (a small but sig-
nificant contribution to the overall carbon
balance of boreal ecosystems) is also ac-
counted for, the modeled effect of the Pi-
natubo anomaly is to increase the boreal
zone carbon sink (excluding agricultural
lands) by —0.17 PgCl/year compared with
the 17-year average. The modeled occur-
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rence of an enhanced sink in the years
immediately after the Pinatubo event
agrees qualitatively with numerical inver-
sion results (8) based on spatial patterns of
measured atmospheric CO, concentrations
in the remote troposphere (Fig. 3). The
climate-driven model results and the inver-
sion results agree that boreal zone carbon
exchange anomalies before 1992 were neu-
tral or positive, whereas an anomalous sink
developed in 1992-1993. A difference in
the magnitude of net ecosystem exchange
(NEE) and its anomalies between the model
and the inversion is possibly caused in the
former by remaining uncertainty in the tem-
perature dependence of respiration; the lat-
ter, however, is not fully robust for the
boreal region due to the sparsity of the CO,
observation network at high northern lati-
tudes, potentially leading to influence from
adjacent temperate regions. The unbal-
anced effect of cooling on NPP and micro-
bial respiration provides a more simple ex-
planation for additional high-latitude CO,
uptake than a proposed mechanism of in-
creased NPP due to an increase in diffuse
sky light (/4). Our findings support the
suggestion (/5) that the effects of cooling
in the boreal zone contributed to the reduc-
tion in the growth rate of the global atmo-
spheric CO, concentration during 1992-
1993 (16).

We conclude that there has been a
greening trend in the high northern lati-
tudes, associated with a gradual lengthen-
ing of the growing season [which has also
been shown by additional evidence such as
tree phenology trends (/7) and reduced
snow cover extent (/8)], caused by a slight
warming of boreal climate during the past
two decades. The trend cannot easily be
explained away as an artifact of the meth-
ods used to calibrate long satellite time
series. The trend was dramatically inter-
rupted by the Pinatubo eruption, which re-
duced LAI while producing an increased
carbon sink that contributed to the observed
(and temporary) slowdown in the global
rate of atmospheric CO, concentration
growth (79). Understanding the causes of
such variability is an important step in

‘distinguishing natural from human-induced

perturbations of Earth’s ecosystems.
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Rapid Changes in Flowering
Time in British Plants

A. H. Fitter™ and R. S. R. Fitter?

The average first flowering date of 385 British plant species has advanced by
4.5 days during the past decade compared with the previous four decades: 16%
of species flowered significantly earlier in the 1990s than previously, with an
average advancement of 15 days in a decade. Ten species (3%) flowered
significantly later in the 1990s than previously. These data reveal the strongest
biological signal yet of climatic change. Flowering is especially sensitive to the
temperature in the previous month, and spring-flowering species are most
responsive. However, large interspecific differences in this response will affect
both the structure of plant communities and gene flow between species as
climate warms. Annuals are more likely to flower early than congeneric pe-
rennials, and insect-pollinated species more than wind-pollinated ones.

Climatic warming has been shown to alter the
timing of important developmental or behavior-
al events in birds (/, 2), plants (3, 4), amphibi-
ans (9), and insects (6, 7); most studies have
involved single or small sets of species. The
timing of flowering is a key event for plants. It
affects their chances of pollination, especially
when the pollinator (for example, an insect) is
itself seasonal, and determines the timing of
seed ripening and dispersal: Fruit set may be
pollen limited at both the start and end of the
flowering period (8). Flowering time also influ-
ences animals for which pollen, nectar, and
seeds are important resources (9), and earlier
flowering also implies earlier activity in other
processes (leaf expansion, root growth, nutrient
uptake) that are important for niche differentia-
tion among coexisting species (10, 11) and so
will alter competitive interactions between spe-
cies. Large changes in flowering date will there-
fore disrupt ecosystem structure.

We have analyzed the first flowering date
for a set of 557 plant species, recorded by a
single observer (R.S.R.F.) over a period of 47
years in the vicinity of a single locality in
south-central England (/2). We previously an-
alyzed data for 267 of these species for the
period 1954-1989 (13), and the criteria used
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here were the same, except that species used
were those for which data were available for
more than half the years (i.e., >23) with at least
four records in the period 1991-2000, giving a
total of 385 species (/4) [table S1 (15)].

The first flowering date (FFD) of these 385
species for the decade 1991-2000 was on aver-
age 4.5 * 040 (mean * SE; modal value =
—4.0) days earlier than that for the period
1954-1990 (Fig. 1); 60 (16%) were significant-
ly earlier (P < 0.05; Student’s ¢ test), with a
mean deviation of —15 days. Ninety-four spe-
cies (24%) had a deviation in mean FFD >0; in
other words, these species showed later flower-

Fig. 1. Frequency dis- 80 -
tribution of deviations
in FFD in the decade
1991-2000 from the
mean over the period
1954-1990. Catego-
ries are 3-day periods;
numbers represent the
lower bound of each
category. Solid values
of the column repre-
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ing in the 1990s than previously, but the devia-
tion was only significant for 10 species (3%). A
few species showed extreme and significant de-
viations in the 1990s from the long-term mean,
including Lamium album (Lamiaceae; —55
days: 18 March in 1954-1990 versus 23 Janu-
ary in 1991-2000) and Cymbalaria muralis
(Scrophulariaceae; —35 days: 15 April versus
11 March). L. album is a species that used
occasionally to flower through the winter and
now routinely does so; earlier floras give the
FFD as March (16), April (17), or May (18, 19).
One species, the introduced shrub Buddleja da-
vidii (Buddlejaceae), was strongly delayed in the
1990s, by 36 days compared with the 1954-
1990 mean. These data are similar to, but more
marked than, those seen in a study of 100 spe-
cies over 30 years (1970-1999) in Washington,
DC (20): 89% were advanced and 11% retarded,
with an overall mean advancement of 2.4 days
in 30 years, and extreme shifts of —46 to +10
days.

FFD showed little variation in flowering
time during the first four decades of the period
studied (Fig. 1, inset), but there has been a major
shift in FFD since the 1980s. We have explored
the impact of climatic variables on these chang-
es by using the data from the Central England
Temperature (CET) Record (27) and the North
Atlantic Oscillation (NAO) (22, 23). Correla-
tions with CET data were stronger than with
NAO data in all cases. We grouped species by
the month of their mean FFD and determined

-3 0 9 12 15 18 21

Deviation of FFD (91-00 vs 54-90)

flowering than the 1954-1990 mean, positive values later flowering. Two species with extreme
deviations [L. album (-55 days) and B. davidii (+36 days)] have been omitted for clarity. (Inset)
Mean deviation of the FFD for each decade from the long-term mean (1954-2000); solid bars
represent species flowering in spring (January to April); open bars denote summer-flowering
species (May to August). Error bars represent standard errors.
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