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Abstract Planning for the future requires a detailed under-
standing of how climate change affects a wide range of sys-
tems at spatial scales that are relevant to humans.
Understanding of climate change impacts can be gained from
observational and reconstruction approaches and from numer-
ical models that apply existing knowledge to climate change
scenarios. Although modeling approaches are prominent in
climate change assessments, observations and reconstructions
provide insights that cannot be derived from simulations
alone, especially at local to regional scales where climate

adaptation policies are implemented. Here, we review the
wealth of understanding that emerged from observations and
reconstructions of ongoing and past climate change impacts in
Switzerland, with wider applicability in Europe. We draw ex-
amples from hydrological, alpine, forest, and agricultural sys-
tems, which are of paramount societal importance, and are
projected to undergo important changes by the end of this
century. For each system, we review existing model-based
projections, present what is known from observations, and
discuss how empirical evidence may help improve future
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projections. A particular focus is given to better understanding
thresholds, tipping points and feedbacks that may operate on
different time scales. Observational approaches provide the
grounding in evidence that is needed to develop local to re-
gional climate adaptation strategies. Our review demonstrates
that observational approaches should ideally have a synergis-
tic relationship with modeling in identifying inconsistencies in
projections as well as avenues for improvement. They are
critical for uncovering unexpected relationships between cli-
mate and agricultural, natural, and hydrological systems that
will be important to society in the future.

Keywords Global change . Alps . Agriculture . Alpine
meadows . Hydrology . Paleoecology

Introduction

Climate change is altering human and natural systems inmany
regions of the world, and climate change impacts are likely to
intensify during the twenty-first century (Parmesan and Yohe
2003; IPCC 2014).Whereas greenhouse forcing of the climate
system is a global-scale process that requires multinational
cooperation to address, the impacts of global climate change
on human and natural systems are felt at local to regional
scales (Brönnimann et al. 2014; Hewitson et al. 2014).
Changing temperature and precipitation regimes may enhance
or diminish plant growth and agricultural productivity de-
pending on the regional climatic setting (Lindner et al. 2010;
Bindi and Olesen 2011). Likewise, hydrological regimes that
constrain water supplies and flood hazards vary depending on
regional changes in evaporation and the seasonality and abun-
dance of precipitation (Lehner et al. 2006). Consequently, de-
veloping policies to maintain productivity, sustainability, and
diversity, and thereby safeguard prosperity in an era of rapidly
changing climate, requires region-specific understanding of
how climate change impacts human and natural systems.

The research strategies used to develop local and regional
understanding of climate change impacts can be broadly sep-
arated into observational and modeling approaches. On a pri-
mary level, observations (including experiments, instrumental
measurements, reconstructions from natural archives, and
documentary evidence) provide the baseline data needed to
understand human and natural systems, identify changes and
trends, and ultimately attribute impacts to climatic or other
external drivers (Rosenzweig and Neofotis 2013). In turn,
modeling approaches (e.g., process-based or statistical impact
models) can apply empirical understanding of system function
gained from observations to project climate change impacts in
the future (IPCC 2014). Increasingly sophisticated impact
models apply regional climate projections to simulate climate
change impacts on agricultural and forest productivity, biodi-
versity, snow and glaciers, water supplies, and human health

(CH2014-Impacts 2014; Kovats et al. 2014). Such regional
projections of future impacts are critical for developing long-
term adaptation strategies. However, observational data also
have direct value for anticipating the impacts of projected
climatic changes, and are needed to build an empirically
grounded foundation for understanding impacts at multiple
spatial and temporal scales given that observations provide
mechanistic understanding of impacts on system components
(e.g., drought stress on individual plant species) and key vul-
nerabilities (e.g., catchment flood probabilities in warm and
cool climates). Furthermore, modeling and observational ap-
proaches ideally have a synergistic relationship, with observa-
tions identifying consistencies with and omissions frommodel
projections and thereby providing information not attainable
from models alone.

In this paper, we discuss how observational approaches in-
form climate change impact projections for hydrological sys-
tems, alpine meadows, forests and agriculture in Switzerland.
These systems are of paramount societal importance, and in the
case of Alpine ecosystems have unique ecological and cultural
significance in Switzerland. Furthermore, our review ranges
from low-human impact (e.g., alpine meadows) to human-
dominated (e.g., agriculture) ecosystems. Switzerland encom-
passes several major biomes of Europe, from mild sub-
Mediterranean to harsh arctic-alpine conditions. Thus, we pres-
ent climate change impacts on a spectrum of natural and human
systems in a climatically diverse region with wider applicability
in Europe, and the mountain regions of the world. We apply a
broad definition of observational approaches by considering all
techniques that produce empirical datasets (Fig. 1). Such ap-
proaches cover a wide temporal range, from millennial to cen-
tennial climate impact reconstructions using sedimentary ar-
chives, to the sub-annual to decadal resolution of
dendroecology and historical records, as well as precise instru-
mental measurements, and experiments. We first present pro-
jections of how each important system will be impacted by
climate change. We then discuss what is known about how
climate change impacted the system in the past or in experi-
mental settings, and how these impacts were critical to society
or to ecosystems. We also examine what aspects of climate
drove the changes by considering whether changes were linear
with a climatic variable, or if extreme events, tipping points,
and feedbacks drove the observed changes. A key focus is how
different time scales and approaches provide additional in-
sights. We conclude with observation-based recommendations
that arise from our review.

Projected climate change impacts on key systems
in Switzerland

Simulations suggest that mean annual temperatures in
Switzerland will likely increase by 3–5 °C by 2085 AD, with
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the highest rate of change after 2050 AD (CH2011 2011).
Projected temperatures increase throughout Switzerland in
all seasons, with the strongest warming south of the Alps
during summer. Whereas extreme summer heat events similar
to the heat wave of 2003 are likely to be more frequent and
intense, extreme cold events will be less likely, and the fre-
quency of winter warm spells will increase. Precipitation pro-
jections for Switzerland include considerable uncertainty
(CH2011 2011). Regional climate models project increases
in annual precipitation for northern Europe, and a decrease
in southern Europe. Because Switzerland and the Alps lie in
the transition between these regions, precipitation could either
increase or decrease. Winter precipitation will likely increase
south of the Alps, but outcomes are highly uncertain for other
regions (CH2011 2011). However, a mean decrease in precip-
itation is likely throughout Switzerland during summer when
the transition between northern European and Mediterranean
climate regimes shifts northward.

Modeling outcomes suggest that temperature increases will
have important ecological and societal impacts in Switzerland
(CH2014-Impacts 2014). For example, a 4 °C increase in
mean annual temperature is equivalent to a theoretical 700 m

upward shift of the alpine treeline (Theurillat and Guisan
2001). Recent studies that combined downscaled climate sce-
narios and process-based crop models projected negative im-
pacts of climate change on the mean and stability of major
crop yields in Switzerland by 2050 and beyond, when assum-
ing current crop and farm management characteristics
(Torriani et al. 2007a, b). Adaptive measures may mitigate
impacts of increasing temperatures and declining precipitation
(Klein et al. 2014), but given the uncertainty of both climate
projections and crop models (Holzkämper et al. 2015), it is
essential to place such projections in context with past ob-
served yield trends to identify the most effective and robust
adaptation strategies.

The combined impacts of changing temperature and pre-
cipitation on ecosystems in Switzerland will vary regionally.
Declining productivity is projected for warm, dry sites in rain-
sheltered valleys of the Central Alps, such as Central Valais,
where precipitation abundance limits productivity at present
(Huber et al. 2013; Elkin et al. 2015). In contrast, rising tem-
peratures should increase productivity in temperature-limited
montane forests where precipitation is abundant (Elkin et al.
2013). Although warmer growing seasons may also favor tree

Fig. 1 (1) Examples of empirical climate change impact data drawn from
multiple systems for this study (at different temporal scales) range from
(a) controlled laboratory studies (scale of days to years) including
physiological measurements and greenhouse experiments; (b) field
measurements and experiments (scale of days to years) including
transect studies, physiological measurements in the field, and drought
treatments; (c) time series of instrumental measurements (scale of years
to decades) are gained from observed changes in the albedo of glaciers,
crop yields, monitoring plots, phenological records, and streamflow
gages; (d) proxies from cultural archives (scale of years to millennia)
include written sources and archeological investigations; (e) proxies

from natural archives (scale of years to millennia) are gained from e.g.
tree rings, glacier ice, and lake sediments. Empirical data may be (2)
directly applied to understand system processes and to identify,
attribute, and anticipate the consequences of climate change. (3)
Empirical climate change impact studies should also have a synergistic
relationship with climate impact models in (a) the development of climate
impact assessments through the application of theory gained from
observational approaches; (b) the identification of inconsistencies in,
and omissions from, model-based projections; and (c) for identifying
adaptation strategies that are supported by empirical data
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growth on the Swiss Plateau, increasing drought associated
with warmer summers could limit the distributions of the
two most abundant and economically important tree species,
Picea abies (spruce), and Fagus sylvatica (beech; Weber et al.
2013; Lévesque et al. 2014a). Disturbance regimes that drive
forest dynamics are also projected to change, with increases in
fire risk in the Southern and Central Alps where fires occur at
present, and the possible development of fire risk in moister
habitats such as the Swiss Plateau (Pezzatti et al. 2016). Rising
temperatures may also expose new regions to insect outbreaks
and increase forest mortality by allowing more generations of
insect pests (Johnson et al. 2010; Bugmann et al. 2014).

Increasing temperatures and decreasing summer precipita-
tion would alter runoff generation in Switzerland, with impor-
tant consequences for water resources, infrastructure, and
aquatic ecosystems (Köplin et al. 2014). Recent projections
of mean runoff show increasing winter discharge, decreasing
summer discharge and earlier snowmelt, but little change in
total volume of runoff (Addor et al. 2014; Rössler et al. 2014).
Projected losses of 90% of glacier mass by 2100 (Marty et al.
2014), and a decreasing proportion of precipitation falling as
snow (Schmucki et al. 2015) are crucial processes contribut-
ing to expected changes in mean flow. Anticipating climate
change impacts on high flows, low flows, and flood frequen-
cies is more difficult. Whereas floods mainly depend on the
magnitude of precipitation events, low flows depend on the
frequency of precipitation. Climate model ensembles project
increased precipitation intensity, but decreasing precipitation
days in summer (Fischer et al. 2015), and therefore an increase
in hydrological extremes. However, overall uncertainties in
projecting precipitation are much larger than for temperature,
and model projections have yet to reach consensus with his-
torical and instrumental flood records (Christensen and
Christensen 2003; Mudelsee et al. 2003; FOEN 2012;
Amann et al. 2015). Therefore, long-term data sets that resolve
this relationship are needed to improve projections for heavy
precipitation and floods.

Observed hydrological changes

Climate change impacts on water, snow, and ice
in Switzerland

Historical streamflow records can link runoff generation to
changing climate. In Switzerland, discharge data from the
River Rhine at Basel (mean discharge, low flows, and floods)
for the last 200 years record the hydrological responses to
climatic variables of the entire region north of the Alps
(36,000 km2), and are consistent with overall regional changes
in discharge. Although annual precipitation had an increasing
trend (+1.05 mm/year), during the last 200 years, there was no
clear trend in annual runoff (i.e., only +0.07 mm/year).

Instead, and in agreement with future projections, runoff was
more affected by temperature than by changes in precipitation;
rising temperatures during the twentieth century increased
evapotranspiration (+1.2 mm/year), and compensated for pre-
cipitation increases (Schädler and Weingartner 2010; Blanc
and Schädler 2014). Increasing temperatures and precipitation
also caused a shift in the seasonal distribution of runoff to
higher values during spring, autumn, and especially winter.
However, the year-to-year-variability of runoff is not a func-
tion of temperature but precipitation abundance during winter
and spring (Hänggi and Weingartner 2011).

The trend to higher discharge during winter and spring in
Switzerland is consistent with many catchments in Europe
(Stahl et al. 2010), and is linked to a temperature increase that
caused a shift from snow to rain and enhanced snowmelt
(Birsan et al. 2005; Hänggi andWeingartner 2011). This effect
is also evident at the mesoscale and on a shorter time scale. An
analysis of runoff from 48 catchments covering different hy-
drological regime types in Switzerland since the 1960s found
that annual runoff increased due to positive trends in winter,
spring, and autumn, but found no clear trend in summer
(Birsan et al. 2005). These changes in runoff are correlated
to temperature changes, especially the number of days above
0 °C, whereas precipitation shows no clear signal. This indi-
cates a balancing of evapotranspiration loss, precipitation
changes, and glacier loss also at the mesoscale. A significant
increase in discharge during low flows at Basel can also be
partially attributed to climatic changes. Whereas increased
low flows after 1900 AD resulted from rising winter temper-
atures, a second increase after 1950 AD relates both to a
changing climate and to an increasing contribution from hy-
dropower plants (Weingartner and Pfister 2007).

Complex responses of the hydrological system to climate
change

The impacts of climate change on flood frequencies are of
critical importance to society. Floods were frequent during
most of the twentieth century except for the mid-century
(1940–1970) Bflood gap^ (Wetter et al. 2011). Although a
distinct rise in flood occurrence followed 1970, this rise is
within the natural variability, and prominent only because it
followed a period of infrequent floods. Nevertheless, increas-
ing flood occurrence after 1970 led to an increase of the flood
protection level and hence flood protection costs. Historical
records from 14 Swiss catchments demonstrate that flood fre-
quency fluctuated during the last 500 years (Schmocker-
Fackel and Naef 2012). Four periods characterized by fre-
quent flood occurrence are intersected by periods with few
floods. Although flood occurrence seems to correlate with
atmospheric conditions, no correlation with temperature, solar
activity, or climatic indices (e.g., North Atlantic Oscillation)
has been found on the centennial scale (Schmocker-Fackel
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and Naef 2012). Thus, longer term records are needed to re-
solve relationships between flood regimes and climatic condi-
tions in general, and temperature changes in particular.

Annually laminated (varved) sediments from Lake
Silvaplana (eastern Swiss Alps) with absolute warm-season
temperature information reconstructed using chironomids
and biogenic Si, and intercalated flood layers, provide infor-
mation for the relationship between flood frequency and mean
summer temperature during past intervals that were cooler or
warmer than today. Flood event layers in the Alps were more
frequent during cool and/or wet phases in the period 1450 BC
to AD 420 (Stewart et al. 2011), but also during the last mil-
lennium and the late Holocene (Glur et al. 2013; Amann et al.
2015). Detailed quantitative analysis of the negative relation-
ship between summer temperature and flood frequency
(r = −0.86, pcorr < 0.01; Stewart et al. 2011) revealed that the
increase in flood frequency with cooler summer temperatures
was not linear. Moreover, in periods with warmer summers
than 1950–2000 values (i.e., analogues for twenty-first centu-
ry warming), floods were less frequent than the mean between
ca. 1450 BC and AD 420.

Observed changes in alpine meadows

Climate change impacts on alpine meadows

Under natural conditions, plant species distributions are main-
ly determined by climate. This is particularly true in alpine
meadows, the most natural ecosystems in Switzerland (Burga
1988; Tinner and Theurillat 2003). Several long-term moni-
toring studies show that since the end of the Little Ice Age
(LIA), new species have invaded the sparse vegetation of the
upper alpine and subnival belts, and existing populations have
become more abundant, especially in the eastern Swiss Alps
(Grabherr et al. 1994; Walther et al. 2005; Wipf et al. 2013),
with changes evident even at the decadal scale (Gottfried et al.
2012; Pauli et al. 2012). Observed trends correspond in part to
recolonization and niche-filling since the LIA (Kammer et al.
2007), and to less intense land use during recent decades in the
deforested upper subalpine belt (Bühlmann et al. 2014).
However, vegetation shifts in response to recent warming
are evident at the lower elevational limits of alpine meadows
where forests and shrublands expanded (Bolli et al. 2007;
Gehrig-Fasel et al. 2007).

Recent high-resolution sedimentary records suggest that
before land use became important, treeline and subalpine veg-
etation were in dynamic equilibrium with climate. Juniperus
shrublands and Betula woodlands expanded without measur-
able lag into the arctic-alpine steppe tundra of the Swiss
Plateau 14,700 years ago, when summer temperatures in-
creased by 3–4 °C (Lotter et al. 2012; Ammann et al. 2013;
Heiri et al. 2015). A rapid rise of treeline by 800 m over 200–

300 years is documented during the warming at the onset of
the Holocene (+3–4 °C in 50–100 years; Tinner and
Kaltenrieder 2005; Heiri et al. 2014). Thus, at these spatial
(ca. 0–3 km radius) and temporal (decadal) scales, there is
little vegetational inertia to climatic change, a hypothesis pro-
posed before the availability of high-resolution time series
comparing climatic and vegetational dynamics (Cole 1985).

Complex responses to climate change in alpine meadows

Alpine meadows are limited by a short growing season on the
cold edges of their distributions, and by competition with
taller plants at the warm edge (Guisan et al. 1998), where
physiological limitations in acclimation to warmer tempera-
tures also occur (Larigauderie and Körner 1995; Crawford
2008). Species distributions in alpine meadows are strongly
determined by microtopographic variation, which constrains
radiation, snow accumulation, and other physical factors.
Microtopography can buffer an increase of mean air tempera-
ture up to 2 °C (Körner 2003; Scherrer and Körner 2011),
which may explain the great stability (plant cover, number
of species, floristic composition) in alpine Carex curvula
meadows during the last decades as mean air temperature
increased by more than 1 °C (Windmaisser and Reisch
2013), and also the persistence of endemics during the
Holocene (Patsiou et al. 2014). However, combined paleoeco-
logical, paleoclimatic, and modeling evidence suggests a high
temperature sensitivity of subalpine and alpine communities,
which faithfully tracked climatic changes of >1–2 °C, at
multi-decadal scales, with repeated reciprocal substitutions
of subalpine forest and alpine meadow populations during
the Holocene (Bugmann and Pfister 2000; Tinner and
Theurillat 2003; Colombaroli et al. 2010; Schwörer et al.
2014a). This long-term evidence is in agreement with ecolog-
ical assessments assuming a 1–2 °C threshold for resilience
to warming for alpine ecosystems (Körner 1995; Theurillat
et al. 1998; Theurillat and Guisan 2001).

Observed changes in forest ecosystems

Climate change impacts on forests in Switzerland

The most immediate climate change impacts on forests relate to
plant phenology (e.g., timing of leaf emergence, flowering). The
influence of warming projected for the end of the twenty-first
century for Switzerland has been quantified for mountain forests
using an altitudinal transect with an approximately 4 °C temper-
ature gradient (Moser et al. 2010; King et al. 2013). Such an
Belevation for time^ approach enabled observation of the timing,
duration, and rates of tree growth on multiple temporal scales.
The warming projected for Switzerland by 2050would lengthen
the growing season of subalpine forests by 2–3 weeks. Impacts
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of temperature change on plant phenology are also evident in
low-elevation ecosystems in time series developed from single
species (Defila and Clot 2001), plant indices (Rutishauser and
Studer 2007), and remotely sensed greening indices (Studer
et al. 2007; Stöckli et al. 2011) that document a baseline of
natural variability in plant phenology. During the last three cen-
turies, spring phenological onset varied interannually by about
1 month. Most of the flowering and leaf-out dates after 1990 are
earlier than the long-term average (27 April), and moving linear
trend analysis shows an unprecedented shift toward earlier
spring onsets of 3 days after 1975 (Rutishauser et al. 2007).

Changes in precipitation are a dominant driver of tree-
growth reduction, forest decline (Bigler et al. 2006), and veg-
etation shifts (Riis Simonsen et al. 2013). On the scale of
individual trees, extreme drought events decrease stomatal
opening, transpiration, and CO2 assimilation, and may ulti-
mately cause leaf senescence and loss. Quercus pubescens
(downy oak) and Pinus sylvestris (Scots pine) stands in
Switzerland, suffering from drought during the exceptionally
hot and dry summer of 2003, assimilated CO2 only in the early
morning and in the late afternoon with low rates or not at all
during the most severe stress (Haldimann et al. 2008; Zweifel
et al. 2009). During the same period in the southern Alps,
Castanea sativa (chestnut) in exposed, forest-edge habitats
experienced leaf withering starting in July and increased mor-
tality (Conedera et al. 2010). Leaf level responses vary among
species. For instance, young oaks recovered more rapidly and
completely than young beech subjected to the same drought
treatments (Gallé et al. 2007; Gallé and Feller 2007).

Long-term drought impacts on forests in Switzerland are
most evident in the inner-Alpine dry forest ecosystems in the
Valais and Grisons (Rigling et al. 2013). After a recent series of
severe drought years (1996, 1998, 2000, 2003, 2004, 2005),
some Scots pine stands experienced mortality rates up to 50%
(Rebetez and Dobbertin 2004; Dobbertin et al. 2005). Whereas
single drought years had a negative impact on tree growth with
a subsequent fast recovery (Lévesque et al. 2013, 2014b), mul-
tiple drought years resulted in long-lasting growth depressions,
lagged recovery, and increased risk of tree death (Bigler et al.
2006). Changes in drought stress also drove rapid and lasting
changes in tree species distributions in Switzerland during the
Holocene. Mesophilous beech and Abies alba (silver fir) ex-
panded without any apparent lag into continental mixed oak
forests throughout Central Europe when the climate became
more oceanic (i.e., cooler and moister summers, warmer win-
ters) 8200 years ago, giving rise to today’s drought-sensitive
beech forests (Tinner and Lotter 2001, 2006).

Complex responses to climate change in forest ecosystems

Climate-related growth decline and tree mortality in the low-
elevation Scots pine forests of Switzerland (Dobbertin et al.
2005; Rigling et al. 2013) were mainly attributed to drought in

spring and early summer (Affolter et al. 2010; Riis Simonsen
et al. 2013; Lévesque et al. 2014a), the frequency of extreme
drought years (Bigler et al. 2006), and interactions with para-
sites (Dobbertin and Riis Simonsen 2006), pests (Dobbertin
et al. 2007; Wermelinger et al. 2008), and diseases (Heiniger
et al. 2011). Within individual years, plant mortality depends
upon whether drought impacts are reversible. Leaves may
reach a point of no return during a severe drought period, with
no recovery possible, and senesce before the end of the grow-
ing season. However, the response of tree growth to drought is
non-linear; recovery after drought depends not only on the
severity of drought, but also more importantly, on the frequen-
cy of drought years (Eilmann and Rigling 2012) and site con-
ditions (Rigling et al. 2002; Lévesque et al. 2014a). Defining
tipping points or thresholds for mortality is difficult as this
depends not only on the drought sum over several years, but
also on the susceptibility of the tree, which is influenced by
many environmental (e.g., competition, herbivory) and intrin-
sic factors (e.g., tree species, age) and therefore varies from
year to year (Huber et al. 2013; Feichtinger et al. 2014). In
addition, feedbacks via the carbon storage of single trees
might be important to recovery after severe drought
(Eilmann et al. 2010; Lévesque et al. 2013).

Climate indirectly affects other critical drivers of forest
dynamics such as the risk of insect outbreaks and fire
(Büntgen et al. 2009; Zumbrunnen et al. 2009). Increased
temperatures not only trigger drought stress rendering trees
susceptible to insect attack, but also accelerate the lifecycles
of insect pests (Wermelinger et al. 2008; Heiniger et al. 2011).
Scots pine mortality in Valais resulted from the combined
effects of drought, pests, and diseases. Likewise, the ongoing
spruce decline in low-elevation Swiss forests was triggered by
storms and subsequent bark beetle infestations and aggravated
by dry summers (Temperli et al. 2013; Stadelmann et al.
2014). Climate also has indirect predisposing, and direct trig-
gering roles on wildfire in Switzerland. On decadal-centennial
scales, climate drives vegetation dynamics and therefore con-
trols fuel availability (Zumbrunnen et al. 2009). In the short
term, climate influences fuel moisture and therefore flamma-
bility, and the frequency of natural ignition by lightning
(Conedera et al. 2006). Fire susceptibility in Switzerland has
always varied regionally due to differences in climate and
vegetation. The northern slope of the Alps and the Swiss
Plateau are today, and were throughout the Holocene, by far
the least fire-prone areas of the country (Tinner et al. 2005).
However, wildfire activity in even the most fire-prone regions
such as the southern slope of the Alps and the inner-Alpine
valleys are characterized by strong human impacts, especially
since the dramatic socio-economic and land-use changes of
the last post-war period (Pezzatti et al. 2009; Zumbrunnen
et al. 2012). Therefore, fire regimes only partially reflect the
spatial, seasonal, and temporal patterns of rainfall, tempera-
ture, and wind (Zumbrunnen et al. 2009; Conedera et al.
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2011). However, during recent decades, the climatic signal of
fire occurrence became stronger as revealed by the increased
number of large, stand-replacing fires in the Valais (Kipfer
et al. 2011), and by the exceptional severity and extension of
stand-replacing fire in the Alps during the hot and dry summer
of 2003, including moderately fire-resistant and moist ecosys-
tems such as beech forests (Ascoli et al. 2013).

Although observational data indicate many forest ecosys-
tems in Switzerland are susceptible to projected climate
changes on seasonal to decadal scales, sedimentary records
argue for an amazing resilience on decadal to centennial scales
of some forest species to strong climatic change during the
Quaternary. European forest vegetation collapsed and re-
expanded at least 11 times in response to glacial-interglacial
climatic variability during the past 500,000 years (Tzedakis
et al. 2001), and this repeated eradication and spontaneous
reestablishment is well documented in Switzerland
(Wegmüller 1992; Preusser et al. 2005). The mechanisms
allowing forest species to survive climatic shifts up to approx-
imately 10 °C are rapid migration and survival in favorable
micro habitats (Willis and McElwain 2002; Kaltenrieder et al.
2010; Gavin et al. 2014). However, the fossil record also has
many examples of extinctions in response to climate change.
Climatic thresholds and tipping points for extinctions were
usually crossed when temperature changes exceeded the
Interglacial or Holocene climate variability of ±2–3 °C.
Given that glacial conditions prevailed during the past 2.6
million years, species more tolerant to cold and dry conditions
mostly survived, while many preferring warm and moist hab-
itats went extinct (Willis and McElwain 2002). This ice age
legacy may have created Bempty niches^ that may predispose
European forest ecosystems to invasions by exotic species
under global change conditions (Birks and Tinner 2016).

Observed changes in agriculture

Climate change impacts on agriculture in Switzerland

Climatic variability and extremes cause strong inter-annual
fluctuations in the harvestable yields of arable crops and grass-
lands. Therefore, time series of historical yield data could be
expected to reflect the impacts of past climate change.
However, crop yields are subject to multiple factors in addi-
tion to climate, such as breeding, management, and techno-
logical change. Thus, climate change impacts on agriculture
cannot be easily separated from other factors, and climate only
partly explains yield variation. Assessing climate change im-
pacts on crop yields in Switzerland is also complicated by
complex topography because impacts vary with microclimatic
conditions. Whereas rising temperatures may increase crop
yields by, for instance, enabling cultivation at presently cooler,
higher elevations, opposite effects can occur due to declining

summer precipitation in regions where water is already limit-
ing such as the Valais and western Switzerland. Such local and
regional relationships between climate change and agricultur-
al yields were evident in recent analyses that tracked small-
scale changes in climate suitability for individual crops.
Combining spatially explicit climate records with data and
expert knowledge on weather-yield relationships revealed that
from 1983 to 2010, grain maize yields benefitted from increas-
ing temperatures (0.5 °C/decade) in many areas of
Switzerland. Climate suitability for winter wheat decreased
slightly during the same period due to either high temperature
stress or excess water, which limited growth in some areas
where summer precipitation and temperatures increased
(Holzkämper et al. 2015).

Remains of historical and prehistorical agriculture broaden
understanding of the complex interactions among climate, hu-
man innovation, and crop yields, by providing a long-term
perspective that extends beyond historical records.
Comparing today’s occurrence and abundance of crop-
species pollen with surface samples from soils and sediments
allows the reconstruction of former land use activities and
crop yields over centuries and millennia (Behre 1981;
Broström et al. 1998; Abraham and Kozáková 2012). Joint
archeological and paleoecological records from the Swiss
Plateau, the Central Alps and southern Switzerland show that
since the introduction of cereal-based agriculture ca.
7500 years ago, harvest success was closely coupled to both
changing climate and technological innovation (Gobet et al.
2003; Tinner 2003). Crop yields increased during warm-dry
periods and declined during cold-wet phases. Cold-wet phases
during the past 7500 years were comparable to the Little Ice
Age period (LIA, ca. 1450–1850 AD) in regard to both mag-
nitude and duration, while warm phases were comparable or
slightly warmer (ca. 1 °C) than the twentieth century (Heiri
et al. 2004). However, cold-wet and warm-dry phases (Haas
et al. 1998) were superimposed on a long-term cooling trend
(ca. −1 °C during the past 5000 years, until the 1980s), which
was associated with increasingmoisture. Nonetheless, techno-
logical progress throughout this cooling trend brought major
yield increases.

Complex responses to climate change in agricultural
systems

It is difficult to derive climatic thresholds and tipping points
for crop yields based on field observations because farmers
counteract potential risks by shifting crops, crop varieties, and
through technological innovations. Limitations imposed by
excessive soil moisture can be addressed by improving soil
drainage and precipitation shortages by irrigation. Tipping
points may occur in terms of farm economy when profits
become negative due to high costs and low returns (Torriani
et al. 2007a), but in Switzerland the buffering effect of farm
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subsidies is strong, which makes the influence of policy and
prices more pronounced than the effects of climate change
(Lehmann et al. 2013). Grassland and arable crop yields in-
creased from the 1960s to the 1990s and then leveled off. This
stagnation in crop yields was mainly caused by a change in the
subsidy system that led to decreasing amounts of input use,
not climatic change (Finger 2010). Similar cultural linkages
are evident over the course of human history. Crop yields in
Switzerland did not increase linearly along the past 7500 years.
Instead, harvest success follows an exponential stepwise in-
crease, probably mainly released by technological innovations
(e.g., plows, scythes, introduction of new crops). Together
with archeological observations (e.g., continuity of material
culture), this argues for a certain long-term resilience of hu-
man societies, as long as climate change does not exceed the
Holocene variability of ca. 2–3 °C.

Most significant crop yield losses are caused by extreme
weather rather than by trends in mean climate. However, ex-
treme conditions during spring, summer, and autumn have
different effects, depending on the crop, as illustrated by com-
paring yield anomalies in years with distinct conditions during
the three main seasons. Yield anomalies (relative to the 1988–
2011 mean) reveal that with spring dryness in 2011, yields
were consistently above average, whereas the dry summer of
2003 lowered yields of all crops except sugar beet. Extreme
dryness in autumn 1991 had no effect on winter wheat, pota-
toes, and vegetables harvested in summer, but negative effects
on maize and sugar beet harvested in autumn. The hot and dry
summer of 2003 caused an average yield loss in Switzerland
of around 20% relative to the mean for 1991–1999, equivalent
to an economic loss of 500 million Swiss Francs (Keller and
Fuhrer 2004). Summer drought stress negatively affects crop
yields when leaves or whole plants surpass thresholds beyond
which they are unable to recover (Messmer et al. 2011; Feller
and Vaseva 2014). Although plants may recover after a severe
drought period, individual leaves can be irreversibly damaged
and senesce causing a decrease in photosynthetically active
biomass, and thus crop yields. While drought stress develops
slowly, heat stress can occur abruptly and even short episodes
of high temperature can cause a severe decline in grain yields
by impairing reproductive processes and grain formation
(Porter and Gawith 1999). In managed grasslands, species
are differently affected by extended drought periods, which
can reduce productivity and trigger weed-control challenges.
Year-to-year observations showed that forbs recruited more
successfully than dominant grasses after drought, resulting
in persistent changes in species composition and community
structure (Stampfli and Zeiter 2004, 2008).

Paleoecological and archeological records and historical
archives also show that agricultural productivity declined dur-
ing periods typified by extreme conditions. During cold
phases, population density as inferred from the number of
settlements, artifacts, and tombs, strongly declined, leading

to the abandonment of unsuitable (e.g., too cool, too moist)
areas in Switzerland and other countries of western and central
Europe (Maise 1999). Warm prehistorical periods allowed the
cultivation of cereals at high altitudes in the subalpine belt of
the Central Alps (Gobet et al. 2003). Historical archives record
societal vulnerabilities to climatic impacts at centennial to
decadal scales, including dramatic crop failures during the
LIA, when famines, mortality, and emigration significantly
increased in Switzerland and elsewhere in Europe (Pfister
1985). A crisis took place in the late 1430s during the early
Spörer minimum, when severe winters and cool, humid sum-
mers resulted in grain shortages in most of Western and
Central Europe (Camenisch et al. 2016). In contrast, during
the year 1540, identified as one of the driest and hottest of the
last millennium in Switzerland and most of Europe (Cook
et al. 2015), an 11-month drought left soil moisture insuffi-
cient to support crops, and grapes desiccated on the vines
(Wetter and Pfister 2013; Wetter et al. 2014). The eruption
of Mount Tambora (Sumbawa, Indonesia) in April 1815 led
to an extremely cool and humid Byear without summer^ the
following year in Switzerland and much of Europe (Büntgen
et al. 2015). Resulting crop failure caused widespread malnu-
trition, a significant decrease of fertility, and thousands of
people dying of starvation, particularly in the early industrial-
ized northeast of Switzerland (Krämer 2015; Luterbacher and
Pfister 2015; Brönnimann and Krämer 2016).

In addition to the direct effects of climate variability, cli-
mate change indirectly impacts crop yields by altering pest
cycles. The first flight of Cydia pomonella (codling moth), a
pest of fruit trees, advanced by 10 days between 1972 and
2010 due to a shift to an earlier exceedance of a 15 °C mean
threshold temperature in spring (Stöckli et al. 2012). Further
warming projected by 2045–2075 would increase the likeli-
hood of a second annual generation from 20% at present, to
70–100% (Stöckli et al. 2012). Walnut Husk fly (Rhagoletis
completa), an exotic species that first invaded the
Mediterranean region, recently reached Switzerland, likely
by crossing the Alpine divide (Aluja et al. 2011). The fly is
absent in areas where mean spring temperatures fall below
7 °C, but with recent increases in temperature, the width of
the Alpine cold barrier progressively shrunk from 40 km in
1990 to around 20 km after 2000, and with projected temper-
ature increases, will likely shrink to about 15 km (CH2011
2011). Thus, other cold-limited pest species may follow, and
careful observation is needed along possible invasion routes.
Invasions of new agricultural pests will force adaptations of
plant protection strategies, possibly leading to higher costs in
plant production.

Observations of the impacts of changing hydrology on ag-
ricultural soils reveal complex interactions between climate
change and agriculture. Projected shifts to a more heteroge-
neous rainfall distribution and increased frequency and inten-
sity of flooding events in Switzerland (CH2011 2011) could
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result in more frequent waterlogging of soils, and therefore
alter the cycles of toxic elements such as arsenic (As) and
mercury (Hg) that vary in bioavailability and mobilization
according to soil redox potential (Thomas et al. 2001; Fee
2009; Frohne et al. 2012). In soil microcosm experiments
designed to mimic the effects of projected increases in
waterlogging on a range of Swiss soils, the mobility, bioavail-
ability, and total concentrations of As in soil solution increase
steadily with time of flooding and also with fertilization with
manure. Many sites have high As and Hg concentration be-
cause of human activities (Pfeiffer et al. 2002; Le Bayon et al.
2011). These regions may experience higher metal release into
soil solution as a consequence of projected shifts in precipita-
tion patterns (i.e., increased winter flooding). Furthermore,
many other potentially toxic metals and metalloids are known
to show strong response to anoxic conditions in soil (Weber
et al. 2009; Frohne et al. 2012). Thus, climate change will
likely affect the mobility of metallic contaminants in Swiss
soils.

Applying observations to improve climate impact
assessments

Observations provide empirical grounding for climate
change adaptation policies

A crucial challenge for climate impact studies is to identify
vulnerabilities that require societal action to ensure the sus-
tainable provision of ecosystem services. Recent climate
change impact assessments for Switzerland and Europe
(CH2014-Impacts 2014; Kovats et al. 2014) relied on climate
impact models to formulate policy recommendations, using
observational information either to develop or to underpin
the modeling outputs. However, observations of climate
change impacts on social and ecological systems are also in-
valuable in formulating adaptation policies because they pro-
vide realistic information at the local to regional scales where
societal impacts occur and adaptation policies are needed, as
well as a detailed empirical foundation to support investment
decisions. Adaptation investments are particularly justified
when agreement exists between modeled and observed cli-
mate change impacts.

Observations clearly document that temperature change
will alter runoff regimes and water resources in Switzerland.
Precipitation will likely decrease during summer (CH2011
2011), and therefore not compensate for evapotranspiration
losses and result in decreasing runoff (FOEN 2012). This ef-
fect has already been observed in the Southern Alps. Runoff in
the Ticino basin is decreasing (−2 mm/year), due to a very
large increase of evapotranspiration (1.92 mm/year) and
slightly decreasing precipitation (−0.22 mm/year).
Furthermore, these observations are consistent with data from

drought summers like 2003 that indicate the consequences of
climatic conditions that are extremes in the historical record
but are projected to occur more frequently, or even regularly,
in the future (Schär et al. 2004). Thus, historical discharge data
support projections concluding that temperature increases
would lead to a new hydrologic regime, with low flows during
summer and high flows during winter, effectively the opposite
of the prevailing historical conditions (FOEN 2012).

Observations provide a consistent outlook for climate
change risks to crop yields associated with changes in the
frequency of extreme weather. At all temporal scales of obser-
vations, the negative impacts of extreme weather and climate
are documented. Thus, projected increases in drought frequen-
cy and intensity, and more frequent extreme temperature ex-
cursions should reduce crop yields (Holzkämper and Fuhrer
2015). Regional climate models project the largest reductions
in precipitation and increases in temperature during the sum-
mer months (CH2011 2011) when extreme weather has the
strongest impacts on yields of cereals and potato. Therefore,
significant risks for future crop yields exist in regions with
limited water resources, and where the demand for additional
irrigation to cope with increasing summer drought stress may
trigger conflicts among different water users (Klein et al.
2013). These observation-based interpretations agree with
modeled projections (CH2014-Impacts 2014); however, if
the observational perspective becomes longer and/or the con-
sidered climate variability more extreme, inconsistencies can
appear. Similarly, factors missing in the models may contrib-
ute to data-modeling inconsistencies.

Observations identify model-data inconsistencies that
require further investigation

Observations of climate change impacts are crucial for identi-
fying inconsistencies between models and empirical data that
require further investigation. Several regional climate model
scenarios project an increase in the frequency of intense pre-
cipitation in the Alps during spring, summer, and fall, which
could cause more frequent floods (Rajczak et al. 2013; Fischer
et al. 2015; Giorgi et al. 2016). However, sedimentary evi-
dence from the Alps reveals that warm-season floods were
more frequent during cooler periods of the past (Stewart
et al. 2011; Glur et al. 2013; Amann et al. 2015). Likewise,
one of the most complete flood records north of the Alps
(Ammersee in southern Germany) shows maxima in the fre-
quency distribution of floods for colder periods of the LIA
(Czymzik et al. 2010). This unambiguous evidence suggests
that hydrological extremes are not necessarily a close function
of meteorological extremes, but can also arise from an adverse
sequence of moderate weather conditions such as rain-on-
snow floods or changes in the frequency of synoptic weather
types. Whether such weather sequences are represented by
climate impact models remains an open question that deserves

An empirical perspective for understanding climate change impacts in Switzerland



further attention. Similarly, observations are critical for iden-
tifying emergent risks to the hydrological system that are not
included in climate impact models. Projections of glacier loss
from the Alps are extreme, with losses of 90% of glacier mass
projected by 2100 AD (Marty et al. 2014). However, glacier
darkening as a positive feedback is absent from models (Huss
2012). The presence of soot particles in snow reduces albedo
(Flanner et al. 2007), which increases snowmelt, the exposed
ice area, and the altitude of the seasonal melt line. Because
glacier darkening could cause glacier loss to exceed projected
rates, quantifying and reducing the albedo errors due to glacier
darkening is a priority for improving simulations of climate
change impacts on the hydrological cycle in the Alps.

The main historical and prehistorical finding that under
warm and dry conditions crop yields increased, contrasts with
short-term observations and model projections implying that
yields of current crop varieties may reach a temperature limit
and significantly decrease in response to further warming
(Torriani et al. 2007a, b). The contrast may be explained by
the different temporal scales observed (inter-annual variability
vs. decadal and centennial trends) as well as fundamental dif-
ferences in land-use strategies between early, low-population,
autarchic agrarian economies, andmodern, densely populated,
industrialized and globalized economies. The original varie-
ties of the prehistorical and historical cereals cultivated in
Switzerland originate from regions with hot-dry subtropical
climates of the Near East (Jacomet and Kreuz 1999) and are
naturally less adapted to the wet and cool conditions occurring
in Switzerland. Thus, adaptations of varieties to cool-humid
periods may have taken centuries, while warmth and drought-
adapted varieties were always available from neighboring
Mediterranean areas (Tinner et al. 2007). Inconsistencies be-
tween paleo observations and modeling outputs are also evi-
dent in forest ecosystems. For instance, ecophysiological pa-
rameters in dynamic vegetation models were recently
reassessed to allow more realistic responses of keystone spe-
cies such as Abies alba under global warming conditions
(Ruosch et al. 2016). More inconsistencies are expected for
other important tree species, given that today’s species ranges,
which are often used to project future ecosystem conditions
(e.g., with species distribution models [SDMs], bioclimatic
models, niche models), are strongly influenced by millennia
of land use and forestry practices (Birks and Tinner 2016). A
promising novel approach to reduce such inconsistencies is to
combine dynamic process-based models with paleoecological
evidence to produce paleo-validated scenarios of future eco-
system dynamics (Henne et al. 2015; Ruosch et al. 2016).

Identifying adaptation strategies for complex systems

Climate change impacts on complex social and ecological sys-
tems are often constrained by multiple environmental factors
(e.g., land use history, soils, human innovation). Thus,

developing climate adaptation strategies requires integrative as-
sessments of multiple impact factors. Whereas impact models,
by necessity, focus on a limited number of systems and pro-
cesses, observations have no such intrinsic limitations, and can
evaluate the impacts of multiple controlling factors. For exam-
ple, identifying the processes that maintained past biodiversity
over millennia of changing climate and land use is key to con-
serving ecologically and culturally valuable alpine meadows
(Fig. 2). Given that an increase in mean annual temperature
lengthens the growing season in alpine ecosystems (i.e., around
15 days/1 °C increase; Schröter 1923; Defila and Clot 2005), an
upward shift of forests into the alpine belt is a legitimate threat
to alpine meadows (Theurillat et al. 1998; Theurillat and
Guisan 2001). Strong reductions or extinctions of many alpine
species may seem likely, especially when climate change im-
pacts on alpine habitat availability are evaluated with species
distribution models at extremely coarse spatial scales (e.g.,
50 × 50 km grid; Thuiller et al. 2005). This rather pessimistic
view is counterbalanced by paleoecological evidence. Indeed,
alpine species must have persisted during previous intergla-
cials, when temperatures were warmer than during the
Holocene (e.g., Eemian 120,000 years ago, ca. +3–4 °C if com-
pared to preindustrial values; Aalbersberg and Litt 1998).
Paleo-validated fine scale dynamic modeling simulations and
spatially resolved observations reveal that microtopography
and soil conditions may limit upslope expansion of forests
and thus drastic species losses (Henne et al. 2011; Scherrer
et al. 2011). Furthermore, traditional pasturing and other prac-
tices that limit tree colonization and biomass accumulation can
allow alpine meadows to persist in the most favorable places,
and thereby limit the loss of alpine species (Theurillat et al.
1998; Theurillat and Guisan 2001; Weigl and Knowles 2014).
Very similar conclusions recommending intermediate levels of
grazing and fire disturbance to maintain species diversity under
global warming conditions were reached by paleoecological
studies that analyzed the millennial-long influence of human
impact on meadows at and above treeline and also lowland
meadows (Colombaroli et al. 2010; Colombaroli and Tinner
2013). Although management efforts may mitigate losses, pop-
ulations of alpine species will ultimately shrink, especially in
areas where the extent of the alpine belt is presently limited,
such as in the Prealps. Smaller populations will mean that the
long-term persistence (millennia) of alpine species will be at
risk in a warmer world.

Observations provide understanding of the resiliency of for-
ests to climate change and can broaden management options by
documenting native forest types that are absent from the mod-
ern landscape. Projected increases in the frequency of drought
events (CH2011 2011) would have a significant or even dra-
matic impact on forest ecosystems, starting with the most vul-
nerable forests on dry sites. However, Quaternary records show
that Swiss forests can respond within decades to climatic
warming and/or changes in moisture availability, through
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changes in forest structure, species abundances and distribu-
tions (Tinner and Lotter 2001). On the basis of paleoecological
reconstructions, species with artificially widened realized
niches that prefer oceanic and/or cool conditions are particular-
ly vulnerable (e.g., beech, spruce; Tinner et al. 2013). However,
drought resistant and/or thermophilous species that were partly
or even substantially reduced by land use and forestry may
expand rapidly by the end of this century (Bugmann et al.
2014; Henne et al. 2015). This concerns extant species (e.g.,
A. alba, Q. pubescens, Tilia cordata), species arriving from the
neighboring Mediterranean region (e.g., Quercus ilex, Ostrya
carpinifolia, Laurus nobilis), and also exotics (e.g.,
Trachycarpus fortunei, Cinnamomum camphora) that have
progressively spread in the Southern Alps since the 1970s
due in part to increasing winter temperatures (Walther et al.
2002; Berger et al. 2007). Furthermore, broadleaf trees (e.g.,
Acer pseudoplatanus, F. sylvatica, Fraxinus excelsior, Ilex
aquifolium, Prunus avium, Quercus petraea, T. cordata) that
are sensitive to late frosts during bud-break (Kollas et al. 2014)
will extend their range upward.

The fossil record suggests that today’s communities will not
be able to resist these invasions once certain thresholds or tip-
ping points are reached (Tinner and Lotter 2006). The quanti-
fication of such thresholds and tipping points can be achieved
by combining the fossil record with modeling approaches. For
instance, combined fossil and modeling evidence suggests that
spruce may collapse in the subalpine belt of the central Alps if
annual precipitation decreases by only 150–250 mm (Heiri
et al. 2006; Henne et al. 2011). Given the paramount impor-
tance of spruce for the subalpine forests in Switzerland, man-
agement strategies involving the gradual reduction of the

spruce and beech dominance in Swiss subalpine forests, with
targeted replacement by species that were dominant during dri-
er intervals (e.g., A. alba, Q. petraea, T. cordata), may prevent
future ecological and economic disasters (Tinner et al. 2013;
Schwörer et al. 2014b). Such management actions may be es-
pecially important in lowland ecosystems where lags between
biotic responses and climate change are longer than in moun-
tain ecosystems (Bertrand et al. 2011).

Due to the complexity of forest ecosystems and the longev-
ity of trees, observations and reconstructions are critical for
calibrating and validating models capable of providing projec-
tions of climate change impacts on forest ecosystems (Rasche
et al. 2011). For example, species distribution models are
powerful tools for identifying the climatic niche of individual
species (Guisan and Thuiller 2005). When calibrated with
modern distribution data and applied to climate projections,
such models can identify suitable future habitats in a changing
climate. However, when non-climatic factors constrain pres-
ent distributions, predictive models can seriously underesti-
mate or overestimate changing distributions in response to
climate warming (Tinner et al. 2013). Refining model projec-
tions with evidence of past distributions under warmer and
drier climate has greatly improved understanding of species
potential in a warmer and drier future, and therefore expanded
management options (Henne et al. 2015; Ruosch et al. 2016).

Conclusions

Observations of climate change impacts in Switzerland dem-
onstrate the value of, and potential to improve climate change

Identify model-data 
inconsistencies, enable model
refinement 

Models project loss of suitable habitat, species extinctions

Observed species persistence in microhabitats today and 
through extreme climate changes of glacial cycles

Provide evidence-based 
adaptation strategies

Promote biodiversity by conserving favorable 
microhabitats; maintain traditonal pasturing, which limited 
woody encroachment and sustained alpine meadows as
Holocene climate changed

ns

d

Ongoing upslope invasions and rapid temperature-driven treeline 
rise during Holocene demonstrate alpine meadows are vulnerable 
in warming climate

Application of observations Example

Empirical grounding for policy 
actions

Fig. 2 Examples of applying observations to understand and mitigate
climate change impacts on the biodiversity of alpine meadows. (Top)
Observations of upslope invasions and reconstructions of Holocene
treeline dynamics provide a strong empirical basis for the susceptibility
of alpine meadows to temperature-driven change. (Center) Models are
highly valuable for projecting potential outcomes. However,
inconsistencies between models and observations demonstrate where
understanding is limited and model refinements are needed. (Bottom)

Observations identify processes and effective management policies that
mitigate climate change impacts on biodiversity. Complex topography
provides diverse microclimates that promote diversity in alpine
meadows and can buffer climate change impacts. Intermediate
disturbances from alpine pasturing and fires promoted diversity in
alpine meadows during the Holocene and are critical to sustaining
alpine biodiversity in a warming climate
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impact assessments with, observational data. Although
models are routinely used to make projections, they are by
definition simplifications of nature that provide numeric sum-
maries of what is known, and may oversimplify certain
change directions. In particular, projections that rely on cor-
relative models should be treated with caution, given that the
observational evidence is replete with examples of non-linear
responses to climatic change. Whereas impact models typical-
ly focus on one system, and by necessity include a limited
number of processes, system responses depend on multiple
components and are often stochastic. Observational data can
naturally integrate the impacts of multiple cultural and natural
factors, as well as interactions among systems that can amplify
or buffer climatic impacts. Observations are needed to validate
and improve model projections, identify emergent risks, and
also identify adaptation strategies that arise from complex
interactions that are difficult to simulate.
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