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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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