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During the 20th century, Sweden underwent a persistent agricultural development. In this study, we use
and combine historical hydroclimatic and agricultural data to investigate how this large scale change of
land use, and subsequent intensification of crop production, affected regional hydrology in two adjacent
Swedish drainage basins. We find a main increase of evapotranspiration (ET) as cultivated area and/or
crop production increased during the period 1901-1940. Thereafter, ET stabilized at a new higher level.
Comparison between the data given, water balance constrained ET quantification (ET;), and a range of
different comparative estimates of purely climate driven ET (ETgim) shows that only 31% of the steep
1901-1940 increase of ET,; can be explained by climate change alone. The remaining 69% of this ETy,
shift, which occurred in both investigated drainage basins, is instead explainable to large degree by
the regional land use conversion from seminatural grasslands to cultivated land and associated enhanced
productivity of herbaceous species.
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1. Introduction

Vegetation interacts dynamically with climate at different
scales to regulate water balance and the partitioning of precipita-
tion into evapotranspiration and runoff (Asokan et al., 2010; Desto-
uni et al., 2013; Donohue et al., 2007; Douglas et al., 2006; Gordon
et al., 2005; Shibuo et al., 2007). Agricultural development (in-
crease in area and/or production) involves changes of vegetation
and consequent biogeophysical land properties such as surface al-
bedo, roughness length, rooting depth and leaf/stem area index,
which can all affect the evapotranspiration rate at a given land sur-
face (Kvalevag et al., 2010). Agricultural effects on hydrological
flow partitioning depend on factors such as the original, predevel-
opment coverage of vegetation, the introduced type of agricultural
crops, and additionally on whether irrigation is used in the agricul-
tural development.

Land use changes such as deforestation may decrease evapo-
transpiration and increase runoff, while establishment of forest
on sparsely vegetated land may have an opposite effect (Gordon
et al., 2005; Vanlill et al., 1980). Conversion of unplowed land in
natural and/or seminatural conditions into agricultural crops may
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increase evapotranspiration (Destouni et al., 2013; Loarie et al.,
2011), but under some conditions may decrease it (Schilling
et al., 2008), while a change from agriculture to forests by cultiva-
tion abandonment may initially decrease evapotranspiration (Qiu
et al,, 2011) and later increase it (Donohue et al., 2007). In general,
the dynamics of agricultural development and its impacts on the
hydrological cycle need to be understood under a variety of land
use, climate and hydrological catchment conditions (Destouni
et al., 2013).

It is then difficult to separate the impact of land use changes
from those of climatic change on hydrological flow partitioning,
since many climatic and biogeophysical parameters combine to af-
fect the rates of evapotranspiration. The capability of distinguish-
ing the effects of different drivers depends on available data and
the development of different methods to interpret them for such
distinction (e.g., Destouni et al., 2010a, 2013; Shibuo et al., 2007;
Tomer and Schilling, 2009; Wang and Hejazi, 2011). Methodologi-
cal development is important for understanding the different
change drivers and their impacts in the past, as well as for accu-
rately projecting impacts in the future and applying appropriate
management measures for society’s adaptation to them (Jarsjo
et al,, 2012). Recent technology such as MODIS (King et al., 1992)
and other satellite imagery products (Zhang et al., 2010) have pro-
vided new tools for such separation, but only for studying rela-
tively recent time periods that overlap with the accessibility to
these technologies (e.g., Cheng et al., 2011; Douglas et al., 2006;
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Loarie et al., 2011). For earlier times, the study of historical land
use and associated evapotranspiration changes can for instance
be approached by a catchment wise water balance assessment
depending on the availability of hydroclimatic and land use data
(Asokan et al., 2010; Destouni et al., 2010a, 2013; Shibuo et al.,
2007). Furthermore, remote sensing and basin wise assessment
of water balance changes can also be fruitfully combined to distin-
guish water storage changes as additional components of total
hydrological change (Karlsson et al., 2012).

In previous studies of hydroclimatic change due to agricultural
developments, great emphasis has been put on irrigation, which
has been shown to impact climate change in addition to water re-
sources (Bonfils and Lobell, 2007; Boucher et al., 2004; Destouni
et al,, 2010a; Kueppers et al., 2007; Lobell et al., 2009). However,
also non-irrigated agriculture has recently been shown to have
similar change impacts on evapotranspiration and thus hydrologi-
cal flow partitioning, with important global implications (Destouni
et al., 2013), not least in view of rising food demands due to the
world’s growing population (Gordon et al.,, 2003). Testing and
quantifying possible impacts of non-irrigated agriculture, which
is much more common worldwide than irrigated agriculture,
should then be a priority for hydrological research across a variety
of different regions.

In the present study, we investigate effects of non-irrigated
agriculture on evapotranspiration and hydrological flow partition-
ing in two Swedish agricultural drainage basins. For both of these
basins, availability of historical hydroclimatic data on temperature,
precipitation, wind, lake levels and runoff extends back to the
beginning of the 20th century, as does also available information
on agriculture (cultivated area and crop yields), which is needed
to distinguish the possible agricultural effects on historic hydrocli-
matic change. As the study seeks to understand these effects on re-
gional water balance and hydrological flow partitioning, it uses a
multimethod approach to particularly test and separate the effects
of land use change from those of climate change on long term
evapotranspiration changes.

2. Study site description

This study uses the hydrologicaly well investigated Swedish
Norrstréom Drainage Basin (NDB) (see, e.g., Destouni and Darracq
(2009), Destouni et al. (2010b) and further references therein) as
its main case, along with the neighboring Motala Strém Drainage
Basin (MSDB) for interbasin comparison (Fig. 1a). Approximately
20% of the Swedish population lives within the NDB area
(22 650 km?) mainly concentrated in the cities of Stockholm, Upp-
sala, Visteras and Orebro (less than 4% of its area). The basin is also
recognized as a hot spot for nutrient loading into the Baltic Sea, due
to both its agricultural activity and the size of its population.

About 1300 lakes are spread within the NDB and account for
11% of its total area. Water draining from the NDB flows into the
Baltic Sea through four outlets of Lake Malaren (third largest lake
in Sweden, 1078 km?), three of which are located in the city of
Stockholm. Lake Madlaren started to be regulated in 1943 to stop
salt water intrusion from the Baltic Sea and to avoid flooding of
the Stockholm metropolitan area (Granstrém, 2003). Its regulation
is thus not intended for electricity production or water storage. The
other major lake in the NDB, Lake Hjilmaren (fourth largest in
Sweden, 477 km?), drains its waters into Lake Mailaren. Lake
Hjdlmaren started to be regulated between 1878 and 1888 in order
to drain approximately 160 km? of land for agricultural use (Norell,
2001).

The elevation of the NDB varies between sea level and
460 m.a.s.l. from south-east to north-west, with land use also
changing along this direction. The hills in the north-west of the

basin are covered by temperate forest while the center of the basin
and the major lake area in the south and east are characterized by
open areas comprised mainly of grasslands and agricultural
systems. Forests and open areas currently occupy 48% and 36% of
the NDB area, respectively. The mean annual precipitation over
the 20th century averaged 590 mm/yr as calculated from data by
Mitchell and Jones (2005), which is more than double the
corresponding mean annual runoff, 227 mm/yr, as calculated from
data by the Swedish Meteorological and Hydrological Institute

(SMHI, 2010). The basin typically experiences seasonal
snowfall during winter that melts and joins the surface runoff dur-
ing spring.

The neighboring MSDB has similar characteristics as the NDB; it
includes a large water body (here the second largest lake in Swe-
den, Lake Vittern, 3540 km?) and has similar types of soil, vegeta-
tion and historical agricultural development. The 13,283 km? of the
basin are currently composed of forests (51%) and open land (24%).
Most of the agricultural area is in the plains located between Lake
Vittern, the Motala Strom River, and the Roxen and Sommen lakes.
About 890 surface water bodies in the MSDB account for 22% of its
area. Major urban centers include Linkdping, Jonkdping at the
south of Lake Vattern, and Nykdping at the outlet of the Motala
Strom River into the Baltic Sea.

The expansion of agriculture in the NDB and MSDB region began
in the second half of the 19th century with gradual conversion of
original seminatural grasslands to agricultural land (Jansson
et al.,, 2011) (Fig. 1b). The seminatural grasslands located on fertile
peat and clay soils were further gradually drained by ditches to ex-
pand the plowed land devoted to ley for fodder and cereals (Dahl-
strom et al., 2006). These developments continued until the 1920s
when the historical peak of agricultural area was reached. At this
time, approximately 20% and 16% of the area of the NDB and MSDB,
respectively, was used for agricultural cultivation. From this point
to the present, cultivated area has been steadily decreasing accom-
panied by an increase in forest coverage that, in most cases, arises
by natural succession. Even though cultivated area decreased, the
crop yields from it continued to increase, mainly due to the intro-
duction of fertilizers and to the abandonment of cereal and ley pro-
duction rotation (Saifi and Drake, 2008). Currently, crop production
in the NDB and MSDB is comprised of cereals (36%), ley (33%), and
other crops (31%) such as potatoes, linseed, fodder roots and vari-
ous types of beans.

3. Materials and methods

In order to distinguish effects of climate and land use changes
on hydrological flow partitioning, and more specifically on actual
evapotranspiration (AET), we estimated AET by different methods,
including a basic, water balance constrained calculation of AET (de-
noted AET,,) based on the water budget in each basin as given and
constrained by the basin data. The AET,,;, measure includes effects
of both climatic and land use change, and its calculation is de-
scribed further in Section 3.1. Furthermore, we calculated different
comparative AET measures with a multimethod assessment ap-
proach that uses different combinations of theoretical and empiri-
cal climate driven AET models (with results denoted AETgy), in
order to distinguish the AET changes driven by climate change
alone. Since this comparative multimethod assessment approach
(described further in Section 3.2) aimed at distinguishing the ef-
fects of only climatic change, all parameters related to land use,
such as albedo or plant water availability, were left unchanged
through time in all AET;, calculations.

Moreover, by directly comparing change slopes (denoted
SAET\y» and sAETim,) obtained for 20-year moving averages (to fil-
ter the large noise of interannual variability) of the different AET
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Fig. 1. Locations of the study basins and their related land use changes. (a) The study basins, Norrstréom Drainage Basin (NDB) and Motala Strém Drainage Basin (MSDB), and
their main water bodies. (b) Land use development and changes in the two basins, from the end of the 19th century to the end of the 20th century.

measures over the 20th century (AET,, and AETm, respectively),
we could determine if climate change alone (i.e., if any of the pos-
sible AET;,, measures) could sufficiently explain the changes in
AET,,;, given by the historically recorded data. The slope compari-
son approach is described in Section 3.3, and the hydroclimatic
and agricultural development data underlying the AET change
quantifications and interpretations are described in Sections 3.4
and 3.5.

3.1. Water balance constrained assessment of AET,,;

We used the basic water balance equation:

AET,, =P —Q — AS (1)

to estimate AET,,,, where P is annual precipitation, Q is annual
runoff and AS is annual change in water storage in each drainage
basin. Availability of water level, L, data over the whole 20th
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century for Lake Mdlaren in the NDB and Lake Vittern in the MSDB
enabled estimates of AET,,, for a range of different possible AS
assumptions. Specifically, we considered three different possible
AS scenarios when determining AET,,;, from Eq. (1): (1) Assuming
that there is no annual water storage change in the drainage basin,
such that AS=0 (yielding estimate AET,p1), (2) Assuming that
water storage change occurs only in the main large lake, for which
L data is available, such that AS equals the data given change in
lake volume divided by the total area of the drainage basin (yield-
ing AETypz), (3) Assuming the same surface water and groundwa-
ter level changes over the whole drainage basin as in the main
large lake, for which L data is available, such that AS equals the
data given change in L (yielding AETp3).

3.2. Multimethod assessment of climate driven AET;y,

For comparison with AET,, we calculated AET;,, by four dif-
ferent combinations (Table 1) of Potential Evapotranspiration E,
and AET models (AETim1-4). Combinations 1 and 2 involve the E,
model by Langbein (1949) and the AET models by Turc (1954)
and Budyko (1974), which constitute relatively simple ways to cal-
culate AETin, since they are only expressed in terms of mean an-
nual temperature T and precipitation P. Combinations 3 and 4
are not purely climate driven, since both Priestley and Taylor
(1971) and FAO Penmann-Monteith by Allen (1998) (for E, calcu-
lation, Table 1) consider the influence of vegetation on E, through
the dependence of surface albedo on net radiation (R,). Similarly,
Zhang et al. (2001) (for AET;n calculation based on E,, Table 1)
uses a plant available water coefficient w to account for vegetation
effects on AET. Combinations 3 and 4 were then here used for
assessment of climate driven AETy,, by keeping the albedo and
w measures constant in time.

3.3. Comparison of long term slope change of AET,,;, and AET i

For time periods with greater absolute values of sAET,;, than
corresponding values of sAET;m, one may infer that the data given
AET,,;, change trend quantified by sAET,, is not fully explained by
the (also data given) climatic change in those periods. This implies
that sAET,,, may then be influenced by land use change, predomi-
nantly if sAET,; is much greater than sAETqny, or at least addi-
tional to (and in the same direction as) the climatic change
influence. In contrast, when the absolute value of sAET,,, is about
equal or smaller than that of sAET;mn, the data given change trend
in AET,,, may: (1) be fully explained by the climate change alone;
or (2) be determined by opposing, and thus in combination damp-
ening effects on AET,,;, of the climate and land use changes. Anal-
ysis of Covariance (ANCOVA) was used to compare the slopes of
linear regressions to the changing 20-year averages of AET,,;, and
the AETqim combination calculations. Signals of land use change
could then be distinguished from those of climate change when
the sAET,y, value differed significantly from all different SAET i

Table 1

possible calculations (combinations in Table 1), at the o = 0.01 sig-
nificance level.

3.4. Hydroclimatic data

For the AET,,;, calculations, R data for both NDB and MSDB, and L
data for Mailaren and Vittern Lakes were obtained from SMHI
(2010). The shape and area of each drainage basin were also ob-
tained from the same reference. The monthly total precipitation
and monthly mean temperature were downloaded for each CRU
cell within the drainage basins from the Climatic Research Unit
Database (CRU TS 2.1) of the Consortium of Spatial Information
of the Consultative Group on International Agricultural Research
(CGIAR-CSI) (Mitchell and Jones, 2005). This dataset has a monthly
0.5° x 0.5° grid over the period 1901-2002. We aggregated the
monthly values to annual values and then calculated a CRU cell
area weighted average, which was also used in the calculation of
annual E, underlying AET;,, combinations 1 and 2, as well as for
the AETgim, calculations in all combinations (Table 1).

Linear regression between P calculated from CRU and P calcu-
lated by Thiessen Polygons using the complete set of all opera-
tional SMHI station data within and in the vicinity of NDB (a
maximum of 36 available stations for the period 1970-1993 and
a minimum of seven stations for the period 1901-1908) yielded
R? = 0.84, showing the capability of the CRU P data to represent
the P climatology of the NDB. Furthermore, the standard deviation
of annual P between 1901 and 2002 was calculated for the NDB to
be 86 mm/yr based on CRU data and 92 mm/yr based on SMHI
data. Similar standard deviation of 82 mm/yr was also calculated
for P in MSDB, and is generally characteristic of interannual P var-
iability in the region of South and Central Sweden. The number of
stations used for a given annual P from CRU varies in time. Be-
tween 1901 and 1990, Mitchell and Jones (2005) calculate P from
an average of 69 stations for the NDB, with 49 stations being the
smallest number used for P calculation in a CRU cell; correspond-
ing average and minimum number of stations for the MSDB were
66 and 53, respectively. However, for the period 1990-2002 these
values drop to an average of 16 stations for both basins and a min-
imum of 7 and 8 stations for each P CRU cell, for NDB and MSDB,
respectively.

For daily E, estimates in AET;;, combinations 3 and 4 (Table 1),
the maximum and minimum monthly temperatures (Tmax and
Tmin) Per CRU cell were also obtained from Mitchell and Jones
(2005) and assumed to apply for all days of that given month.
Net radiation R, for both FAO Penman-Monteith and Priestley
and Taylor (1971) was calculated according to the methodology
suggested by Allen (1998). Solar radiation Rs; was estimated with
Eq. (50) of Allen (1998), which is also expressed in terms of Ty
and T,ax. A constant mean albedo of 0.23 was used for all surfaces
in the E, calculations (see further Table 1 for other constant val-
ues). Atmospheric pressure was used for the calculation of both
the psychometric constant (y) and R,. Actual vapor pressure e,

Multimethod combinations of Potential evapotranspiration (E,) and actual evapotranspiration (AETm,) functions of E,.

Potential evapotranspiration E,

Actual evapotranspiration AET

Combination 1 Langbein (1949)
Langbein (1949)

Priestley and Taylor (1971)

Combination 2
Combination 3

Combination 4 FAO Penman-Monteith (Allen, 1998)

0 =

E,=-325+21T+0.9T%
E,=325+21T+0.9T°

E, = aﬁR"

Turc (1954)
Budyko (1974)

AETgjim; = P[0.9+ (£)%)°*
AETc]imZ = P[l - E%]

Eo
Zhang et al. (2001) AET i — 111};\1@)
0.408A(Ry —G)+7r- 1 Grstiz (€5—€a) Zhang et al. (2001) AET. s — P[14+wE)
AT(1+0.341;) climd = R Ee) T

E, = Potential evapotranspiration, T = Mean annual temperature, P = Total annual precipitation, a = Constant 1.26, A = Slope of the saturation vapor pressure curve, y = Psy-
chrometric constant, R, = Net radiation calculated by Eq. 40 (Allen, 1998), G = Soil heat flux, T, = Mean daily temperature, u, = wind speed at 2 m above ground surface,
e, = Actual vapor pressure calculated by Eq. 48 (Allen, 1998), es = Mean saturation vapor pressure calculated by Eq. 12 (Allen, 1998), w = Plant-available water coefficient (0.5).
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was calculated with Eq. (48) of Allen (1998), which is expressed in
terms of Tyin, by assuming that all surfaces are well watered due to
the energy limited nature (AET/P<1) of both the NDB and the
MSDB according to Budyko (1974).

Furthermore, the mean elevation used to calculate atmospheric
pressure of each CRU cell was obtained from the European Envi-
ronment Agency’s 1 km by 1 km Digital Elevation model (http://
www.eea.europa.eu/data-and-maps/data/digital-elevation-model-
of-europe). The yearly mean wind data at surface level u, required
for the FAO Penman-Monteith equation was taken from SMHI's
20th century calculations of geostrospheric wind, specifically for
the Triangle 2 of Sweden that covers both the NDB and MSDB
(http://www.smhi.se/klimatdata/meteorologi/vind/1.3971). These
geostrospheric winds have been shown to correlate well with ac-
tual surface wind data (Wern and Barring, 2009).

The resulting calculated daily E, per CRU cell was further aggre-
gated to annual values, in order to use the AET;;, model of Zhang
et al. (2001). The E, for each basin was finally obtained as the CRU
cell area weighted basin average.

3.5. Cultivated area and crop production data

Cultivated area in Sweden has been recorded at county level
since the year 1866 by Jordbruksverket (2011). In order to estimate
yearly cultivated area in each basin during the period 1901-2002,
the percentage of the administrative area of each county falling
within each drainage basin was calculated, and then a weighted
average was estimated based on the area of each county coinciding
with each basin. Due to lack of further information on the historical
spatial distribution of cultivated area, this area was assumed to be
spread more or less uniformly over each county. Crop production
was calculated as the product of cultivated area and crop yield,
with the latter being reported since 1913 by Jordbruksverket
(2011).

Since cultivated area per county consists of various crop catego-
ries recorded throughout the time period, we first calculated pro-
duction per crop category. When these records included data
gaps, missing annual yield values per crop were linearly interpo-
lated between the nearest in time available annual information.
Data on yields for certain crops after 1990 were incomplete, so pro-
duction data after that year does not correspond to total crop pro-
duction. At any rate, the crops used for the calculations of crop
production account for at least 90% of total cultivated area for every
year throughout the period 1913-2002, and include winter wheat,
winter rye, spring barley, oats, meslin, potatoes, seed grass, green
fodder (including the one from cereals and legumes), winter rape,
spring rape, winter turnip, spring turnip, fodder roots and linseed.

Seminatural grassland area (from which the cultivated area was
mostly developed in the NDB and MSDB) and crop production were
obtained from Jordbruksverket (2011), and forest area was ob-
tained from the Forest Statistics of the Swedish National Forest
Inventory (http://www.slu.se/en/webbtjanster-miljoanalys/forest-
statistics/area/area-tables/). Seminatural grassland and forest areas
per drainage basin were calculated similarly as for cultivated area.

4. Results and discussion

During 1901-2002, P increased while R decreased in the NDB
(Fig. 2). The reason for this difference in change trends lies to a
large degree in the period 1901-1940, when R decreased the most.
Throughout the following period 1941-2002, R and P fluctuated
more in phase.

The evolution of water storage and its possible change within
the NDB can further be estimated from available L data for the
main Lake Madlaren in NDB (also shown in Fig. 2), in the absence
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Fig. 2. Hydrological development in the NDB over the 20th century. Total annual
precipitation P, total annual runoff R, and mean annual level L, of Lake Malaren.

of any further level information for the other smaller lakes and
the groundwater in the basin. In Lake Malaren, L decreased steadily
during the period 1901-1940 (Fig. 2) reaching its lowest level
around 1940 when the lake started to be regulated. As such, it
stands to reason that the additional water entering the NDB from
the P increase during 1901-1940 left the basin through AET,u,
rather than by adding to AS within the lake (and basin). Fig. 3
shows then the comparison between AET,,;, calculated for the three
AS scenarios presented in Section 3.1. Scenario AET,,,, more or less
coincides with AETy,;, while AET,p3 differs from AET,p; only in
the interannual fluctuations and not in its main long term trend.
All three methods show increasing AET,,, during the period
1901-1940 regardless of the AS scenario considered.

The increase seen in all AET,,;, scenarios from 1901 to 1940 is not
explained by the regional hydroclimatic changes during that period
as reflected in any of the different AETg;,, estimates (Table 1), in
terms of either their absolute uncalibrated values (Fig. 4a), or their
relation to the temporal mean value for each estimate (Fig. 4b). In
summary, regardless of AS assumption, the hydrological partition-
ing of P into AET and R shifted to a higher AET level during 1901-
1940, from which it did not again decrease during the remaining
part of the 20th century (See AET,,3/P line in Fig. 3).
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Fig. 3. Temperature and evapotranspiration development in the NDB. The 20-year
moving averages for temperature (T), and for data given, water balanced
constrained evapotranspiration AET,y;, for the three different assumption scenarios
(AETwp1-3; see Section 3.1) and in relation to precipitation (AETy3/P).
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AET,, (exemplified as AET,3 for Scenario 3, Section 3.1) and only climate driven AET;m, (based on different methods, see Table 1). (a) Absolute AET values. (b) Relative AET

values, normalized by the 1901-2002 mean for each estimation method.

The total increase of AET,p3 during 1901-1940 is almost
65 mm/yr (maximum minus minimum limit of the linear AET,;3
regression for that period), of which only around 20 mm/yr (31%)
is explained by any of the AET;;; change estimates. The remaining
increase of 45 mm/yr (69%) therefore must have another explana-
tion, which is also further supported by the ANCOVA test of slopes
SAET,»3 and SAETim, Showing that sAET,,;, is significantly different
than any of the different sAET ), results (= 0.01) (Table 2).

Land use changes occurring between 1901 and 1940 can pro-
vide the needed explanation for the anomalous AET,; increase
(relative to that of all the different AETc);y, estimates) in that peri-
od. The expansion of agriculture was the most important regional
landscape change that took place in southern Sweden during the
early 20th century. Seminatural grasslands, which were widely
used in the 19th century for mowing and grazing, were then con-
verted to cultivated land, mainly grown as ley for fodder and cereal
(Cousins, 2001; Jordbruksverket, 2011). During the period 1900-
1920, seminatural grasslands accounted for approximately 50% of
the cultivated area expansion (Fig. 1b). The remaining cultivated
area was gained from conversions of other similar land covers
(Jansson et al., 2011).

In the NDB, cultivated area increased continuously during the
period 1901-1930 to reach a peak of 470,000 ha or almost 20% of
the basin area around 1930 (Fig. 5a). This increase coincides with
the first part of the anomalously steep rise in AET,,. The increase
in cultivated area was further followed by an increase in crop pro-
duction, with a first peak occurring shortly before 1940, approxi-
mately 10 years after the peak in cultivated area.

The increasing AET,y;, under the 1901-1940 conditions of culti-
vated area and crop production in NDB is consistent with: (1) a lin-
ear relation between crop biomass production and water vapor
flow under similar hydroclimatic conditions (Sinclair et al., 1984),
since water availability does not limit growth in this region, and
(2) agricultural crops being more productive than the original
grassland vegetation. According to data for ley production pre-
sented by Jordbruksverket (2011), yields in plowed areas for hay
are for instance 2.8 times higher than in unplowed or seminatural
grasslands. Note also that, even though crop production could not
be estimated before the year 1913, an increasing trend may be ex-
pected to have started already from the late 19th century, driven
by the increasing cultivated area (Fig. 1b). A small lag of
approximately 5 years seen between the AET,,;, peak and the crop
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Table 2

ANCOVA test for difference in the slopes of the linear regressions of the 20-year mean AET,y, (SAET,p,) (exemplified as AETyy,3 for Scenario 3, Section 3.1) and each AETclim
(sAETclim1-4) (Section 3.2, Table 1), for each of the periods 1901-1940, 1941-1960, and 1961-2002, for: (a) NDB and (b) MSDB. The slopes in mm/yr? of each linear regression
are shown in unshaded cells and the probability that the regression lines of AET,y, and each AETg;n, have different slopes is shown in the shaded cells (P-value).

Method 1 Method 2
SAETwp3 SAETjimi SAETlim2 SAETjim3 SAET clima
a
1901-1940 Slope 1.04 0.53 0.46 0.45 0.38
P-value 3.17E-09""" 4.99E-10""" 3.98E-09""" 1.38E-10""
1941-1960 Slope -1.00 -0.22 -0.19 0.47 0.15
P-value 0.075 0.061 2.58E-03""" 0.016
1961-2002 Slope 0.41 0.51 0.43 0.53 0.44
P-value 0.315 0.804 0.205 0.713
b
1901-1940 Slope 2.05 0.42 0.36 0.31 0.25
P-value 3.89E-09""" 1.20E-09""" 2.97E-09"" 3.41E-10"""
1941-1960 Slope —0.46 -0.03 —0.05 0.78 0.45
P-value 0314 0.327 6.06E—03""" 0.035
1961-2002 Slope 0.87 0.57 0.49 0.71 0.52
P-value 0.177 0,08 0.507 0.122

P-values show statistically different slopes at the o = 0.01 significance level.

440 1800

—
Q
N

420 - 1600

- 1400

400 1

- 1200

360 - 1000
—— AETwb3
—— AETClim1

340 - 800
= = Cultivated Area

AET, 3 and AET;,, (mm/year)
1000*Crop production (tonnne/year)
and 40*Cultivated area (km?)

—— Crop Production

320
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

(b) 440 1300

—— AETwb3

——AETClim1 1200

420 A
— = Cultivated Area

—— Crop F
Production 1100

400 -
38047 /(\ ~ o

360

r 1000

AET,p3 and AET i, (mm/year)
1000*Crop production (tonnne/year)
and 40*Cultivated area ( km?)

340

320 T T T T T T T T T
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

600

Fig. 5. Evapotranspiration and land use developments in (a) the NDB and (b) the
MSDB. Actual evapotranspiration AET,, (exemplified as AET,y; for Scenario 3,
Section 3.1) and climate driven estimate example AETqim1 (Section 3.2, Table 1),
along with cultivated area and crop production during the 20th century.

production peak may further depend on the soil and vegetation
continuing to be relatively highly productive (and thereby main-
taining relative high rates of evapotranspiration) for some short

period after abandonment of a cultivated area, or it may be due
to uncertainty in data and/or assumptions underlying the different
possible ET,,;, estimates.

In the period 1940-1960, the cultivated area decreases (Fig. 5a)
and the forested area increases (Fig. 1b) while the crop production
first decreases somewhat and then increases again to its previous
level (Fig. 5a for NDB). In this period, the AETg;, estimates and
AET,,3 mostly decrease (Fig. 4), and sAET,3 differs significantly
(¢=0.01) from only one SAETg;, estimate (AETqim3) (Table 2).
Overall, the climate variability and change reflected in the AETji,
estimates can to a relatively large degree explain the correspond-
ing variability and change of AET,;, in the 1940-1960 period. From
1960 onwards, all AETg;, estimates and sAET,,,3 increase steadily
until present times, while sAET,3 is not significantly different
from any SAET., estimate (Table 2). Climate variability and
change can thus also in the post-1960 period, with counteracting
cultivated area decrease and crop production increase, sufficiently
well explain the variability and change in AET,p3.

Overall for the 20th century, we thus find in the NDB an anom-
alously steep increase of evapotranspiration (relative to that indi-
cated by climate change alone) occurring while cultivated area
and crop production were both increasing, or the latter increased
while the former remained essentially stable or decreased only
mildly. A similar overall codevelopment between AET,y, and agri-
cultural expansion is further evident also in the MSDB (Fig. 5b),
with sAET,,3 being also significantly different (« = 0.01) from all
SAETim results in the 1901-1940 period (Table 2b). The NDB
and MSDB similarities imply that agricultural development in this
period is likely to have shifted AET in the whole region of Southern
Sweden, the largest agricultural center of Scandinavia.

Previous studies have mostly linked the development of irriga-
tion to such shifts in evapotranspiration and hydrological flow par-
titioning in warmer regions, such as Brazil (Loarie et al., 2011),
India (Asokan et al., 2010; Douglas et al., 2006), Central Asia (Shib-
uo et al., 2007) and Australia (Gordon et al., 2003). A recent, com-
parative study across different regional hydroclimatic and
agricultural conditions, however, indicated that development of
non-irrigated agriculture may lead to equally large evapotranspira-
tion shifts as irrigation developments (Destouni et al., 2013). The
present study has extended the effect analysis for non-irrigated
agriculture by considering and testing several different methods
for estimating and distinguishing the climate change effects from
those of the major land use change, in this case, related with agri-
culture development.



62 F. Jaramillo et al./Journal of Hydrology 484 (2013) 55-62

5. Conclusions

The present multimethod assessment of the hydroclimatic
change effects of non-irrigated agriculture have tested and ex-
tended the support basis of recent findings (Destouni et al.,
2013), indicating considerable evapotranspiration shifts by such
agricultural developments. The use of basin wise, water balance
constrained and data driven quantification of actual evapotranspi-
ration (AET,y,) in direct comparison with multiple different meth-
ods of estimating purely climate driven AET,, enabled here a
clear distinction between climatic and land use change effects. In
the investigated Swedish region, the greatest 20th century shifts
of AET in two comparative drainage basins could then be similarly
well related to the regional land use conversion from seminatural
grasslands to cultivated land and associated enhanced productivity
of herbaceous species.
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