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Abstract

We employ here a recently developed hydrologically based, spatially distributed pasture yield model Poly-Pasture for the purpose of
modeling pasture dynamics in mountain environment. We propose two test cases in high altitude areas, namely in the Alps of Italy (Valtellina
valley), and in the Pakistani Karakoram (Central Karakoram National Park CKNP). The model is driven by daily data of temperature, precipitation,
and solar radiation, and provides in output estimates of soil moisture, runoff, and pasture, in terms of LAl, and biomass. We simulate pasture grass
growth for our two study areas (Alps, 2002-2007, Karakoram, 1997-2011), and we compare yearly indexes of biomass yield against ground based
and satellite based estimates (Alps), and estimates from literature (Karakoram), displaying acceptable model performance. We then comment
about pasture yield patterns and variability depending on the area. Our pasture models provide acceptable performance in depicting daily,
spatially distributed dynamics of pasture grass in the mountains, within two geographically very different areas as chosen here. Our model is
therefore useful when tackling a number of issues, including e.g. i) assessment of pasture (and fodder) productivity under present climate and
management, ii) seasonal forecast of pasture yield for herding, and iii) projection of pasture conditions under climate change as projected by
climate models. Future development may concern assessment of nutrient dynamics, and the effects of (over)grazing on pasture.
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Introduction

modified (worse?) pasture conditions, especially as an outcome
ofextreme events [13,16]. As such, one needs to develop modeling
tools, able to accurately mimic pasture production under specific
climate conditions [14], and water availability [2,17], that can be
later used to accurately mimic pasture production under specific
climate conditions [14], and water availability [2,17], that can
be later used to evaluate potential for pasture production, and
assess potential effect of climate variations (Tubiello et al. [16],
for a review of potential effect of climate change upon crops, and
pastures).

Pastures and grasslands cover ca. 50 million km? worldwide
and 20% of lands, support most of the three billion ruminants
and represent with forests a main carbon storage worldwide
[1,2]. Grasslands are mostly located in steep, and often semi-
arid areas, little suitable for agriculture. Interest on pastures
particularly focuses upon the effects of (over) grazing [3], that
may potentially change soil properties, and pasture patterns
[4], and prevents natural renovation of forests reducing soil
fertility. Assessment biomass and nutritional quality of forage
is thus essential, because they influence grazing patterns of

livestock [5], and affect animal performance [6,7]. Pasture
yield could have in turn implications on land use planning and
local policy making (e.g. subsidies, mitigation of drought crises,
etc.), particularly in the Mediterranean areas [8,9]. Dynamics
of pastures are important for sustainable breeding of livestock
worldwide [8,10-13], including Italy [14,15]. Pasture growth is
linked to climate, and global warming conditions may result into

Poly-Pasture is based upon the inclusion of a pasture-
growth module within a spatially distributed hydrological
model already developed and used by the authors [20,21] to
mimic the joint dynamics of water budget and runoff production
within hydrological catchments, and pasture (and crop)
production upon vegetated or cultivated areas therein. The Poly-
Pasture module has been already used and validated, also in
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spatially distributed mode, to mimic pasture (and, with proper
modifications crops) productivity [22-24]. The model is driven
by daily data of temperature, precipitation, and solar radiation,
and provides in output estimates of soil moisture, runoff, and
pasture, in terms of LAl and biomass.

We simulate pasture grass growth for our two study areas
(Alta Valtellina valley, in the Italian Alps, 2002-2007, and the

Case study areas

Central Karakoram National Park CKNP, 1980-2011), and
we compare yearly indexes of biomass yield against ground
based (2002-2004), and satellite based (2005-2007) estimates
(Alps), and estimates from literature (Karakoram), displaying
acceptable model performance. We then comment about pasture
yield patterns and variability depending on the area, and upon
future evolution of our research.
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Figure 1: Case study areas, and meteorological stations used in our study. a) CKNP. b) Valtellina. Sampling point of biomass from Boschetti
etal. [19].
J

Central Karakoram National Park: Northern areas (i.e.
Gilgit - Baltistan) covers Northern Pakistan (Figure 1a), bordered
by Afghanistan at North and West, with China in the North and
East and India in South-East. Extension of the area is nearby
73000km?, with four mountain chains converging in the area,
Himalaya, Karakoram, Hindu kush, Pamir, including some world
highest peaks, e.g. (K2, 8611m a.s.l.). Climate of the region is of
cold desert type (BWK), i.e. a dry climate with little precipitation
and large daily temperature range [25]. Some studies indicate a
total annual rainfall between 200mm and 500mm below 2000m
a.s.l. or so. Recent estimates Soncini et al. 2015 indicate from 6 to
8 meters of snow depth (ca. 3m snow water equivalent, SWE) at
5000m a.sl. or so, and rapidly decreasing there above (Immerzeel
et al. 2012). Accordingly, snow and ice melt at the highest
altitudes contribute largely to irrigation in the lowest areas [26].
Cultivable lands here cover an altitude belt around 1200m a.s.l,,
generally irrigated given little precipitation as reported. Most of
the Northern Areas fall within the Central Karakoram National
Park (CKNP), covering more than 10000km2. The Park includes
ca. 230 villages, and ca. 100000 inhabitants, of which 90% relies
on subsistence breeding. Tourism, and logging for fire heating
constitute other pillars of local economy. Rangelands cover
ca. 23% of the Park, given high altitude (with mean altitude
4613m a.s.l,, and 35% of the area above 5000m a.s.l.), complex
topography, and large cryospheric cover. In Askole (3015m
a.s.l.) temperature in winter averages -5 °C (and reach -15 °C),
while in summer it averages 20 °C (peaking at 30 °C). Vegetation
distribution is limited by low temperature above 4500m a.s.l., and
little precipitation below 2000m a.s.l. Livestock farming plays an

important role in the economy of CKNP, and in the region’s food
security due to its contribution to the production of milk, meat,
farmyard manure, wool and draft Hofmann et al. 1998 [27]. In
2002 the animal population was estimated to exceed two million
animals with a prevalence of poultry and goats (NASSD, 2002).
Most of the households (80-90%) are reported to have adopted
the transhumant system of animal husbandry. During the winter
livestock are kept in the village, fed with hay and straw. In the
Summer months the animals are taken up into the mountains to
graze on the sub-alpine (2000-3000m a.s.l.) and alpine pastures
(above 3000m a.s.l.). Goats, sheep and lactating animals are
closed in pens every evening for milking and safety purposes,
while non lactating cows, zomos, and other draught animals are
left grazing freely. With the first snow falls they move back to the
lower pasture and then to the village in late September/October.
Because of small landholding and availability of water, pastures
are generally overgrazed, especially the ones near water sources.
Overgrazing reduces the productivity level and biodiversity
of the land and accelerate erosion and degradation. It also
reduces palatable plant leaf areas, which reduces interception
of sunlight and plant growth, so that plants become weakened
and are replaced by unpalatable species. Overgrazing affects
adversely also livestock performance and body condition. It is
therefore necessary to explore mechanisms to reduce livestock
grazing pressure on pastures. This requires understanding of
the pasture productivity by estimating the potential and actual
biomass accumulation. It would be therefore possible to evaluate
bearing capacity of pastures, and in general which management
practices can be adopted in the area. Within the CKNP we studied
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pasture yield in 2 villages, namely Astore (2200m a.s.l.), where
former studies provided some estimates of potential biomass,
and we could run a simulation during 2004-2007, and Askole
(3015m a.s.l.), where long term (1997-2011) simulation could
be pursued.

Alta valtellina valley: Alta Valtellina (AV) valley is in the
North-East of Lombardia region of Italy (Figure 1b), and belongs
to pasture lands of central Alps [19]. Climate is continental with
cold summer and no dry season, and polar tundra at the highest
altitudes [25]. Rainfall regime displays winter minima, and peaks
in June/July and September/October, with an annual average
of ca. 730mmy-1. Temperature is cold, with annual average of
7.5 °C in Bormio (1300m a.s.l.), reaching 1.9 °C at 1900m a.sl.
(lago Cancano) and -0.5 °C at 2600m a.s.l. (Livigno). Vegetation
is typical of Alpine environment, with coniferous forests, and
shrubs in the boreal belt until 2000m a.s.l. or so, and prairies
and pastures at the highest altitudes. Pastures derive therein
from logging of forests, in response to increase of herding in the
area. Pastures in Alta Valtellina valley cover a surface nearby
11.000ha (of 90.000 ha total surface). Active pasture lands
during 80-90 days a year host ca. 3400 cows, 1500 sheeps/goats,
and some hundreds pigs, and horses [28]. Breeding strategies
includes free, controlled, and rotation pastures. Low altitude
pastures (1600-1800m a.s.l.) are used starting from June, while
higher areas (above 2500m a.s.l.) are used starting from August.
Manuring occurs naturally from animal wastes, with no chemical
compounds used [19]. We studied here an area covering ca.
500km2 South-West of Bormio town, where former studies
provided estimated biomass for comparison, and satellite based
LAI estimation also allowed a comparison.

Data base

Meteorological data: Meteorological data required are used
here daily series of precipitation, maximum and minimum
temperature, solar radiation. In Pakistan, temperature and
precipitation data were provided by Pakistani Meteorological
Department PMD in the form of monthly values of mean
temperatures/precipitation in eight stations below 2500m
a.s.l. These were downscaled to daily values (mean, min, max
temperature, mean daily temperature) based upon data from
two meteo stations belonging to EVK2CNR association (Askole,
3015m a.s.l, Urdukas, 3926m a.s.l.), delivering temperature and
precipitation at 15 minute resolution during 2005-2008 [21].
Global radiation is calculated daily from thermal excursion (T, -
T, .) and extraterrestrial radiation, using FAO approach (Allen
etal. 1998).

In Alta Valtellina valley, ARPA (Regional Environmental
Protection Agency) provided meteorological data (temperature,
precipitation, global radiation and snow depth) during 2002-
2010 in 5 stations. Monthly values of lapse rates for temperature
and precipitation were assessed to account for vertical
variability, and Thiessen polygons were used for area of influence
of precipitation stations.

Soil parameters: Other than the latitude and elevation of
the referring meteorological stations and the average height
of the cells, the PP model requires, for every cell, the hydraulic
properties of soil. These properties, namely wilting point 6 ,
field capacity 6, saturation 8, hydraulic conductivity K, were
obtained here starting from soil texture (Saxton, 1986), while
depth of the soil layer was assigned as per each cell.

Table 1: PP model’s soil hydraulic parameters in the area for Central
Karakoram National Park CKNP, and Alta Valtellina AV.

Parameters CKNP AV
ow [.] 0.12 0.09

01 [.] 0.26 0.19

s [.] 0.47 0.41

K [mmh™] 8.7 27.2

In the CKNP a soil texture map was derived from Eus DAM
(Panagos et al. 2011) Digital European Archive of Soil Maps,
reporting Northern Areas soil as loamy. For Alta Valtellina,
texture class has been obtained from JRC’s European texture
map [29], giving mainly loam and sandy-loam substrate. Table
1 reports soil parameters for the case study areas calculated
accordingly.

Vegetation parameters: The PP model then requires some
agronomic parameters, concerning the phenology of pasture,
in analogy with crop models [14,30-33]. These parameters and
their chosen values are summarized in Table 2, together with
their unit of measurement and range of values. While for crops
and agricultural species numerous studies exist, providing the
evaluation of base and optimal temperatures [34], for wild

grasses these parameters are less largely available. Also, as
reported pasture is classified here as a mixture of different
species, so that average values were retrieved and used in the
present work [15,33-35].

Table 2: Input phenologic parameters required by the PP model for
Central Karakoram National Park CKNP, and Alta Valtellina AV

Definition Range CKNP | AVNN,D
Base
Tbase[°C] 0-15 2 2
temperature
Teutoff [°C] Cutoff 0-45 42 0
temperature
Optimal
Topt[°C] temperature Tbase- Tcut off 25 20
for growth
Maximum
Rd,max [m] root depth 0.1-3.0 0.3 0.3
DDemerg[°Cd] | De8ree days at 0-500 50 | 89,61
emergence
Degree days at
DDmat[°Cd] | physiological 1000-2500 2000 | 623,616
maturity
DDflow[ecd] | De8reedaysat |y ora 1500 | 730 | 400,430
flowering
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Parameter
for crop
coefficient

Ke0 [] 0.1-1.6 085 | 085

Extinction
coefficient for
solar radiation

k[ 0.3-0.8 0.5 0.5

Radiation
conversion
factor

Ltbc [g/M]] 5-Jan 2.5 1.3

Maximum
daily water
uptake

WUmax [mm/

day] 15-May 13 13

Critical
leaf water
potential

-2500 -1200 | -1200

W1, sc[J/kg] [

Wilting
leaf water
potential

Wwilt [J/kg] -4100 1500 | -1500

Above ground
biomass-
transpiration

BTR [kPakg/

m3] 3.5-6 5 5

Specific leaf
area

SLA [m2/kg] 15-25 25 25

Leaf/stem

LS ] partition

1.5-4.0 3 3

Harvest index,

HIL] dry biomass

0.4-0.6 0.5 0.5

For Alta Valtellina valley however we had available
information concerning two specific genotypes, Deschampsia
caespitose Poa alpine (Deschampsia), and Nardus stricta Carex
sempervirens (Nardus), Boschetti et al. [19], and phenologic
parameters were taken accordingly (Table 2). For CKNP, given
the lack of information concerning pasture productivity and
timing in the area we used the same thermal times as adopted
within a former study Addimando et al. [23] covering pasture
productivity in Sardinia region, displaying similar climate
settings, with scarce precipitation, and hot temperatures during
summer.

LAI satellite maps: For Alta Valtellina valley, we couldobtain
LAI satellite maps during 2005-2007, as provided by Zhu et al.
[36], starting from AVHRR NDVI3g data, available at the NASA
Earth Exchange web site. These data contain level 3 information
[37], and are already processed to remove cloud disturbance.
These data are gridded at a 1/12 degree spatial resolution, and
are available with a 15 days temporal frequency, and were used
to validate LAI (and indirectly biomass) as simulated by PP
models as in Addimando et al. [23].

Biomass data: In a former study by Boschetti et al. [19] the
authors gathered biomass data for different species composing
pastures in the Parco dello Stelvio area, nearby our case study
area in Alta Valtellina, during July-August 2002-2004. Given
sufficient data availability we decided to use data for the two
species Deschampsia caespitose Poa alpina, and Nardus stricta
Carex sempervirens. These data were used for assessment of PP

model’s results. For CKNP we could find a former report by WWEF-
EVK2CNR (2011), quantifying (mean, unknown reference period)
pasture productivity within the district of Astore (2200m a.s.l.),
which we could use for a rough comparison.

Methods
Poly-Pasture model

We used here the semi-distributed Poly-Pasture PP model,
obtained by including a vegetation growth module coupled to a
spatially distributed hydrological model already developed and
used by the Politecnico di Milano staff. The vegetation growth
model mimics simple crop growth models such as Cropsyst
[38]. The hydrological model uses a water budget scheme to
provide soil water content, then fed to the vegetation module.
Vegetation growth module provides in turn LAI, used by the
hydrological model to calculate the transpiration, and fraction
of vegetated soil, and updated soil water content. Both modules
work at a daily scale upon a grid. Each cell in the grid has its
own topography, vegetation, meteorological input variables and
soil properties. Every cell is considered independent from the
others, so neglecting lateral flows. Such approximation is valid
for large cells, and flat areas, with little lateral redistribution, as
in our case study areas. One soil layer is considered given the
limited root depth of pasture grasses. The hydrological model
builds upon a simplified water budget equation to calculate soil
moisture a two subsequent time steps (t, t + At)

St 0=5+P+M-ET-Q,-Q, (1)

With S soil water content, P rainfall, Mssnow melting when
applicable, ET is real evapotranspiration, Qg groundwater
discharge, and Qs overland superficial flow, all in mm. The growth
model provides biomass by taking the minimum between water
dependent, and radiation dependent growth

G_TR=(T,,

BTR)/VPD ; GR=LtBc-PAR-f PAR-T, 2)

with GTR [kgmday!] transpiration dependent growth,
T, [mday-1] effective transpiration, VPD [kPa] vapor pressure
deficit, BTR [kPakgm™] biomass transpiration, G, [kgm?day”]
radiation dependent growth, Ltbc [kgM]?] light to biomass
conversion, PAR [MJm*day"] photosyntetically active radiation,
fPAR [.] fraction of PAR intercepted by canopy, and Tlim

temperature limitation factor [.].

It is assumed full availability of soil nutrients. Generally
pastures, albeit subject in some cases to natural fertilizing
through animal disposal, do not generally undergo fertilization
(or irrigation). Biomass estimates are “potential” in this sense.
Vegetation growth stages are based on the accumulation of
thermal time (or degree days) during the growth season. Every
species reaches the next growth stage when the necessary
thermal time has been cumulated. Below a base temperature the
thermal time is not cumulated [38]. In the presence of vegetation
biomass, the evapotranspiration depends upon the LAI, which is
iteratively calculated for each day of the simulation. The effective
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transpiration depends upon the daily vegetation growth, and its
vegetative stage [39], as

Sfoun=1-exp(-kLAI ),

and

3

T_,,=86400C/15 (¥ -V ), 4)

With k [.Jextinction coefficient for solar radiation, C [kgsm-
“] root conductance, ¥ soil water potential [Jkg'], ¥  [Jkg"]
leaf water potential, 86400 number of seconds per day, and 1.5
conversion factor of root to hydraulic conductance.

Cells size and influence area

In the CKNP, PP model was run in point wise mode, for
Askole (1997-2011), and Astore (2005-2008) separately. In
Alta Valtellina valley PP model was run in distribute mode, and
cells’ size was taken using the resolution of the satellite maps
to be used for comparison. Namely, we used 6 square cells of
1/12 degree (9.3km) size. Such low spatial resolution reduces
computation burden, and allows to compare directly the model
simulated LAI maps against those from remote

Results
CKNP
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Figure 2: Simulation of pasture growth (dry matter Y,) in
Astore (2005-2008), and Askole (1997-2011). Minimum daily

temperature in the year T . in Askole reported
N J

In Figure 2 it is reported the estimated crop yield in Astore
during 2005-2008. According to Pakistan habit, we hypothesized
an irrigation of 250mm during the growing season, so no water
limitation occurs. An average value is obtained of 1.6 ton ha-1 A
study by WWF-EVK2CNR (2011), based on Bari (2002) shows
that the estimated potential productivity of pastures is 1.6ton
ha-1 for Astore, 1.20ton ha-1 for Skardu 60km East of Astore,
1.4ton ha-1 for Gojal further North. Actual surveys showed an
effective productivity of 0.43ton ha-1 in Astore,0.41ton ha-1
in Gojal, and 0.24 tonha-1 for Skardu, possibly doubling when
considering already consumed forage (May to August). In
Figure 2 were port potential production in Askole (3015m a.s.l.)
during 1980-2011. Visibly, given the high altitude of this site,

large variability is observed around the average value (E [YP]
= 0.69 tonha-1, CV[YP] = 0.43), in response to minimum daily
temperature in the year.

This is clearly visible e.g. in year 2005, when particularly low
temperatures decreased largely potential pasture yield in Askole,
with yield Astore (lower, and therefore warmer) still acceptable.

Alta Valtellina
e N
8 0
2
71 2
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uDeschobs  wDesch Sim o
= 54 uNar Obs Nar Sim E
S 4 2 8
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S 2 3
£
@ 1
&, 4
2002 2003 2004
Year
Figure 3: Simulation of pasture growth (dry matter Y,) in Alta
Valtellina during 2002-2004, and comparison against maximum
biomass as measured by Boschetti et al. [19].

& J

In Figure 3, we report the simulated pasture yield (dry
biomass) in AV case, for Deschampsia, and Nardusin those
years when samples of biomass were gathered [19]. We
report maximum daily values of biomass (i.e.potential yield at
harvesting, consistently with modeling hypothesis), normally
occurring at the end of July. For Deschampsia one has E[YP]D =
3.36 ton ha, and 3.28ton ha, for observed, and simulated values
respectively. For Nardus, E[YP]N = 1.25 ton ha* and1.17ton ha’,
respectively, with some visible disagreement in year 2002.
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Figure 4: Simulation of pasture LAlin Alta Valtellina during 2005-
2007, and comparison against estimates from AVHRR NDVI3g.

In Figure 4, we report a comparison between spatially
averaged values of Leaf Area Index LAl from PP model, and
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corresponding estimates from satellite for years 2005-2007.
We considered averaged values of modelled 4 for Deschampsia
and Nardus, and to filter noise from other species on the ground
we compared LAlonly during growth season of the modeled
species. LAl at peak was E[LAI] = 1.63m2m™, and 1.60 m2m, for
observed, and simulated values respectively.

Discussion and Conclusion

Our PP model seems substantially capable of capturing
pasture productivity as depending on local geographic settings,
and climate variability. In the Pakistani application here, paucity
of information concerning pasture productivity, especially in
the high altitudes prevents from pursuing accurate validation.
However, comparison with sparse literature data of potential
production provides acceptable fitting. Also, the PP model is
clearly able to capture pasture yield dependency upon year to
year weather variability. Comparison between daily values of
YP in Askole and Astore (not shown) illustrates the differences
in growth season length (from half June to half September in
the first site, from half May to half September in the second
one), and yield (Figure 2), in response to lower temperature in
the first, higher site. Accordingly, comparison of pasture yield
between different sites with largely variable altitude is difficult.
However, PP model can aid pasture assessment, given that it
explicitly account for thermal, and precipitation regime in each
specific site. Also, preliminary simulation in the CKNP (not
shown) demonstrated that no pasture growth was practically
feasible for the study sites under rain fed conditions, given
the low precipitation. Accordingly, irrigation was taken as per
the necessary amount to reasonably fulfill evapotranspiration
requirements. This is reasonable given the circumstance that in
the considered area large irrigation is provided for all purposes,
including agriculture, and fodder production. Within the Alpine
site, much larger precipitation is available, and pasture grows
under rain fed conditions. Also, more information is available,
including in situ sampling of pasture productivity, and satellite
estimation of LAL Such circumstance allowed to validate properly
PP performance, acceptable according to our results as reported,
both in term of biomass, and LAL

The PP model makes a number of simplifying assumptions,
and future developments of the model may include especially i)
study of nutrients’ cycle dynamics, and assessment of the effects
of nutrients’ budget (including manuring, and over-grazing), and
ii) validation of evapotranspiration estimates [40-43].

Our results clearly demonstrate how the proposed PP model,
simple as it still allows to investigate explicitly

1. Dependence of pasture yield on topography, soil
properties, complex
mountainous terrains.

and seasonal weather in

2. Necessary water requirement for irrigation of pasture

in dry conditions.

Besides pasture variability in the mountains under present

climate, transient climate change as projected for the future
can impact pasture productivity within sensitive areas, and
investigation of prospective evolution of pastures under climate
change is required.

Our PP model represents an optimal tool for doing so, and
will be applied in the forthcoming.
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