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Field-level water savings in the
Zhanghe Irrigation System and
the impact at the system level

R. Loeve, B. Dong, and D. Molden

The demand for freshwater from cities, industries, and environmental uses
is growing rapidly throughout Asia. Less water will be available for agriculture
and for rice in most places, yet more rice will be needed to feed a growing
population. The per capita freshwater availability in China is among the low-
est in Asia and it is becoming increasingly difficult to develop new freshwater
sources. Much of the water will have to come from water savings—and rice,
a water-intensive crop, is a major target for such savings.

On-farm water-saving practices, such as alternate wet and dry irrigation
(AWDI), have been developed to reduce irrigation application requirements
and to improve growing conditions, thereby increasing yield. However, the
question is, If these practices have led to “real” water savings, which can be
transferred to other agricultural and nonagricultural uses?

This paper explores water savings and water productivity on different
scales to see if and how field-scale interventions scale up to subbasin-scale
water savings in the Zhanghe Irrigation District (ZID) in Hubei Province, Cen-
tral China. To study water savings and effects on different scales, the water-
accounting procedure developed by IWMI was considered at four different
spatial scales ranging from field to ZID.

Results show that at the field level, the water productivity per unit of
irrigation water was much higher under AWDI than under the traditional meth-
ods because of lower irrigation water input. Farmers put much effort into
making full use of irrigation water and rainfall.

Moving up the scales, other land uses gain more importance. Appar-
ently, a certain size of scale is needed to have an impact from reuse of
water, which becomes evident only at the main canal command scale, where
the water productivity per unit of irrigation increased dramatically and almost
all water is used within the domain. It becomes clear that the ZID, with its
possibilities of capturing rainfall and runoff in all the reservoirs with the
system, is very effective in capturing and using water for productive use.
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The scope for additional real water savings in the Zhanghe Irrigation
District is limited. Only 12% of the combined rainfall and irrigation water
releases flow out of the basin. A further reduction in drainage outflow from
the ZID may have negative downstream effects.

The results clearly indicate that scale effects are important for under-
standing and planning for water savings and water productivity.

Growing morerice with lesswater is one of the major challenges of the 21st century.
Rapidly increasing water demands from cities, industries, and environmental uses
will put astrain on water resourcesin many river basins. Yet, morericewill be needed
to feed agrowing population. The per capitafreshwater availability in Chinaisamong
the lowest in Asia and is till declining and it is becoming increasingly difficult to
develop new freshwater sources. Much of the water needed has to come from water
savings—and rice, awater-intensive crop, isamajor target for such savings.

Major efforts have aready been made to save water in irrigated rice areas and
thereismuch to learn from previous efforts, particularly in China, where research and
practices are well advanced. Many practices have been developed for farmersto de-
liver lesswater to their fields and these are collectively known aswater-saving irriga-
tion practices (Wang 1992, Mao 1993, Peng et al 1997), such as aternate wet and dry
irrigation (AWDI), which has spread in South China (Li et a 1999). This practiceis
being implemented on alarge scale in the Zhanghe Irrigation System (Z1S). A ques-
tion of global interest is whether this practice hasled to “real” water savingsthat can
be transferred to other agricultural and nonagricultural uses.

The objectives of this paper are to (1) quantify the water productivity under
AWDI and non-AWDI practices and (2) quantify the water productivity at different
scales ranging from the field scal e to the subbasin scale to get a better understanding
of the“scaling up” of field-level water-saving practices. With this knowledge, impor-
tant insightsinto the design and management of irrigation are gained that will lead to
transferable water savings.

Methodology

Scales and water saving
As extensively described in Dong et al (2001), the term “water saving” has different
meaningsto different people at different scales. Farmerswould typically liketo make
some more money from their resources and, if they have to pay for water, either by
paying energy costs or costs of a service provider, they may have sufficient incentive
to apply lesswater. At the farm level, “water saving” most often refersto areduction
inirrigation water applied to crops (Tuong and Bhuiyan 1999).

In many (water-short) river basins of the world, demand is growing for good-
quality water for nonagricultural uses—the environment, cities, and industries. In
these situations, irrigated rice agriculture is arelatively low-valued use of water and
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thereis pressure to meet other demandsfirst and then | et agriculture have the remain-
ing water. At the basin scale, acommon interest is reducing the total amount of water
depleted by irrigated agriculture while maintaining or increasing the production and
transfer of water to other higher-valued uses.

However, water-saving practices at the field scale, with the objective of reduc-
ing supplies to fields, do not necessarily lead to transferable savings at the basin
scale. At the basin scale, factors such as recycling of water (especially wherericeisa
major crop) and interaction of nonagricultural uses with water use for rice play a
major role. For this research, four different scales were selected: field scale, mezzo
scale, main canal command scale, and subbasin scale.

Subbasin scale: the Zhanghe Irrigation District

The ZID is situated in Hubei Province in Central China, north of the Yangtze River.
This areais one of the most important bases of commodity grain in Hubei Province.
The ZISisone of thetypical large-size irrigation systemsin China, with atotal area
of 5,540 km?, of which about 160,000 ha are irrigated area.

The Zhanghe reservoir, built on atributary of the Yangtze River, supplies most
of theirrigation water to the ZI S. Thereservoir was designed for multi purpose uses of
irrigation, flood control, domestic water supply, industrial use, and hydropower gen-
eration. In the ZIS, the canal systems include one general main canal, five main ca
nal's, and many branch canalswith atotal length of morethan 7,000 km and more than
15,000 structures. Besides these, there are tens of thousands of medium- or small-
sized reservoirs, small basins, and pump stations in the area partly incorporated into
the system but someti mes operating independently. Downstream of the ZID is Chenghu
Lake, which captures drainage flows from the ZIS.

The main crops arerice, winter wheat, sesame, and soybean, with paddy fields
occupying about 80% of the total irrigation area. Figure 1 shows alayout of the ZIS
within the ZID. For the research, the ZID is considered as the subbasin scale.

Main canal command scale
Although there are five main canals in the ZIS, only four of them are considered in
this research, since satellite image data for a part of the fourth main canal command
areawere not available. The canal commands of the west main canal and first main
canal are relatively small and both canal commands are considered as one. The sec-
ond main canal and third main canal command area, including the Tuanlin pilot area,
are considered separately.

No detailed maps were available that indicated the canal command boundaries.
To define these boundaries, a combination of a digital elevation model (resolution 1
km x 1 km), the panchromatic band of Landsat 7 ETM+ of 10 July 2000 (resolution
15 m x 15 m), and topographic maps, including the canal layout, were used. Obvi-
ously, the main canal command scale does not refer only to the cultura (irrigated)
command area of acanal system.
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Fig. 1. The Zhanghe Irrigation System within the Zhanghe Irrigation District.

290 Loeveetal



Mezzo scale

Thetwo sitesrepresenting this scale are the Tuanlin and Wenjiaxiang pilot areas. The
Tuanlin pilot area represents a situation where AWDI is said to be widely practiced
and islocated about 20 km southeast of the Zhanghe reservoir (seeFig. 1). The Tuanlin
pilot area is irrigated by the first branch of the third main canal and a small-sized
reservoir upstream. The total areais 287 ha, of which about 41% are paddy fields.
The Wenjiaxiang pilot area represents a situation where AWDI is said to be not so
common and is located about 35 km northeast of the Zhanghe reservoir (see Fig. 1).
TheWenjiaxiang pilot areais supplied by the east branch of the fourth main canal and
islocated at the tail-end of the canal. Thetotal areais 606 ha, of which about 28% are
paddy fields. The northern part of the areais hilly and the elevation decreases gradu-
ally from north to south. The main crop at the two sitesis middlerice that growsfrom
the end of May to early September. Upland crops, such as maize and soybean, are
also planted during the middle rice-growing season but they are normally not irri-
gated.

The landscape of the pilot areas consists of rice fields, trees, villages, roads,
canals, drains, and many storage ponds. Water management practices and processes
at this scale include allocation and distribution of water to farms, control of canal
seepage, rainfall, runoff, and storage. Other nonagricultural uses influence overall
water use. Within the mezzo scale, there is ample opportunity for reuse, but drainage
outflow from the area also occurs. Downstream of the pilot areas is a medium-sized
reservoir that captures all drainage flows. The source of water for the reservoir isthe
nonirrigated land that acts as a catchment area for the reservoir, plus any drainage
water from rice fields. The reservoir isasupply for downstream agriculture plus cit-
ies and industries.

Micro scale

To represent this scale, three rice fields were selected in each of the two pilot areas,
Tuanlin (AWDI) and Wenjiaxiang (non-AWDI), to capture the differences between
on-farm irrigation water use of fields with and without AWDI.

Water accounting

The water-accounting procedure developed by IWMI (Molden 1997, Molden and
Sakthivadivel 1999), based on a water balance approach, was used to study water
savings. The water-accounting procedure classifies water balance components based
on the outflow and on how the water is used. The water-accounting system was con-
sidered at the four spatial scales chosen to capture the scale effects of field-scale
interventions. The water-accounting indicators are presented in the form of fractions
and in terms of productivity of water and are explained in Box 1.

At themicro scale, thetime period for water accounting wasfrom land prepara-
tion (about 20 May) to 31 August. At the mezzo scale, the time period for water
accounting was from land preparation (20 May) up to the end of harvesting (in 1999,
20 September, and in 2000, 10 September). At the main canal command area and
subbasin scale, the time period for water accounting was from 15 April to 15 Septem-
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Box 1. Water-accounting indicators and terminology (Molden 1997).

Gross inflow
The total amount of inflow crossing the boundaries of the domain. In this case, irrigation
water, rainfall, and drainage water (we assume zero lateral groundwater flow).

Net inflow
Gross inflow less the change in storage over the time period of interest within the do-
main.

Committed water
The part of the outflow that is reserved for other uses such as downstream water rights or
environmental uses.

Available water
The amount of water available to a service or use, which is equal to the inflow less the
committed water.

Water productivity (WP)
The physical mass of production (rice) measured against irrigation inflow (WP;gation), 8ross
inflow (WPg,s¢), net inflow (WP,;), process-depleted water (WPgr ice)), OF available water

(WPavaiIabIe)-

Depleted fraction (DF)

The fraction of gross inflow (DF,s) or available water (DF,4a0¢) that is depleted by process
and nonprocess uses (i.e., rice evapotranspiration and nonrice evapotranspiration, re-
spectively).

Process fraction (PF)
The fraction of rice evapotranspiration over gross inflow (PFy), over total depletion (PFyqpieteq),
and over available water (PF,iiapie)-

ber 2000 for evapotranspiration. For irrigation releases for the main canal commands,
the period was from 1 April to 1 September 2000, since only monthly data were
available for al the main canals. However, as daily data for the general main canal,
first main canal, and west main canal show, no irrigation water releases occurred
before 10 April 2000 and after 1 September 2000. For rainfall, the period of 1 May to
10 September 2000 was used.

Measurements

Land-use pattern. At the micro scale, the selected fields were cultivating rice and the
area of the fields was measured. At the mezzo scale, the land-use pattern was deter-
mined with secondary data from the villages in the area. The total area was deter-
mined from a map and with help from remote sensing. At the main canal command
area and subbasin scale, a satellite image (Landsat 7 ETM+, 10 July 2000) was used
to create aland-use classification map. However, since therice fieldsin the ZIS are
small, the Landsat 7 ETM+ resolution (30 x 30-m thermal band) will not capturefield
canals, field roads, and rice field bunds. Therefore, a correction factor was applied to
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therice area. A percentage of 5% for field canals, 5% for ricefield bunds, and 4% for
field roads is subtracted from the total area classified asrice.

Evapotranspiration. At the field and mezzo scale, the reference evapotranspi-
ration (ET,) was calculated with the Penman-Monteith equation (Allen et a 1998).
All meteorologica datafor the ET, calculation were from the Tuanlin Irrigation Ex-
periment Station. The meteorological data were manually observed thrice a day (at
0800, 1400, and 2000). Monthly averageswere used asinput for the ET, calculations.
The actual evapotranspiration was calculated by multiplying the ET, by a crop coef-
ficient. The evaporation from open water (ponds, canals) was calculated with pan-
evaporation data from the Tuanlin Irrigation Experiment Station.

At the main canal command area and subbasin scale, the actual evaporation
was estimated with the surface energy balance algorithm for land (SEBAL) devel-
oped by Bastiaanssen et a (1998). SEBAL is a thermodynamically based model,
seeking to find energy-balance terms at the land surface. The practical proceduresare
extensively described in Chemin and Ahmad (2000) and Tasumi et a (2000). Chemin
and Alexandridis (2001) describe in detail the procedure on how the actual evapo-
transpiration is calculated from NOAA AVHRR images acquired at various dates in
the ZID and these images are used together with daily reference evapotranspiration
data from the Tuanlin Irrigation Experiment Station. The result from the NOAA
AVHRR imagesisaseasonal actual evapotranspiration map, which was merged with
alLandsat 7 ETM+ image (image acquired on 10 July 2000) to redistribute the sea-
sonal evapotranspiration to finer resolutions. The result is an improved local estima-
tion of water consumption. However, since the rice fields in the ZIS are small, the
Landsat 7 ETM+ resolution (30 x 30-m thermal band) will not capture field canals,
field roads, and rice field bunds. Therefore, a correction factor was applied to the
evapotranspiration fromrice. A percentage of 5% for field canals and 5% for bundsis
subtracted from the total evapotranspiration in the rice area and is then replaced by
the corresponding area of evapotranspiration of natural vegetation observed in the
canal command area when separating the evapotranspiration by land use. Field roads
are assumed to be bare soil and 4% of thetotal evapotranspiration intherice areawas
subtracted and then substituted by the equivalent area of bare soil evapotranspiration
observed in the canal command. To validate the remote-sensing evapotranspiration
data, a comparison was made between ET derived from remote sensing at the mezzo
scale and ET derived from climatological data and land use at the mezzo scale. The
results were very comparable and will be presented in Chemin et al (2002).

Rainfall. For the micro and mezzo scale, rainfall measurementsweretaken daily
in both Tuanlin and Wenjiaxiang. For the main canal command and subbasin scale,
monthly rainfall datafrom 23 stationswere used. A representative areawas attributed
to each station with help from Thyssen polygons. The volume of rainfall was calcu-
lated by multiplying the area by the rainfall. Since none of the stations were located
close to the boundary of the subbasin scale, the area attributed to the stations the
closest to the boundary was big. This might lead to less accurate rainfall volume data.

Surface water inflow and outflow. Inflow and outflow of surface water were
measured at the boundaries of the study area (at both the micro and mezzo scale)
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twice a day. The discharge was measured using different measurement structures,
such as broad-crested weirs, V-notch weirs, trapezoidal weirs, and pipes. Inthemain
and branch canals, acurrent meter was used for the discharge measurements. In tem-
porary inflow/outflow points, portable cutthroat flumeswere installed. The operating
time of several pump stations was recorded for discharge calculations. The discharge
was converted to awater volume by multiplying the discharge by time. The volume
divided by the area gives the inflow and outflow in millimeters. To calculate the
irrigation duty (for rice) in millimeters for the mezzo scale, the volume of committed
outflow (i.e., the part of the outflow that is committed to downstream uses) is sub-
tracted from the total irrigation water inflow and divided by therice area. At themain
canal command area and subbasin scale, secondary data were collected on water re-
leases to the main canals and from the Zhanghe reservair.

Sorage change. Storage change was calculated only in 2000 for (1) soil mois-
ture: beforeland preparation and after harvesting, the soil moisture content in the top
30 cm of the soil was measured by the gravimetric method; (2) surface water storage:
before land preparation and after harvesting, water levels in selected ponds were
measured and multiplied by the total areacovered by the ponds; and (3) groundwater
storage: beforeland preparation and after harvesting, the water levelsin four wells at
each site were measured. The groundwater volume was cal cul ated by multiplying the
water level by the specific yield of the soil (estimated specific yield 0.10).

Water levelsin fields. The water levels in the selected fields were measured to
assess whether AWDI was prevalent in an area. The water levels were monitored
daily and measured in 1999 with an open-bottom lysimeter and a plastic tube; in
2000, the lysimeter was replaced with simple wooden sticks.

Yield. For the micro scale, yield data were obtained from a crop cut of 6 m2in
thefield. For the mezzo scale, yield datawere obtained from a socioeconomic survey,
which had a bigger sample size and better spatial distribution over the mezzo sites
than the micro-scale yield data. For the main canal command and subbasin scale,
remote sensing was used to calculate crop production. As described in Bastiaanssen
and Ali (n.d.), abiomass growth map was produced from NOAA images. To improve
the spatia distribution, a Landsat 7 ETM+ image was used. The nonrice areas were
masked out using aland-use map. However, sincethericefieldsin the ZIS are small,
the Landsat 7 ETM+ resolution (30 x 30-m thermal band) will not capture field ca-
nals, field roads, and rice field bunds. Therefore, a correction factor was applied to
the biomass production in the rice area. A percentage of 5% for field canals and 5%
for bundsis subtracted from the total biomass production in therice area. Field roads
are assumed to be bare soil and do not produce biomass. A harvest index value of 0.5
was used for biomass to rice production conversion. Rice production divided by rice
area results in yield. To validate the remote-sensing yield data, a comparison was
made between yield derived from remote sensing on the mezzo scale and from the
socioeconomic survey. The results were very comparable and will be presented in
Chemin et al (2002). Secondary data on crop production were also collected at the
subbasin scale.
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Results

Table 1 shows the water-accounting indicators on different scales presented sepa-
rately.

Micro scale

As presented in Dong et a (2001), results from the Tuanlin Irrigation Experiment
Station show that the water productivity per unit of irrigation water under aternate
wet and dry irrigation is significantly higher (average 27%) than under traditional
irrigation methods. However, the yield difference between the two methods is not
statistically significant.

Theactual farmers' practices show similar results although none of the farmers
we monitored practiced a pure form of AWDI or traditional irrigation. The field wa
ter-level measurements show that farmers in Tuanlin practiced a form of irrigation
much closer to theideal AWDI practiced in timing of irrigation application, applica-
tion frequency, duration, and depth of water application than in Wenjiaxiang. The
water productivity values per unit of irrigation water are higher (up to 34%) under
AWDI than under traditional irrigation methods (Dong et al 2001). The average water
productivity per unit of irrigationin Tuanlinis 1.64 kg m~3 (see Table 1). In 1999 and
2000, riceyieldsin Wenjiaxiang (non-AWDI) weredightly higher than thosein Tuanlin
(AWDI).

The process fraction of gross inflow (PF.) indicates the amount of gross
inflow that is depleted by rice ET. At the field scale, PR, ranged from 0.66 to 0.93
at both sites, indicating that much effort has been made to make full use of irrigation
water and rainfall. Field observations indicate that farmers are quite effective in cap-
turing and storing rain, even with traditional practices.

Mezzo scale

In 1999, theirrigation duty in Tuanlin (AWDI) was 29% less and in 2000 about 21%
lessthan in the Wenjiaxiang (non-AWDI) mezzo site. The water productivity per unit
of irrigation was consistently higher for Tuanlin in both years. However, it is much
lower than at the field scale. On average, rice consumes 55% of the depleted water
(PFgepleted) 1N Tuanlin and 42% in Wenjiaxiang. Rice covers about 41% of the Tuanlin
mezzo site and 28% of the area at Wenjiaxiang. At the mezzo scale, other land uses
such as upland crops and noncropped areas (trees, houses, roads, canals, ponds) play
an important role.

The depleted fraction of gross inflow ranges from 0.09 to 0.20 for the two
mezzo sites (Table 2), much lower than at the field scale. Drainage flows out of the
mezzo areas include runoff from nonrice land plus drainage flows from rice fields.
What happens to these drainage flows?

Following the nondepleted water (the outflow) downstream of the mezzo sites
revealed that the outflow was captured and stored in a downstream reservoir that
again supplied water to agriculture, cities, and industries downstream. The mezzo site
is a catchment area for downstream reservoirs situated within the ZID. The role of
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Table 2. Water-accounting indictors at the mezzo scale in Tuanlin
and Wenjiaxiang (Dong et al 2001). See Box 1 for explanation of DF,

PF, and WP.
Indicators Year 1999 Year 2000
Tuanlin  Wenjiaxiang Tuanlin  Wenjiaxiang

DF gross 0.13 0.20 0.09 0.20
PFeross 0.09 0.08 0.05 0.08

PF gepleted 0.56 0.41 0.54 0.42
WP i1rigation (KE m3)  0.98 0.79 0.53 0.42
WP 1 (kg m™3) 1.04 1.72 1.00 1.01

these reservoirs within the ZID in capturing and reusing water should be reflected by
the water-accounting indicators going up one scal e to the main canal command scale.

Main canal command scale

Inflow into the main canal domainiseither irrigation water releases from the Zhanghe
reservoir or rainfall. It is assumed that there is no committed outflow from the main
canal command scalesinceal irrigation water is specifically released for this particu-
lar command area. It is also assumed that, during the rice season, changein storageis
small in comparison with other water-balance terms, and thus set at zero in our analy-
sis. Therefore, grossinflow isequal to available water. Committed water to citiesand
industries is accounted for by the Zhanghe reservoir authorities, who label water re-
leases as irrigation water or water for cities and industries.

Ascan be seenin Table 1, the water reuse on the main canal command scaleis
reflected in water productivity per unit of irrigation! values, which are three to al-
most six times as high as on the mezzo scale. However, to make a more accurate
comparison between the scales, our Tuanlin mezzo site should be compared with the
Third Main Canal command in which the Tuanlin mezzo siteislocated. Here we see
that the water productivity per unit of irrigation is about five times as high as at the
Tuanlin mezzo site. The marked increase across scalesis because of the recapture and
reuse of water by the reservoirs. At the mezzo scale, rainfall was not captured and
entered the drain as runoff. At the larger scale, the rain was effectively captured and
used.

The water productivity per unit of rice evapotranspiration remains amost the
same (around 1 kg m=3) since the rice plant still needs the same amount of water for
production. There is some variability across space, but thisindicator does not change
across scae.

1At this scale, we consider the Zhanghe reservoir releases only as irrigation water as this is the water that
crosses the boundary of the domain.
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The processfraction of grossinflow increased from the mezzo scale. However,
the processfraction of depleted water decreased. Other land uses such asupland crops
and noncropped areas deplete an increasing amount relative to process uses at this
scale. In the third main canal command, about 32% of the total area consists of rice
compared with 41% at the Tuanlin mezzo scale.

The depleted fraction of gross inflow increased enormously to a bit more than
one in the third main canal command. This indicates that either the water storage
decreased (beit groundwater abstraction or soil moisture depletion) and was used for
water consumption or measurement errors occurred in the inflow. In spite of uncer-
tainties in the estimate, this large value indicates that most water is depleted within
the area and not much outflow will be available for downstream use.

The first and second canal commands also have fairly high depleted fractions
of gross inflow, but some outflow still occurs that can be used downstream. The
subbasin scale will show how much water ultimately is used within the Zhanghe
Irrigation District.

Subbasin scale (Zhanghe Irrigation District)

The boundaries of the ZID scale are taken as the Zhanghe reservoir upstream, the
Juzhang River to the west, the Yangtze River and Chenghu Lake to the south, and
Hanjing River to the east. As for the main canal command scale, storage change and
committed outflow are assumed to be zero. Table 1 shows the water indicators at the
subbasin scale. The water productivity per unit of irrigation water is 2.41 kg m=3,
lower than that of the second and third main canal command, but higher than that of
thefirst main canal command. Also compared with the weighted average val ue of the
three main canal commands (2.73 kg m3), there is a decrease. However, there is
some uncertainty about the actual volume of water released for irrigation. If the added
monthly values of all canalsaretaken asthetotal irrigation releasesfrom the Zhanghe
reservoir (250.3 million m3), the value of the water productivity per unit of irrigation
water will be 2.65 kg m™=3. Thisis almost equal to the values on the third main canal
command scale, but still slightly lower than the weighted average of the three main
canal commands. Thewater productivity per unit evapotranspiration remainsthe same
(around 1 kg m™3).

The process fraction of gross inflow decreased dightly from 0.35 (weighted
average of thethree main canal commands) to 0.32. This meansthat 32% of the gross
inflow is consumed by rice. Thisisvery much in line with the small decreasein rice
areaat the subbasin scale. At the subbasin scale, therice areaisabout 27% of the total
area and in the three main canal commands the rice area is about 29% (weighted
average) of the total area. The process fraction of depleted water went from 0.36 to
0.37 (weighted average of the three main canal commands). The depleted fraction
decreased from 0.93 (weighted average of the three main canal commands) to 0.88.
So, only 12% of the inflow (irrigation and rainfall) is flowing out of the Zhanghe
Irrigation District.
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Water-accounting indicator trends over scale

The following figures illustrate the trends over scale of water productivity (Fig. 2),
process fraction (Fig. 3), and depleted fraction (Fig. 4). To ensure that all scales are
visible, alogarithmic scale was chosen for the area. However, this presentation has
the limitation that the relative differences between scales (1 to 1,000 ha looks the
same as 1,000 to 1,000,000 ha) are less obvious. For the main canal command scale,
only the third main canal command is incorporated since thisis the canal command
where the Tuanlin mezzo siteislocated.

Thewater productivity trend over scale (Fig. 2) showsthat the water productiv-
ity per unit of evapotranspiration stays just above 1 kg m=3 over al scaes; only the
value at the field scale is a bit higher, for which we have no explanation. There may
be location-specific differencesin this value, but thereis no reason to expect that this
value is scale-dependent.

WP (kg m~3)
3.0
5L ® WP ET (rice)

mWP gross (rice)
A WP irrigation (rice)

2.0

1.5: ‘A . .

0.0
0 1 10 100 1,000 10,000 100,000 1,000,000
Scale (ha)

Fig. 2. Trends of water productivity (WP) per unit of gross inflow, irrigation inflow,
and evapotranspiration over scale.

Process fraction

1.2
L ® PF gross (rice)
1.0 B PF available (rice)
0.8 A PF depleted (rice)
0.6~
0.4
0.2—
0.0 | | | |
0 1 10 100 1,000 10,000 100,000 1,000,000
Scale (ha)

Fig. 3. Trends of process fraction (PF) per unit of gross inflow, available water, and
depleted water over scale.
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Depleted fraction
1.2

@ DF gross
B DF available

1.0

0.8~
0.6~
0.4~
0.2~

0.0 | | |
0 1 10 100 1,000 10,000 100,000 1,000,000

Scale (ha)

Fig. 4. Trends of depleted fraction (DF) per unit of gross inflow and available water
over scale.

Thewater productivity per unit of grossinflow drops dramatically at the mezzo
scale because of considerable (drainage) outflow from the domain. However, this
outflow is captured again at the third main canal command scale and the value rises
again. At the subbasin scale, there is a small drop again. Other factors apparently
become important, such as runoff capturing of the natural vegetation. Because of
lateral flows across scale domain boundaries, and recapture of this flow, the water
productivity of gross inflow is scal e-dependent.

Thewater productivity per unit of irrigation water isvery high at thefield scale
where farmersare extremely cautious with the water they haveto pay for. It decreases
at the mezzo scale because of drainage out of the area and increases dramatically at
the third main canal command scale because of reuse. Apparently, a certain size of
scaleis needed to have an effect from the reuse of water. At the subbasin scale, there
isasdlight decrease, but the value is much higher than at the field scale.

The process fraction trend over scale (Fig. 3) shows that the process fraction
per unit of gross inflow at the field scale is very high, indicating that farmers have
made much effort to make full use of irrigation water and rainfall. At the mezzo scale,
the value of the process fraction per gross inflow drops dramatically to 5%. Thisis
explained by the huge amount of outflow, which isused again at the main canal com-
mand scal e, where the processfraction of grossinflow increased again. At the subbasin
scale, adight decrease occurs, which isin line with a dlightly lower rice land use at
this scale.

The process fraction per unit of depleted water shows a downward trend going
up the scales. Other land uses such as upland crops and noncropped areas gain more
importance when the scale becomes larger.

The depleted fraction of gross inflow trend over scale (Fig. 4) again shows a
downward trend from the field scale, where farmers are quite effective in capturing
and storing rain, to the mezzo scale, where much outflow reduces the DF value.
At the third main canal command scale, DF . increased enormously. It is striking
that values close to 1.0 are achieved, meaning that farmers and water managers are
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extremely effectivein capturing and depleting the water avail able to them. Most wa-
ter isdepleted within the areaand not much outflow will be available for downstream
use. A high value for the depleted fraction is often a danger sign for the environment.
At the subbasin scale, the depleted fraction per unit of grossinflow decreases. There
isnot much scope for additional savingsinthe areaby converting drainage outflow to
more process depl etion.

Discussion and conclusions

Results from the Tuanlin Irrigation Experiment Station and actual farmers’ practices
show that water-saving irrigation techniques such as alternate wet and dry irrigation
reduce water deliveries to fields without significantly changing yield. Thus, water
productivity per unit of water delivered to fields is higher with AWDI than with con-
ventional practices.

The process fraction of grossinflow isvery high and indicates that much effort
has been made to make full use of irrigation water and rainfall. Field observations
indicate that farmers are quite effective in capturing and storing rain, even with tradi-
tional practices.

At the mezzo scale, the water productivity per unit of irrigation was consis-
tently higher for Tuanlin (AWDI). In both cases, though, the values of water produc-
tivity per unit of irrigation were much lower than at the field scale. The process frac-
tion of depleted water decreased to 0.55 in Tuanlin and to 0.42 in Wenjiaxiang and the
depl eted fraction of grossinflow decreased dramatically compared with thefield scale.
At the mezzo scale, other land uses such as upland crops and noncropped areas (trees,
houses, roads, canals, ponds) play an important role. Following the nondepleted wa-
ter (the outflow) downstream of the mezzo sites revealed that the outflow was cap-
tured and stored in a downstream reservoir that again supplied water to agriculture,
cities, and industries downstream.

At the main canal command scale, the water productivity per unit of irrigation
(measured by the Zhanghe reservoir releases) is three to almost six times as high as
on the mezzo scale because of effective rainfall capture and use at this scale, thus
lessening the need for Zhanghe water. As expected, the water productivity per unit of
evapotranspiration remains amost the same. The process fraction of gross inflow
increased, which meansthat morerainfall plusirrigation was converted to rice evapo-
transpiration than at the mezzo scale. However, the process fraction of depleted water
decreased because other land uses besides rice increased beyond values obtained at
the mezzo scale. Other land uses such as upland crops and noncropped areas gain
even more importance at this scale. In the third main canal command, the depleted
fraction of grossinflow increased markedly to abit more than one. Thisindicates that
either the water storage decreased (be it groundwater abstraction or soil moisture
depletion) and was used for water consumption or measurement errors occurred in
the inflow. Certainly most water is depleted within the area and not much outflow
will be available for downstream use. The first and second main canal commands
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also havefairly high depleted fractions of grossinflow, but some outflow still occurs,
which can be used downstream.

At the subbasin scale, the water productivity per unit of irrigation water islower
than the second and third main canal command and the weighted average value of the
three main canal commands. Again, the water productivity per unit evapotranspira-
tion remained about the same. The process fraction of grossinflow decreased dightly,
whichisin linewith the small decreaseinrice areaat the subbasin scale. The process
fraction of depleted water remained similar. The depleted fraction decreased to 0.88,
meaning that only 12% of the inflow (irrigation and rainfall) is flowing out of the
Zhanghe Irrigation District.

When we ook at the trends over scale of the different water-accounting indica-
tors, it becomes clear that the water productivity per unit of evapotranspiration re-
mains more or less the same over all scales. It isobviousthat the rice plant consumes
the same amount of water for reproduction whatever the scaleis. All other indicators
show a decrease at the mezzo scale because of considerable (drainage) outflow from
the domain. However, al indicators, except the process fraction per unit of depleted
water, show an upward trend when going to the main canal command scale. Thisis
explained by the reuse of water. Here it becomes clear that the ZID with its possibili-
ties of capturing rainfall and runoff in al the reservoirs within the system is very
effectivein capturing and using water productively. Apparently, acertain size of scale
is needed to have an effect from the reuse of water.

All indicators show a decrease when scaling up from the main canal command
scale to the subbasin scale. Other land uses such as upland crops and noncropped
areas gain even more importance at this scale. This also becomes very clear in the
trend of the process fraction per unit of depleted water, which shows a continuous
downward trend going up the scales. Other land uses such as upland crops and
noncropped areas gain more importance when the scale becomes larger.

Although the Yangtze basin is considered to be an open basin and inflow into
the Yangtze can be considered as flow to a sink, since the water is not used down-
stream, the scope for devel oping new freshwater sources through water savingsin the
Zhanghe Irrigation District is limited. With only 12% of the rainfall and irrigation
water releases flowing out of the basin, it is expected that the outflow cannot be
further exploited without negative downstream effects on, for example, Chenghu Lake.
Thefiguresindicate that planners, designers, managers, and farmers have been quite
effective in saving and using water in the ZID. This was accomplished by severa
strategies. Certainly at the farm scale, AWDI practices reduce the requirement for
irrigation deliveries, thus allowing water to be stored in upstream reservoirs. Farmer
practices also promote the capture and use of rain on their fields. The additional stor-
age within the ZID clearly plays an important role in water savings. Drainage from
fields, and more importantly runoff from nonrice land, is effectively captured for use
within the system. Déelivering limited volumes of water to farms and effectively man-
aging reservoirs require sound canal operation and maintenance practices. Again,
exemplary practices have been observed in the ZID and described in Loeve et d
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(2001). Further improvements can be made in reducing costs of water delivery ser-
vice and in improving the environment in the area.

In areas where water is severely limited, as in the third main canal command,
thereisno additional water to deplete, so theway to increase productionisto increase
the amount of kilograms per unit of crop evapotranspiration and reduce nonprocess
evapotranspiration.

When focusing onincreasing the water productivity per unit of irrigation, some
caution is warranted. WP, .ion 1S highly dependent on rain. If alot of rain occursin
one year, less irrigation water is required to achieve the same yield and the water
productivity per unit of irrigation increases. Furthermore, in areaswhere thereis con-
siderable water reuse, as in the Zhanghe Irrigation District, areduction in irrigation
suppliesat thefield scale may or may not lead to an overall increasein productivity at
the subbasin scale if the drainage water is reused downstream. However, if the field
water savings could lead to a lower demand and the Zhanghe reservoir operators
could keep the water stored high in the system, they could direct it to other more
productive uses.
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