APPENDIX 1
1. STUDY AREA DESCRIPTION
Geographic description

The San Luis Valley of Colorado is a high-altitude desert, 7,000 feet above sea level, where a
rural community of about 50,000 irrigates 400,000-500,000 acres using snowmelt from the
surrounding Rocky Mountains. The valley receives little rain, just 7-10 inches annually, making
irrigation necessary for agriculture. The economy of the SLV depends almost entirely on
irrigated agriculture, and for many of the people there the struggle to grow crops is existential.
Because the SLV is a headwaters system, because there is no major urban center to demand
water in the Rio Grande basin in Colorado, and because major trans-mountain exports have been
made prohibitively expensive by geography and local opposition (Cody et al., 2015), the
dynamics of agricultural systems can be explored alone, without the confounding factors
introduced by significant urban and industrial users of water competing with agriculture and
upstream use dynamics.

Irrigation system, field, and year attributes

The study area consists of approximately 700 active self-governing irrigation systems. A
stratified sample of 60 systems was collected in the Summer of 2013. Of the 60 sampled,
systems irrigate anywhere from 30 to over 115,000 acres and have between 1 and over 300
irrigators. Major crops grown include alfalfa, grass pasture, small grains, potatoes, and other
minor crops such as vegetables. Fields themselves range in size from less than an acre to over
750 acres. The study runs from 2011-2014, a period of well below average stream flow (Table
1). The years 2011, 2012, and 2014 are included as robustness checks; the rules being analyzed
were assessed in 2013, and are assumed to have been in place in 2011, 2012, and 2014. See
Table 7 for an overview of the variables included in the analysis. See Table 1 for a summary of
the key independent variables used in the analysis across the years of the study broken out by the
institutional configurations under consideration. See Figure 1 for a color-coded map of the
irrigation systems sampled and their institutional configurations.

Table 1. Summary of independent variables of interest for each institutional configuration.

Institutional Group Total Ave. Ave. Ave. Ave. Ave. Ave.
Sampled Max. AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre

Dist. 2011 2012 2013 2014 2011-
(km) 2014

Simultaneous, Not 13 9.687 1.943 1.753 1.873 2.060 1.91

Sharing

Simultaneous, 11 17.037 3.209 1.905 1.855 3.762 2.68

Sharing

Rotation, Not 8 6.739 1.054 1.166 0.870 1.753 1.21

Sharing

Rotation, Sharing 28 10.879 1.769 1.736 2.021 3.026 2.14

Overall 60 11.198 1.975 1.694 1.805 2.765 2.06




Figure 1. A simple map of the sampled irrigation systems, color-coded for their institutional

configuration.
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Long-term climate change in the SLV

Spring snowpack is expected to decline across Colorado due to climate change, with decreasing
stream flow in the Rio Grande basin especially (Lukas et al., 2014). Indeed, there have already
been observed changes in temperature, and therefore frost-free season and onset of peak stream
flow that warrant an investigation in Colorado’s Rio Grande Basin (Lukas et al., 2014; Mix et al.,
2009; Mix et al., 2011; Mix et al., 2012). USGS streamflow data going back to the 1880s on the
Rio Grande do show longer term decreases in accordance with expectations of climate change. In
addition to the studies by Mix et al. (2009, 2011, 2012) on growing degree days, temperature,
and runoff at the Lobatos gage on the New Mexico state line, runoff data exists going back to the
1890 on the Rio Grande in Colorado above any major diversions at the gage at Del Norte (also
the gage which determines Rio Grande Compact obligations).

Because the major focus of this investigation is irrigation performance under climate change, and
because the SLV is snowmelt limited, it is important to establish variability of snowpack and an
overall declining trend.

Figure 2. Annual mean temperature and snowpack from 1984-2015 of all stations with at least
15 years of data.
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To establish the validity of the recent past as analogous to expectations under climate change,
Figure 2 depicts the annual variability of snowpack and temperature in the study area with
regression trend lines. Because the slopes in these figures depend on when the time-series starts
and stops, they should not be interpreted as indicating climate change per se, but as evidence that
the recent past is analogous to expected climate change. During the study period, 2011-2014,
snowpack has been well below normal, as illustrated by Figure 3 and Table 2.

Figure 3. Snowpack in the SLV from 2011-2014, showing below normal volume, earlier peak,
and earlier melt. From:
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/co/snow/products/?cid=nrcs144p2 063323




Upper Rio Grande Basin Time Series Snowpack Summary
Based on Provisional SNOTEL data as of Sep 30, 2014
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Data from the 1880s to the present show a decrease in streamflow on the Rio Grande. Changes in
temperature, frost-free season, growing degree days, and onset of peak stream flow have already

been observed in the SLV (Mix et al., 2011; Mix et al., 2012), These changes call for an

investigation into the effects of climate change on irrigated agriculture in the SLV. Important for

this analysis, streamflow at the nearest upstream gages of the self-governing irrigation systems
that were sampled was well below average in the years 2011-2013, with 2014 being slightly

below average.

Table 2. Summary of the irrigation seasons analyzed, showing that snowpack, streamflow, and
percentage of acreage irrigated were below average in each year.

Year 2011 2012 2013 2014
Irrigation Conditions and Outcomes
Percent of Average Snow Water Equivalent 96.5 67.5 62.2 84.5
Average of Upstream Gages Percent of Average 66.1 56.6 48.5 83.9
Average Months of Active Diversion 4.13 4.08 4.47 4.88
Average Percent Maximum Diversion 39.5 355 35.8 523
Average Acre-feet Diverted per Acre 1.98 1.69 1.80 2.77
Average Percent Acres Irrigated 62.3 57.2 62.2 74.1

2. WATER RIGHTS, RULES IN USE, AND CLIMTE CHANGE ADAPTATION




Adapting irrigated agriculture to climate change in the SLV and elsewhere will be contextually
dependent on the incumbent water rights regime. In the SLV, this regime is known as Prior
Appropriation (PA) (Adler, 2010; Kenney, 2005). PA is the dominant or exclusive regime of
water allocation in Colorado, the rest of the Western United States, Australia, and Western
Canada. It is generally inflexible during shortage (Howe et al., 1982), with the exception that it is
possible (though costly and slow) to sell or lease water rights. Under Colorado’s version of this
system, water right holders are ranked on a priority list determined by the order in which their
water rights were adjudicated by the state’s Water Court; this is often summarized as “first in
time, first in right”. When there is not enough water available to satisfy all water right holders,
entities with the most recent (“junior”) rights, are curtailed or denied water entirely so that those
with the oldest and therefore most “senior” rights can divert their full allocation. In practice, this
means that senior users are able to divert their full right for longer periods of time than junior
users, who may be limited to a matter of days or weeks or receive no water at all. This poses
significant challenges for all except the most senior water rights holders during drought. Thus, in
the SLV, although the weather-induced shortage that different irrigation systems experience may
be similar in a given year, they experience different levels of legal water shortage.

Prior Appropriation creates persistent inequalities between irrigation systems. Over time PA
leads to the failure of farms on junior systems and consolidation of ownership, where farmers on
senior ditch systems buy land and water rights on junior ones. And while this is a profitable
system for seniors, it discourages efficiency by senior users who are guaranteed their full
allocation, leading to lost potential profits throughout the system. A strict application of the PA
system also discourages the highest marginal return on water use by depriving juniors of the
ability to farm entirely so that seniors can improve crop vigor (Howe et al., 1982). Unique return
flow dynamics can lead to externalities when transfers occur in water markets (Howe et al.,
1982). In addition, PA has no inherent place for environmental uses of water, posing challenges
for ecosystem integrity under a water constrained future; only in the past 40 to 20 years have in
stream flows and non-consumptive recreational uses been incorporated into Colorado water law.
Prior Appropriation may therefore be working against risk mitigation and may exacerbate
inequalities and vulnerabilities in the overall agricultural sector. However, because of the strong
vested interests and legal framework surrounding PA, it is unlikely to be meaningfully altered.

The unique features of PA aside, other water rights regimes in operation around the world also
produce differential outcomes (Dinar, et al., 1997). In drought, some if not all irrigation systems
inevitably divert less water than they normally would. Climate change will exacerbate this by
challenging established institutional arrangements. Existing centralized adaptive management
regimes may be too slow to respond to the pace of change and increase in variability. New
institutional arrangements may be needed in order to imbed more rapid adaptations at local and
regional levels that respond to change independent from central governing authorities. Even in a
developed economy in a state with secure property rights to water, self-governed irrigation
systems are challenged to adapt to their changing environments (Cox, 2014; Fernald et al., 2012),
and these challenges result in varying irrigation performance (Cox & Ross, 2011; Janssen &
Anderies, 2013). Are there micro-level institutions, i.e. rules in use adopted by irrigators which
limit behavior under threat of sanction (Ostrom, 1990), that irrigators can design among
themselves that may mitigate against the risks associated with climate change and an externally
enforced, relatively inflexible, and harsh private property rights regime? Put another way, how



do different institutional configurations adopted by self-governing irrigation systems influence
irrigation performance in drought?

This paper argues that self-governance can be used to improve irrigation performance during
drought. Micro-institutions are some of the few things irrigators can control beyond their land,
and so they are vital as a first response to drought. Other potential changes are more expensive
and disruptive to implement. Cultural norms are resistant to change and evolve slowly (Poteete et
al., 2010). Technological and infrastructural changes are expensive and can have unintended
consequences (Lam, 1998). Legislative changes, such as those to an incumbent water rights
regime, usually challenge powerful vested interests, may be too general, and often have effects
that go beyond what is intended (Ostrom, 2005). In contrast, user-originated rules in use are less
expensive to change, voluntarily adopted, tailored to local conditions and norms, and relatively
reversible. These rules in use affect users’ economic incentives and signal to users the relative
social costs and benefits of certain behaviors (Ostrom, 2005). In doing so, they make some
outcomes more likely and others less likely.

3. SHORTAGE SHARING, ROTATIONAL DELIVERY AS ADAPTATIONS TO SCARCITY

Two universal micro-institutional features of self-governing irrigation systems — water allocation
rules and water distribution rules — are especially worthy of study due to their direct and
fundamental influence on water use (Ostrom, 1992). Water allocation rules pertain to how much
water each farmer within an irrigation system gets, and distribution rules determine how that
water reaches the farmer. Table 3 summarizes the rules which are the focus of this study:
whether water allocations can be changed between individual irrigators on the same irrigation
system (“shortage sharing”), and whether water is distributed to individual irrigators on the same
irrigation system in a rotation or simultaneously. Important for the SLV is the fact that water
rights are administered by the state at the point where water is diverted from the natural water
source through a human-made diversion structure and into the human-made irrigation system.
Beyond the diversion structure, the state does not interfere with how water is administered on the
irrigation system except to enforce contracts.

Table 3. The four rules in use under investigation are defined.

Rules in Use Description

Simultaneous Delivery  After the diversion structure is opened, water flows down the main canal and both into
and past individual farmer’s headgates. Each individual receives water by a unit of
volume per unit time (e.g. cubic feet per second [cfs]). Those with rights to divert
water into their farm and field level distribution system do so at the same time.

Rotational Delivery After the diversion structure is opened, water flows down the main canal and into only
one or a defined group of individual farmer’s headgates. Each individual or group
receives water by a unit in time (e.g. days). After the de facto water right is exhausted,
another individual or group receives water for their turn in a predefined order.

No Shortage Sharing There is no mechanism to change how water is allocated to users, and de facto water
rights are not changed in scarcity.
Shortage Sharing There is a mechanism to change how water is allocated to users, and de facto water

rights do change in scarcity.

There are many criteria used to allocate water in the SLV and globally, including: underlying
private water rights, shares of ownership in an irrigation company, amount of land owned, crop



water demand, the need to water animals, user contributions to maintenance and fees, and need
based on family size, among other criteria (Dinar et al., 1997). In response to drought, the
amount of water allocated to irrigators that derives from the above criteria can be changed to
share the burden of shortage. Sharing shortage in this study is defined as “changed water
allocations” between members of a given irrigation system, which means that de facto property
rights are flexible on that system. This corresponds to exchanges within System A and within
System B in Figure 4. This is in contrast to the sort of shortage sharing conducted by irrigation
systems studied by Smith (2016) and Cox (2010) in New Mexico where irrigation systems
change allocations between each other in an inter-system arrangement (i.e. between System 1
and System 2 in Figure 4). The intra-system shortage sharing that is the focus of this study can
range in complexity from bilateral agreements between irrigators (e.g. between A and C on
System 1 from Figure 4), to multilateral agreements between several irrigators (e.g. between A,
B, and D on System 1 from Figure 4), and to agreements with all irrigators on the irrigation
system involved (e.g. between A, B, C, and D on System 1 from Figure 4). These agreements
range from ad hoc and temporary to planned in advance and long-term, and from informal
handshakes to formal, written exchanges. Potential benefits of shortage sharing include
allocating water to the most productive land, providing farmers with water when crops are
stressed, ensuring continued cooperation of farmers, and giving farmers flexibility with their
assets. Some potential drawbacks include altered hydraulic head within the canal system,
modified seepage losses, modified return flows, unclear allocations among irrigators, increased
monitoring costs, and negotiation costs to establish and alter the shortage sharing arrangements.

Figure 4. Diagram of two simplified irrigation systems. System 1 is upstream of System 2, as the
water flows left to right. Two diversion dams of different sizes and quality allow water into the
main canal or ditch. Water is then either delivered simultaneously to all users’ laterals or
delivered in a rotation to groups of users (e.g. lateral canals) or individuals, suffering seepage
losses along the way. This water is allocated based on some de facto property right. But, if
property rights are flexible, then this is deemed ““shortage sharing”, and users may change
allocations between each other. After water has been allocated, delivered, and applied, it may run
off the field onto another field or back into the ditch, seep into the ground, or enter a drain that
takes the runoff into a river or another ditch.



Simplified Irrigation System Diagrams
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In addition to allocation rules in use, distribution rules in use are also fundamental. Irrigation
systems must have some rule for delivering water once the available water is allocated.
Distribution rules can also be adapted to drought conditions. Globally and in the SLV,
distribution tends to occur in one of two ways (Dinar, et al., 1997). In one, simultaneous
delivery, water is delivered the full length of canal system to be divided among users at the same
time. In Figure 4, it would be as if A, B, C, and D on System 1 could remove their rightful rate of
flow from the ditch as the water flowed past their headgates. In the other form of delivery,
rotational delivery, the full flow is sent to individual farmers or groups of individuals. This
would be as if water were sent, in turns of hours or days or even weeks, in some order, to the
numbered laterals on System 2 from Figure 4. Some self-governing irrigation systems always
rotate, regardless of hydrologic conditions, and in shortage those systems may change the
rotation or not.! In shortage, if any change in the form of delivery takes place at all, systems tend
to switch from simultaneous delivery to a rotation. Potential benefits of rotation are that it may
generate the necessary hydraulic head to push water the length of the ditch system, minimize
seepage losses, ease monitoring of water use, affirmatively require delivery to all users, and
ensure that enough water is delivered to saturate the root zone of crops. The potential drawbacks
of rotation are that it can be costly to negotiate, requires more work and infrastructure investment
to operate than simultaneous delivery, can deliver unequal amounts of water over equal amounts
of time, and may be wasteful if individual farmers receive more water than they can use
efficiently during their turn in the rotation.

!'In this study, sampled irrigation systems had the opportunity to indicate whether the rotation
itself changed as well as whether water allocations could be changed. Only those who answered
that allocations did change were counted as sharing shortage.



Indeed, rotation (with or without) shortage sharing has the problem of potentially having too few
or too many turns during very dry years. Sending water the full length of the ditch first, as many
do in order to assure the most tail-end farmer that their best chance to receive water, may prove
futile and thus waste quite a bit of water. Any turn taking that does not proceed from the top to
the bottom of the ditch will cause inefficient wetting of the ditch bed. Also, for some crops, it
may be better to get water continuously for 30 days than just two or three times, even though
pulses of flow from rotation are more efficient over a given area for a given amount of water.
When pulsing with low flows and a long time between pulses, soil may lose a great deal of water
in the time between turns, stressing the crops and limiting growth. Finally, if a farmer anticipates
three turns but is somehow only able to get two turns in the rotation, this may be devastating.
Delivering water continuously may not be optimal hydrologically, but if it is lower risk, farmers
may still use it and implement other adaptations such as on-farm storage to generate pulse flows,
crop changes, groundwater wells, or more efficient irrigation.

To further illustrate the connection between these rules, consider the case where delivery is
normally simultaneous and shortage sharing is taking place: the user taking a cut is in fact
delivering a “pulse”, or increased flow rate, of water for however long the shortage sharing
arrangement is in effect — be that days, weeks, or the entire season. If the arrangement takes
place more than once in a season, or at a defined interval, this amounts to the rotation of the
pulse. At the extreme, this pulse becomes the full flow of the ditch, which is rotated between
users or groups of users. Under such a full rotation, all users but one or a few take no water for a
given period, which can be seen as the result of extreme, temporary, mutual, and repeated
changes in allocation (i.e. shortage sharing). And while some systems follow a full rotation at all
times, and on its own this may have effects on performance that differ from simultaneous
delivery, if shortage sharing is also taking place this necessarily changes the rotation itself; to
allow for different final allocations of water, the delivery schedules must be altered (e.g. for
irrigator X to receive more water than would otherwise be the case, irrigator X would have to
start their turn in the rotation earlier). All this is to say that it is better to evaluate the effect of
shortage sharing while considering its interaction with delivery.

The four institutional configurations that are possible by combining the shortage sharing and
delivery rules have different implications for return flows, seepage, hydraulic head, transaction
and monitoring costs, and equity, among other factors. Table 4 gives a summary of some of the
implications of the four combinations of allocation and delivery rules in shortage. These
implications could lead to divergent irrigation performance, measured in this study at the level of
the individual irrigated field by three variables: a binary variable that measures whether a field
was irrigated or not (i.e. fallowed), the percentage of a field’s area that was irrigated, and the
Normalized Difference Vegetation Index (NDVI) of a field (a proxy for photosynthesis and
therefore intensity of crop growth).

Table 4. The projected hydrological, operational, and negotiation implications of four different
institutional configurations. The degree to which these hydrological, operational, and negotiation
impacts actually affect irrigation performance is unclear, and will likely depend on contextual
factors such as the size of the irrigation system, its soils, its average slope, the degree of formal
organization, the skill of individual irrigators, how water is normally allocated, the quality of
infrastructure, and the cultural norms of irrigators, among others.



Implications Hydrology Monitoring and Operations Negotiations
for System
Rules in Use
Simultaneous, 1) Divided hydraulic head, 2) higher 1) No affirmative delivery None
No Shortage seepage loss, 3) unlikely to deliver requirement, 2) difficult to monitor all
Sharing more water than can be used, 4) users at once, 3) cheap to operate, 4)

return flows, hydraulic head, and easy to know who is owed what, 5)

seepage unaltered by shortage crops cannot be salvaged

sharing
Simultaneous, 1) Divided hydraulic head, 2) higher 1) No affirmative delivery Bilateral to
Shortage seepage loss, 3) unlikely to deliver requirement, 2) difficult to monitor all ~ whole ditch
Sharing more water than can be used, 4) users at once, 3) cheap to operate, 4)

shortage sharing may alter return potentially difficult to know who is

flows, hydraulic head, and seepage owed what, 5) transfers

straightforward to execute, 6) crops
can be salvaged

Rotation, No 1) Concentrated hydraulic head, 2) 1) Affirmative delivery requirement, None to
Shortage lower seepage loss, 3) potentially 2) easy to monitor one user at a time,  whole ditch
Sharing delivers more water than can be 3) costly to operate, 4) easy to know

used, 4) return flows, hydraulic who is owed what, 5) crops cannot be

head, and seepage unaltered by salvaged

shortage sharing
Rotation, 1) Concentrated hydraulic head, 2) 1) Affirmative delivery requirement, Bilateral to
Shortage lower seepage loss, 3) sharing 2) easy to monitor one user at a time,  whole ditch
Sharing improves efficiency of rotation, 3) costly to operate, 4) potentially

reducing waste, 4) shortage sharing
may alter return flows, hydraulic
head, and seepage

difficult to know who is owed what, 5)

taking turns complicates transfers, 6)
crops can be salvaged

This study advances the literature by considering the combined effects on irrigation performance
of shortage sharing and delivery method. There are numerous studies that separately investigate
shortage sharing (D'Exelle et al., 2013; He et al., 2012; Torell & Ward, 2010; Ward et al., 2013)
and rotation (Abdullaev et al., 2006; Janssen et al., 2012; Turral et al., 2002). Further
complicating this literature, there is not agreement as to what constitutes shortage sharing.
D'Exelle et al. (2013) investigated instances where head-enders forego diversions with the
intention of enabling tail-enders to irrigate (thus reducing the head-ender diversions
disproportionately), finding that while this reduced efficiency, it improved equity. Ward et al.
(2013) and Torell & Ward (2010) assessed various shortage sharing arrangements, finding that
an equal percentage reduction in diversions by all irrigators was flexible, easily understood, and
enhanced crop production as compared to shortage arrangements that applied unequal risk
burdens. He et al. (2012) also studies several mechanisms of shortage sharing under PA in
Alberta, Canada where changes to water allocations were made through various inflexible rules
as well as markets. They found that all modes of shortage sharing were efficiency improvements
over PA, with market exchanges being the most efficient. The overall message from the literature
regarding shortage sharing is that it is beneficial, especially when it is congruent with
contributions to system maintenance, allocates shortage risk equitably, and is agreed upon in a
transparent manner between all members of the irrigation system (Bernard et al., 2013; Dayton-
Johnson, 2000; Torell & Ward, 2010; Ward et al., 2013).



The results of rotation are similar, in that it accomplishes the goals it is implemented to achieve:
rotational delivery has been found to improve equity between the head-end and tail-end
(Abdullaev et al., 2006; Turral et al., 2002). Indeed, irrigators in the SLV directly stated in
interviews that this was the intention of rotation. While Janssen et al. (2012) does not make this
finding in an experimental setting, the rotational delivery mechanism was not accompanied by
enforcement of any maximum diversion duration or amount, was not negotiated by the irrigators,
and the effect of rotation was not the focus of the study. Additionally, rotation was selected by
2/3 of the experimental groups of real-world irrigators in Janssen et al. (2012), possibly because
irrigators understand that rotation is an effective, equitable, or at least familiar mechanism of
water delivery. This does not mean that rotation is necessarily efficiency enhancing or improves
crop production in the short term in aggregate, only that, under a well-functioning rotational
system, the most vulnerable irrigators seem to be spared from the worse consequences of
drought, in part because there is at least a de jure affirmative requirement to deliver water to
every rightful irrigator for at least some duration of time — farmers in the SLV have been known
to stay up all night just to be sure they get their full turn, especially if that turn lasts only hours.

While these findings are important and meaningful, the state of the literature is problematic
because these two rules-in-use — allocation and distribution — are at work simultaneously and
jointly influence how water moves through the physical ditch system. The effect on irrigation
performance of shortage sharing likely depends on whether rotation is taking place, and the
effect on irrigation performance of rotation also likely depends on whether shortage sharing is
taking place. Hydrologically, shortage sharing necessarily alters how delivery takes place, and
delivery necessarily alters what shortage sharing arrangements are possible (the use of turns
complicates transfers); for a changed allocation to take effect, the water must be delivered in a
way that changes water flow in the ditch from the pre-sharing agreement state.

Compounding the difficulty of assessing the influence of these rules-in-use is that their influence
should be impacted by the degree of water scarcity and the distance a field is from the diversion
structure of the irrigation system. In extreme shortage, tail-enders should be the most stressed
due to seepage losses, depressed hydraulic head, and decreased return flows (Lam, 1998).
Furthermore, the lack of an affirmative delivery requirement under a simultaneous delivery
system can lead to “stationary bandit” behavior of head-enders (Janssen et al., 2011; Janssen et
al., 2012) who use their position as the “first in line” to over-extract from the commons.
However, because irrigators require ongoing collective action to maintain and operate their canal
systems, it is unlikely that tail-enders would be fully deprived of water even in extreme scarcity.
Depriving tail-enders of water entirely could result in damaging retaliation (gossip, sabotage,
physical confrontation, etc.) and a costly decline in cooperation over time (e.g. refusal to pay
fees, monitor water use, contribute labor, etc.) (Dayton-Johnson, 2000; Janssen et al., 2012;
Pérez, et al., 2016). As shortage worsens, the importance of these physical heterogeneities and
the differences between of rules-in-use on irrigation performance should become more
pronounced (Torell & Ward, 2010; Ward et al., 2013). The interactions between the rules-in-use
and physical context are complicated and their results difficult to predict, but it is reasonable to
hypothesize that these interactions are meaningful for irrigation performance.

4. MEASURES OF IRRIGATION SYSTEM PERFORMANCE



There are several ways in which the performance of irrigation systems may be measured (Lam,
1998; Yu et al., 2016; Ostrom, 2005; Kadirbeyoglu & Ozertan, 2015). Because of the limits of
the available data and the desire to use a replicable methodology, one of my dependent variables
is that of Cox & Ross (2011) and Smith (2016), who use multi-band satellite imagery converted
to Normalized Difference Vegetation Index (NDVI) to assess crop growth in Taos, New Mexico.
While it is not possible to determine what crops are being grown using NDVI, and therefore the
value of the crops produced, there is ongoing use of this measurement in the literature on
irrigation (Zwart & Leclert, 2010; Li et al., 2004). If it is assumed that farmers are rationally
growing the crops best suited for their soils, expected water supply, technology, and economic
conditions (e.g. crop prices and market access), the intensity of crop growth as captured by
NDVI should reflect overall welfare. For contexts where subsistence is of more relevance than
market prices, NDVI would have even more analytical value since the overall production of
crops is directly linked to survival. I assess maximum crop growth, or peak greenness, using the
maximum month’s NDVI as representative of the harvest in a given year.

Additionally, irrigation systems can be assessed not only for their ability to grow crops — the
ultimate end of irrigation — but for their ability to apply that water to their acreage (Lam, 1998).
In the SLV, the State monitors and records acreage data, and thus this study also assesses
performance on this criterion. A binary irrigated/fallowed indicator is also used for each field.
Some studies use the amount of water applied per unit area as a measure of irrigation
performance, where more water applied indicates better performance (Yu et al., 2016). However,
I lack data on the volume applied to each field. I do have the volume diverted into each ditch
system and the overall acreage of that system, but for my purposes here this measure is more
appropriate for representing the overall availability of water in a given year than performance.

5. ANALYTICAL FRAMEWORK

To analyze rules in use, I employ the Institutional Analysis and Development (IAD) framework.
This follows Cox (2010) and Smith (2016), who use the IAD framework in their work in similar
and geographically proximate self-governing irrigation systems in New Mexico. The IAD
framework is useful for analyzing institutions in a social-ecological system because it clearly
defines and separates variable concepts and can work with multiple theories (Sabatier, 2007). 1
also employ Common Pool Resource (CPR) theory (Ostrom, 1992; Cox, 2010; Wilson et al.,
2013), which is designed to understand the management of a resource that is difficult to exclude
people from using and that is depleted by its use, such as an irrigation system. CPR theory has
demonstrated ability to explain outcomes in experimental, survey, and field studies of irrigation
systems (Ostrom, 2005; Poteete et al., 2010). CPR theory is especially useful in this study for
identifying control variables such as irrigation system acreage, irrigation technology, and cultural
heritage.

6. METHODS
Irrigation manager survey

Prior to administering the survey, interviewees were identified using data from the Colorado
Department of Natural Resources’ (DNR) Decision Support Systems website. Each ditch system



has a unique Water District ID (WDID) to which all relevant variables were associated. WDIDs
were grouped based on their priority rank (above/below the median ranking in their watershed),
stream location (above/below the median ranking in their watershed), and groundwater access
(1/0). See Table 5 for these groupings. Additional subgroupings were made based on acreage
(above/below the median ranking in the basin), and acequia status (1/0). Finally, an effort was
made to balance the sample across Water Districts (WD). A random number was then assigned
to every WDID, and the WDIDs within each stratified group were sorted based on this random
number. The Office of the State Engineer was then contacted for assistance in contacting the
WDIDs of interest, which were selected by moving down the random numbers from lowest to
highest. The State Engineer contacted the Water Commissioners, who are responsible for
monitoring water rights in each WD and have contact with leaders of each WDID. The Water
Commissioners contacted the WDIDs of interest, and those willing to participate were scheduled
for an interview.

The survey was conducted over two, two-week sampling bouts in May and June of 2013. The
instrument was developed in concert with community leaders in the SLV to address questions
they had as well as make theoretical abstractions more meaningful for irrigators. Surveys were
administered face to face at a location of the interviewee’s choosing by two to three researchers
at a time, with one researcher leading the questioning and writing down answers, and the others
taking notes and confirming accurate recording of responses. Each night after samples were
collected the research groups came together to align their understanding of the responses and to
identify where improvements to the instrument and its administration could be made. To ensure
that questions were being asked the same way by different researchers, the groups of researchers
were mixed each day, if not multiple times each day, and discrepancies were quickly and
retroactively addressed. The average administration time was approximately 60 minutes. The
surveys were conducted in English. Table 5 shows the distribution of the institutional
configurations per stratified sample group.

Table 5. Summary of stratified sample groups.

Sample Group Total Rotating not ~ Sharing and Rotating Simultaneou
Sampled Sharing Simultaneous  and Sharing s not Sharing

Junior, Downstream, Ground 8 1 1 4 2

Junior, Downstream, No Ground 5 1 1 2 1

Junior, Upstream, Ground 4 0 1 2 1

Junior, Upstream, No Ground 3 2 1 0 0

Senior, Downstream, Ground 8 0 2 3 3

Senior, Downstream, No Ground 17 1 3 9 4

Senior, Upstream, Ground 7 1 2 4 0

Senior, Upstream, No Ground 8 2 0 4 2

See Sub-Appendix A for the text of the questions and available responses used in this analysis.
Variable development and summaries

Data were accessed using the Colorado Department of Natural Resources’ (DNR) Decision
Support Systems website and gathered from an irrigation manager surveys administered in



Summer 2013. Each ditch system has a unique Water District ID (WDID) to which all relevant
variables were associated. Each irrigated field (denoted as a parcel) was given a unique Master
ID (MID) and had ditch level information applied to it. The geographic locations of these
diversion structures, irrigation footprints, and fields were also available from the DNR’s GIS
database. Data were processed in R version 3.3.2 and ArcGIS 10.4 unless otherwise indicated.
Some data, such as snowpack and streamflow, could not be applied directly to irrigation systems
or fields. In these cases, the nearest weather station or stream gage provided the data for the
irrigation system. See Table 7 for detailed summaries of the variables used.

Two independent variables of interest in the hypotheses are water availability and field distance
form diversion. The volume of water diverted by the irrigation system per acre of irrigable land
on that system is used to assess water availability to irrigators. It represents the most proximate
measurement possible of water entering the irrigation system from the water source. It is a
measure that is comparable across systems of different sizes, and is agriculturally relevant since
different crops in the SLV require a certain amount of water per acre, usually between 2-4 acre-
feet (Henderson, 1979a, 1979b). Field distance from diversion is measured as a straight line from
the centroid of the field to the diversion structure. This approximates the distance that water must
flow through the canals, ditches, and laterals to reach the field, but in all cases it is an
underestimate. The measure for each field is scaled as a percentage of the largest distance a field
is from the diversion of a given irrigation system. This makes the variable comparable across
systems of different sizes.

Table 7. Variable descriptions and summary statistics.

Variable Name Measurement Summary Descriptive Stats
Independent Variables
Field Distance from Using ArcGIS 10.4 and the DNR’s GIS database, the =~ N: 6711
Diversion (DIV_DIST)  distance from each field to the diversion structure that Min: 0.00
irrigates it was calculated. For each ditch system, the mn- 0.
maximum distance was determined. Each field on Med: 55.50
each system was then scaled as a percentage of that Mean: 54.92
system’s maximum distance. i
Max: 100.00
SD: 22.06
Changes Water Systems reporting that they make some change to how N: 60
Allocations in Shortage  water is allocated between members during shortage PERCENT SHARING
(SHR_SRC) were coded as 1. SHORTAGE: 65.00
Rotates Water Delivery  Systems reporting that they rotate water delivery N: 60

in Shortage (ROT_SRC)  during shortage were coded as 1. PERCENT ROTATING IN

SHORTAGE: 60.00
Acrefeet Diverted per Using the DNR’s database, the total volume of water ~ N: 239
Acre diverted each year by each WDID was divided by Min: 0.00
(AFDIV_PERDACRE) total acreage of the fields that could be irrigated. o

Med: 1.27

Mean: 2.06
Max: 13.41
SD: 2.34




Control Variables

Field Acreage
(BASEACRES)

Crop (CROP)

Water Right Rank
(WDPRIOR)

Field Distance to Stream
(STRM_DIST)

Slope (SLOPE)

Field Acreage as
Percent of Total
Acreage (ACREPER)

Historical Percent of the
Irrigation System’s

Using the DNR’s GIS database and ArcGIS 10.4, each
MID had its area calculated.

Using the DNR’s GIS database, each MID was
assigned the crop it grew in a given year. All cereals
besides corn were coded as Small Grains. New Alfalfa
was coded as Alfalfa. All other crops were coded as
Other.

Water rights were ranked from most to least senior
within their Water Districts, and a negative sign
applied (so that the most positive value, -1, was the
most senior, rather than the lowest positive value, +1,
being the most senior). The earliest, or highest
priority, water right for each diversion structure was
associated with that diversion point.

Using ArcGIS 10.4 and the DNR’s GIS database, the
distance from each field to the nearest natural water
body was calculated.

Using the DNR’s GIS database, the 1/3 arc-second
USGS National Elevation Dataset downloaded from
Google Earth Engine, and ArcGIS 10.4, the slope of
each irrigation ditch was calculated.

The area of the MID was scaled as a percentage of the
WDID’s total acreage.

N: 6711
Min: 0.06
Med: 24.81
Mean: 54.65
Max: 759.86
SD: 59.79
Alfalfa: 9752

Grass Pasture: 10928

Potatoes: 2262

Small Grains: 2960

Other:298

N: 60

Min: 1

Med: 24.50
Mean: 52.03
Max: 311

SD: 65.83

N: 6711

Min: 0.00
Med: 2018.60
Mean: 2734.20
Max: 11488.00
SD: 2488.75
N: 60

Min: 0.08
Med: 0.46
Mean: 0.67
Max: 5.37

SD: 0.79

N: 6711

Min: 0.000407
Med: 0.150320
Mean: 0.894050
Max: 100.00
SD: 3.79

N: 60

Min: 2.63



Maximum Acreage
Irrigated
(PERMAXACIRRAVE)

Historical Percent of
Average Streamflow
(PERAVAFGAGE)

Sprinkler Use
(SPRINK)

Monitoring Agent
(MONITOR)

Sole User (SOLEUSER)

Water Allocated Based
on Land Owned or Need
(LANDNEED)

Access to a Surface
Reservoir
(RES)

Acequia Status
(ACEQUIA)

Ditch System
Incorporated (INC)

Infrastructure
Problematic (INFRA)

Soil Quality Problematic
(SOIL)

Southern Aspect
(SOUTH)

The annual percentage of the maximum acreage
irrigated by that WDID in the DNR’s database
averaged from 1984-2015.

The nearest stream gage upstream of a given WDID
was used to calculate the percent of the historical
average for that gage in the years 2011-2014. This was
done using the entire range of years for which data
were available for that gage.

Using the DNR’s GIS database, any field irrigated
using a sprinkler in a given year was coded as 1.

Systems reporting that they have a dedicated
monitoring agent, either a “ditch rider” or
“mayordomo” were coded as 1.

Systems reporting a membership of 1 were coded as 1.

Systems reporting that water is allocated to members
according to the amount of land they own or their
need were coded as 1.

Systems reporting access to a reservoir were coded as
L.

Irrigation systems which have Spanish names or were
confirmed by locals as acequias were coded as 1.

Systems which reported being incorporated or
appeared in the Secretary of State’s database of
registered corporations were coded as incorporated.

On a scale of 1-5, systems reporting challenges with
infrastructure on a level of 3, 4, or 5 were coded as
having problematic infrastructure.

On a scale of 1-5, systems reporting challenges with
soil quality on a level of 3, 4, or 5 were coded as
having problematic soils.

Using the Digital Elevation Model available from
USGS and the irrigation system boundaries available
from the DNR, the average aspect of each irrigation
system was calculated with ArcGIS 10.3. Southwest,

Med: 66.10
Mean: 67.73
Max: 116.81
SD: 18.72
N: 240

Min: 6.07
Med: 62.79
Mean: 61.25
Max: 100.00
SD: 25.31
N: 26844

PERCENT USING
SPRINKLERS: 31.23
N: 60

PERCENT WITH
MONITOR: 55.00
N: 60

PERCENT SOLE USER:
11.67
N: 60

PERCENT ALLOCATING
WATER BASED ON
LAND OWNED OR NEED:
21.67

N: 60

PERCENT WITH
RESERVOIR: 41.67
N: 60

PERCENT ACEQUIA:
53.33
N: 60

PERCENT
INCORPORATED: 40.00
N: 60

PERCENT WITH
PROBLEMATIC
INFRASTRUCTURE: 40.00
N: 60

PERCENT WITH
PROBLEMATIC SOIL:
23.33

N: 60

PERCENT SOUTH
FACING: 20.00



Acreage
(DACRES)

Groundwater Access
(GROUND)

Field Served by
Multiple Ditch Systems
(MULTD)

Change to Rotation
(CNG2ROT)

Source Stream
(WATER_SRC)

South, and Southeast were all considered as facing
South to create a binary variable.

Using the DNR’s GIS data, the area susceptible to
irrigation by a given WDID was accessed.

Using the DNR’s GIS database, any field irrigated by
a groundwater well in a given year was coded as 1.

The total number of ditch systems irrigating an MID
were determined. Systems with more than one ditch
system irrigating it were coded as 1.

Systems reporting that they change their delivery
mechanism from simultaneous delivery to rotational
delivery were coded as 1.

The surface stream each irrigation system diverts
water from was accessed from the DNR’s GIS
database.

N: 60

Min: 29.24
Med: 1122.40
Mean: 8868.20
Max: 117320.00
SD: 20840.00
N: 26844

PERCENT IRRIGATED
BY GROUNDWATER:
42.39

N: 6711

PERCENT IRRIGATED
BY MULTIPLE DITCHES:
19.74

N: 60

PERCENT CHANGING TO
ROTATION: 16.0

N: 60

RIO GRANDE: 13
CONEJOS RIVER: 10
ALAMOSA RIVER: 7

LA JARA CREEK: 6
CULEBRA: 5

SAN ANTONIO RIVER: 4
SAN FRANCISCO: 3
RITO ALTO: 2

KERBER CREEK: 2

RITO SECO: 1
COSTILLA: 1

SOUTH CUATES: 1

SAN LUIS CREEK: 1

SANGRE DE CRISTO
CREEK: 1
VALLEJOS: 1
VENTERO CREEK: 1
TORCIDO: 1
Dependent Variables
Percent Maximum Using the DNR’s data for each MID, the total largest ~ N: 26844
Irrigated Area footprint of the field was calculated. Each year’s Min: 0.00
(PERIRR) irrigated acreage was then scaled as a percentage of Y
this value. Med: 70.99
Mean: 50.92
Max: 100.00
SD: 45.66
Maximum Monthly Monthly NDVI rasters were accessed from Google N: 26844
Average NDVI (NDVI)  Earth Engine using LandSat images from USGS. Each  \fin- 0.000
month from January 2011 through December 2014 Med: 0.489
ed: 0.

was evaluated for cloud cover, presence of frost, and



overall quality. Months deemed of sufficient quality Mean: 0.455

were downloaded and loaded into ArcGIS 10.4. In .

S . . . Max: 0.883
conjunction with a rasterized version of the field level
GIS data representing unique MIDs, the average SD: 0.260

NDVI value for each system in each month of each
year of the study period was calculated using Zonal
Statistics after setting values less than 0.3 (unirrigated)
to 0. The maximum monthly value was assigned to the
MID. Although not all years in the time series contain
the same number of months, within each year each
MID has the same number of months included in its
annual average, making this average comparable
across systems.

Irrigated/Fallowed If any portion of the MID was irrigated, this value was N: 26844
(IRRDUM) coded as 1. PERCENT IRRIGATED:
57.71

7. DATA ANALYSIS

All analyses were run in R version 3.3.2 unless otherwise indicated. Cluster robust standard
errors were calculated using the multiwayvcov (version 1.2.3) (Graham et al., 2016) package for
R. Logistic models were estimated using the glm function in the base stats package for R
(version 3.3.2). Tobit models were estimated using the censReg (version 0.5-26) (Henningsen,
2017) package for R. Regression tables were generated using the stargazer (version 5.2) (Hlavac,
2015) package for R. Spatial error and spatial lag models were fit using the spdep (version 0.6-
12) (Bivand & Piras, 2015) package for R. Effects plots were generated using the effects (version
3.1-2) (Fox, 2003) package for R.

8. RESULTS

Table 8 shows significant differences between head-end and tail-end fields in extreme, moderate,
and minor shortage from 2011-2014.

Table 8. Head-end vs. tail-end in extreme, moderate, and minor shortage, displaying overall
inequality of outcomes between the head and tail end as water availability increases. Text that is
bolded, underlined, or italicized indicates a significant difference (p < 0.1) between head-enders
(0% maximum distance from diversion) and tail-enders (100% maximum distance from
diversion) at the given shortage levels: extreme (833 cubic meters per hectare), moderate (4900
cubic meters per hectare), and minor (10600 cubic meters per hectare). A caret (*) indicates that
tail-enders outperform head-enders. Bolded years indicate a significant difference in that year
when the dependent variable is binary: fallowed or irrigated. /talicized years indicate a
significant difference in that year when the dependent variable is the percentage of area irrigated.
Underlined years indicate a significant difference in that year when the dependent variable is
NDVI. The more modified the text, the more reliable the signal. Given the number of regressions
performed, there is a very high chance that some significant differences are Type I errors.
Therefore, positive results for years seeing only one DV show significant differences should be
taken as tenuous. Rotation shows its ability to equalize head and tail enders under almost all



conditions, while simultaneous delivery with shortage sharing generates the most consistent
inequality, especially in extreme shortage.

Institutional Head enders significantly =~ Head enders significantly Head enders significantly
Arrangement different from tail enders in different from tail enders in  different from tail enders in
extreme shortage (833 moderate shortage (4900 minor shortage (10600 cubic
cubic meters per hectare)?  cubic meters per hectare)?  meters per hectare)?
Sole User 2011 2011~ 2011~
2012~ 2012~ 2012~
2013* 2013~ 2013~
2014~ 2014 2014»
Simultaneous 2011 2011 2011
Delivery without 2012~ 2012 2012
Shortage Sharing ~ 2013" 2013 2013
2014» 2014 2014
Simultaneous 2011 2011 2011
Delivery with 2012 2012 2012
Shortage Sharing 2013 2013 2013
2014 2014 2014
Rotational Delivery 2011 2011 2011
without Shortage 2012 2012 2012
Sharing 2013 2013 2013
2014 2014 2014
Rotational Delivery 20117 2011 2011
with Shortage 20127 2012 2012
Sharing 2013 2013 2013
2014 2014 2014

Table 9 shows irrigation performance under extreme vs. slight shortage at the head-end, mid-
reach, and tail-end of the irrigation system from 2011-2014.

Table 9. Irrigation performance under extreme vs. slight shortage at the head-end, mid-reach,
and tail-end of the irrigation system, displaying overall inequality of marginal productivity
between the head and tail end as water availability increases. Text that is bolded, underlined, or
italicized indicates a significant difference (p < 0.1) between extreme (0 cubic meters per
hectare) and slight shortage (12,335 cubic meters per hectare) at the given distance from the
diversion structure. A caret (*) indicates that more water produces significantly worse outcomes.
Bold years indicate a significant difference in that year when the dependent variable is binary:
fallowed or irrigated. [talicized years indicate a significant difference in that year when the
dependent variable is the percentage of the total area irrigated. Underlined years indicate a
significant difference in that year when the dependent variable is NDVI. The more modified the
text, the more reliable the signal. Given the number of regressions performed, there is a very
high chance that some significant differences are Type I errors. Therefore, positive results for
years seeing only one DV show significant differences should be taken as tenuous. Rotation with
shortage sharing shows its ability to improve outcomes equally up and down the ditch as more
water becomes available, something simultaneous delivery fails to do for the tail-end. Shortage
sharing with simultaneous delivery is the weakest arrangement when it comes to allocating

increased water supplies to produce increased crop growth.
Institutional Extreme shortage Extreme shortage Extreme shortage
Configuration significantly different from  significantly different from significantly different from




slight shortage for head end  slight shortage for mid ditch ~ slight shortage for tail end

(5%)? (50%)? (95%)?
Sole User 2011 2011 2011
2012 2012 2012
2013 2013 2013
2014 2014 2014
Simultaneous 2011 2011 2011
Delivery without 2012 2012 2012
Shortage Sharing 2013 2013~ 2013~
2014 2014 2014
Simultaneous 2011 2011 2011
Delivery with 2012 2012 2012
Shortage Sharing 2013 2013 2013
2014 2014 2014
Rotational Delivery 20117 20117 20117
without Shortage 2012 2012~ 2012~
Sharing 2013* 2013* 2013*
2014» 2014* 2014*
Rotational Delivery 2011 2011 2011
with 2012 2012 2012
Shortage Sharing 2013 2013 2013
2014 2014 2014

Table 10 shows the Variance Inflation Factor (VIF) of each variable in the regression model
without any interactions for NDVI in the years 2011-2014. VIF evaluates whether
multicollinearity is a threat to the model. VIFs less than 5 warrant little to no concern, between 5
and 10 warrant some concern, and greater than 10 are concerning. In cases where categorical
variables have more than two levels, it is very common for these variables to be correlated with
each other due to being mutually exclusive. However, these VIFs are not a concern for
estimation. Overall, these VIF values indicate there is not a problem with multicollinearity
despite some control variables having greater uncertainty in their parameter estimates.
Thankfully, they are not the independent variables of interest.

Table 10. Variance Inflation Factors for all right hand side variables in the regressions predicting
NDVI for 2011-2014 without interactions.

Variable VIF 2014 VIF 2013 VIF 2012 VIF 2011
Sprinkler Use 3.8278152 3.7518914 3.7578638 3.7866480
Crop: Grass Pasture 1.6414125 1.6765613 1.7166795 1.7684032
Crop: Other 1.1343633 1.0960616 1.0998582 1.0914590
Crop: Potatoes 1.5198280 1.4360847 1.5152300 1.4679550
Crop: Small Grains 1.3610961 1.3373053 1.3435003 1.4167290
Groundwater Well 2.2351588 2.1668657 2.1553746 2.1724131
Percent Average at Upstream Gage 16.6775318 10.9307354 13.6427771 21.0036279
Water Source: Alamosa River 5.9920485 4.1427074 6.3086494 4.8427485
Water Source: Conejos River 19.9043486 13.9524251 11.2981428 10.2829619
Water Source: Costilla 1.4698890 1.4240287 1.5636878 1.5492016
Water Source: Culebra 6.4711663 7.4042719 6.0503332 4.6649999
Water Source: Kerber Creek 1.1721786 1.1502459 1.4740857 1.2027849
Water Source: La Jara Creek 3.2518961 2.2520512 2.7539889 3.3051075
Water Source: Rito Alto Creek 1.5839317 1.8635004 1.5817275 1.8352106

Water Source: Rito Seco 1.4054535 1.3906791 1.3646354 1.3737055



Water Source: San Antonio River 7.0245113 2.2926309 3.5966525 3.4865761

Water Source: San Francisco 1.8417101 1.6786916 1.7830160 1.7335238
Water Source: San Luis Creek 2.1456019 1.9003231 3.9746922 2.2001832
Water Source: Sangre de Cristo Creek NA 9.7486174 10.8513377 23.5955826
Water Source: Torcido 1.7273416 1.6307968 1.6208106 1.6343547
Water Source: Vallejos 3.9177703 3.9554984 3.7000088 3.2501843
Water Source: Ventero Creek 1.3252967 1.4121848 1.2727628 1.2945855
Reservoir Access 4.7193526 4.4707373 5.2348221 4.3144140
Soil Problematic 7.2721918 7.6214630 7.4329210 7.4146055
Irrigated by Multiple Ditches 1.8037757 1.7840165 1.8107214 1.8010993
Incorporated 4.0522881 37161624 4.2561767 4.1306042
Infrastructure Problematic 5.2949085 4.6644303 6.5031044 5.4208852
Water Allocated on Land or Need 6.4224089 9.3429774 7.1679891 7.2237939
Acequia Status 6.5678125 6.6484557 6.5970076 6.8194917
South Facing Aspect 4.5435582 4.1737216 4.4216460 4.6552427
Slope 4.0504562 5.0812529 5.0342402 5.0460654
Field Distance from Stream 1.7735953 1.8099913 1.8111702 1.8032552
Field Acreage 2.3151555 2.3471280 2.3251827 2.3385427
Field/Ditch Area Ratio 2.7596787 2.6098236 2.5714253 2.5955805
Ditch Area 8.6554965 8.9267421 8.5877171 8.5814276
Water Right Priority Rank 2.9711476 3.2147236 3.2944396 3.1580603
Percent Maximum Area Irrigated on Average 4.6054443 5.3652499 6.0826844 4.8909644
Monitoring Agent 3.4964531 3.2299231 3.6496256 3.5894548
Change to Rotation in Shortage 9.4516778 10.7399566 10.4235103 10.4403282
Shortage Sharing 4.8418098 6.0573840 5.0105858 5.0553329
Rotate in Scarcity 4.9944195 5.1401251 5.4416675 5.8931444
Water Availability 4.2724653 5.0747121 6.5360112 4.5920558
Field Distance from Diversion 1.2018021 1.2030769 1.1948040 1.2022178

Comments on statistical significance

There are some shortcomings to the sample. The sample of irrigation systems is not balanced
across the institutional configurations, and this lack of balance is even more pronounced at the
field-level. This helps explain why some of the confidence bands are as large as they are,
especially for rotational delivery without sharing. Additionally, there are relatively few fields at
the extreme head and tail-end of systems, which helps explain why the confidence bands become
so large at the extreme ends of the x-axis. That said, although statistical significance is a crucial
guide for assessing the precision of results, the consistency of the trends across years and
different dependent variables are encouraging. Additionally, statistical significance does not
equate to agricultural significance. When predicted NDVI lies, with 90% or 95% confidence,
between 0.19 to 0.4 under one institutional configuration and 0.39 to 0.6 in another, these are
meaningful differences to farmers even if they are not statistically different estimates.

9. DEALING WITH ENDOGENEITY

Over time, irrigation systems adopt rules based on the feedback irrigators receive from past
performance (Ostrom, 2014). It could therefore be argued that the effects I find for different rules
in use actually reflect past irrigation performance and/or the factors shaping past irrigation
performance, not the current rules. I address this concern in three ways. First, I explain the
problem and address the endogeneity argument conceptually. Second, I describe the steps taken



in data analysis to address whatever endogeneity may be present. Third, I discuss the
contradictory endogeneity stories that could be present in the data.

Additionally, even if an irrigation system may select a set of rules based on the performance it
has had in the recent past and generally has had for other reasons, it is still interesting and useful
to know what the deeper features of that performance are, specifically the relationship between
head and tail-enders and marginal productivity. If the causal link goes the other way, the fact that
there is a significant relationship is interesting and deserves the chance to be explained causally.
Put another way, if these configurations are considered different solution spaces or basins of
attraction that require mutually reinforcing institutions, physical contexts, and social processes,
then knowing the significant features of those solution spaces or basins of attraction will be
useful to efforts to adapt to climate change.

The conceptual argument against endogeneity

Lam (1998) covers the problem of endogeneity well on page 51, and I quote him at length. He
begins by presenting the argument that “FIMS [Farmer Managed Irrigation Systems] that did not
attain high levels of performance would have either died out, or had to learn from more
successful FIMS how to craft more effective rules to improve their performance.” That is, the
institutional arrangements of self-governing irrigation systems he observes in Nepal are products
of Darwinian selection based on irrigation performance, and therefore the rules in use are
endogenous. In response, he states:

While it would be reasonable to believe that a selection process is at work to a
certain extent, the magnitude of the effect of such a process should not be
overstated. As argued by political economics (North, 1990; E. Ostrom, 1990),
while surviving institution arrangements are not necessarily effective, ineffective
institutional arrangements could persist for a long period of time. On the one
hand, an institutional arrangement is likely to give rise to vested interests with
incentives to maintain the status quo arrangement (Knight, 1992). ... On the other
hand, one should not assume that farmers in less effective FIMS would
necessarily be able to learn from farmers in more effective systems in crafting
effective rules. Institutional development is path-dependent (North, 1990, E.
Ostrom, 1990; Blomquist, 1992). The kinds of change that are conceivable and
practically possible are frequently determined by the status quo condition.

So, while feedbacks do occur, they do so slowly and may not actually generate aggregate net
improvements; changes can occur which increase inequality and which promote particular
interests over others.? And while certain factors and outcomes may make some rules in use more
likely, they do not prescribe them by necessity nor negate the effects of the rules.? Although
these farmers are competing in a market context, provided that they can maintain economic

2 See Cody et al. (2015) for an in-depth discussion of the path-dependent nature of institutional change using the
groundwater commons in the SLV as an example.

3 While on a very different time scale, the fact that the shape of a fish’s fin has been selected for swimming
efficiency does not imply that different efficiencies measured across variations in fin shape are merely
measurements of previous swimming efficiencies and ecological contexts.



viability, differential outcomes may not produce the degree of selection pressure scholars might
think.

A crucial factor mitigating concerns about endogeneity in the SLV that the irrigation systems are
very old, all being founded over 100 years ago. Their bylaws and norms have been established
for many decades and it is costly to make changes, especially in a single season. Most farmers
interviewed were able to describe their shortage sharing and delivery rules in great detail and
without reflection, indicating that they had grown quite accustomed to the operations of the
system over a long period of time. Many also had complaints about the rules, indicating that they
viewed the rules as important for determining irrigation performance and not perfectly adapted.

Accounting for endogeneity in the analysis

While there is undoubtedly some institutional adaptation over time, provided that I account for
the major factors that might shape rule selection in my regressions, I can be confident in my
results. Table 6 shows the distribution of some key variables that could shape performance and
rule adoption. I pay special attention to performance, because this is the greatest threat to my
regression results. To account for any endogeneity in my final regressions, I include the
historical average percentage of the irrigation system’s acreage irrigated from 1984-2015 as well
as water right priority. These variables could influence the adoption of shortage mitigating rules,
so the inclusion of these variables reduces the chance that the variation introduced by this
feedback is being absorbed by the rules in use. As another hedge against endogeneity, I use
multiple years in my analysis to assess the effects of the institutional configurations in 2013.
Interviews with irrigators make me confident that I can assume that over the short term (1-5
years) these institutional configurations are essentially stable, so that 2011, 2012, and 2014 have
the same shortage sharing and delivery rules as those assessed in 2013. Importantly, there is no
conceptual way that 2013 or 2014 performance could influence the rules used in 2013.

Contradictory endogeneity stories in the data

Finally, if the effects I find for the variables of interest are in the opposite direction from what
would be expected if the signal were endogenous, I can be further assured that endogeneity is not
influencing my results. In my case, I expect shortage sharing and rotation to improve outcomes,
whereas if the signal were endogenous, the observed effects of these rules would be negative.
That is, worse performance should be associated with the adoption of these rules if these rules
are adopted to mitigate poor performance. However, an alternative endogeneity story posits that
stronger performance leads to the adoption of these rules, because higher economic productivity
facilitates collective action. Overall, the results do not support either endogeneity story. The
results show that systems with simultaneous delivery and no shortage sharing are strong
performers. This implies that the only endogeneity story that could be operating is that poor
performance leads to the adoption of institutions for shortage mitigation: having strong
performance, these systems had no need to adopt rules that adapt operations to shortage.
However, systems that have adopted both shortage sharing and rotation also have strong
performance; in this case, the only endogeneity story that could be operating is that strong
performance creates the capital necessary to organize collective action. These two examples
from the data falsify each other. So, while it is possible that both endogeneity stories are playing



out with different strengths on different irrigation systems, the parsimonious interpretation is that
endogeneity is not behind the results.
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Table 6. Key variables that may influence the selection of particular institutional configurations. Descriptive statistics given here are
at the level of the irrigation system, not fields. There is an added category, Sole User, which indicates an irrigation system owned by

one person. This category serves as a counterfactual to systems that must engage in collective action to achieve irrigation.

Rules in Use Size Average Water Reliability Irrigation Formality, Crops Social Context
Performance Technology ~ Monitoring, (2011-
(1984-2015) (2011-2014)  Allocation 2014)
Sole User Average Percent Water Right Acreage w/  Incorporated: Grass Acequia: 28.6%
(7, 11.7%) Acreage: 619  Maximum Percentile: 25.8 Wells: 14.3% Pasture:  Average Users:
Average Field  Diversion: Catchment Area: 10.1% Monitoring: NA 78.9% 1.0
Distance: 44.5% 224,090 Acreage w/  Allocate on Water — Alfalfa: Acres per User:
1.657km Percent Reservoir Access: Sprinklers: Rights or Shares: 10.3 619
Irrigated: 57.9%  42.9% 4.3% NA
Simultaneous,  Average Percent Water Right Acreage w/  Incorporated: Grass Acequia: 50%
No Shortage Acreage: 8,172  Maximum Percentile: 18.1 Wells: 83.3% Pasture:  Average Users:
Sharing Average Field  Diversion: Catchment Area: 42.7% Monitoring: 100%  68.7% 45.0
(6, 10%) Distance: 55.3% 441,630 Acreage w/  Allocate on Water — Alfalfa: Acres per User:
8.888km Percent Reservoir Access: Sprinklers: Rights or Shares: 19.5% 279
Irrigated: 55.8%  50.0% 43.0% 100%
Simultaneous,  Average Percent Water Right Acreage w/  Incorporated: Grass Acequia: 36.4%
Shortage Acreage: Maximum Percentile: 21.3 Wells: 45.5% Pasture:  Average Users:
Sharing 21,950 Diversion: Catchment Area: 51.6% Monitoring: 54.6%  43.2% 44.4
(11, 18.3%) Average Field  52.1% 445,700 Acreage w/  Allocate on Water — Alfalfa: Acres per User:
Distance: Percent Reservoir Access: Sprinklers: Rights or Shares: 38.0% 512
8.944km Irrigated: 66.7%  72.7% 56.4% 90.9%
Rotation, No Average Percent Water Right Acreage w/  Incorporated: Grass Acequia: 75%
Shortage Acreage: 951 Maximum Percentile: 35.9 Wells: 25.0% Pasture:  Average Users:
Sharing Average Field  Diversion: Catchment Area: 15.3% Monitoring: 25.0%  52.7% 10.3
(8, 13.3%) Distance: 46.2% 82,381 Acreage w/  Allocate on Water — Alfalfa: Acres per User:
3.686km Percent Reservoir Sprinklers: Rights or Shares: 37.5% 162
Irrigated: 53.1%  Access:12.5% 18.9% 50.0%
Rotation, Average Percent Water Right Acreage w/  Incorporated: Grass Acequia: 60.7%
Shortage Acreage: 8,202  Maximum Percentile: 20.0 Wells: 39.3% Pasture:  Average Users:
Sharing Average Field  Diversion: Catchment Area: 30.6% Monitoring: 67.9%  36.5% 222
(28, 46.7%) Distance: 54.2% 313,260 Acreage w/  Allocate on Water — Alfalfa: Acres per User:
5.443km Percent Reservoir Sprinklers: Rights or Shares: 43.0% 208
Irrigated: 63.5%  Access:35.7% 34.8% 60.1%



Overall
(60, 100%)

Average
Acreage: 8,868
Average Field
Distance:
5.754km

Percent
Maximum
Diversion:
51.7%

Percent
Irrigated: 61.2%

Water Right
Percentile: 22.8
Catchment Area:
309,190

Reservoir Access:

41.7%

Acreage w/
Wells:
31.2%
Acreage w/
Sprinklers:
33.9%

Incorporated:
40.0%
Monitoring: 55.0%
Allocate on Water
Rights or Shares:
61.7%

Grass

Pasture:

46.9%
Alfalfa:
36.2%

Acequia: 53.3%
Average Users:
24.6

Acres per User:
302
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Sub-Appendix A. Survey Questions and Available Responses Used in Analysis

6. Is your water use association incorporated?



Yes
No
In Process

10. What is the current size of your association as measured in:

Acres
Members

18. Does your association have access to a surface reservoir?

Yes
No

29. Please mark whether the amount of water a member in your association can use is
proportional to any of the following:

The amount of land users own

The amount of water users have contributed

The amount of labor users are required to contribute

The amount of financial contributions users are required to make
Shares owned

Not proportional to anything

Other

32. Within your association, is water normally distributed by turns along a rotation, or to
everyone at once in proportion to their rights?

Rotational
Proportional
Explanation

33. Does this change when you have less than full flow?

Yes
No
Explanation

34. How is compliance with water use rules monitored and enforced (check all that apply)?

No monitoring

Self-monitored by association members
Monitored by members

Monitored by Mayor Domo

Monitored by ditch rider

Monitored by water commissioner



Monitored by others
Monetary sanctions
Water use is cut off
Expulsion from scheme
Other sanctions

No sanctions

38. Do any formal or informal agreements among members of your association involve changing
water allocations between them in times of drought and water scarcity?

Yes, Formal

Yes, Informal

No

39. What process, if any, exists for members to exchange water or land within your association?

OPEN ENDED RESPONSE

41. Please describe any scarcity arrangements, how frequently they are invoked, and any changes
to irrigation or cultivation practices required during scarcity:

OPEN ENDED RESPONSE

53. For each threat identified, evaluate the extent to which that threat is problematic for your
association, rating this from 1-5 (5 = very problematic, 1 = not problematic)

Poor quality infrastructure (1-5)
Poor quality soils (1-5)



