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Abstract

When simulating social action in modeling effods,in socio-hydrology, an issue of obvious
importance is how to ensure that social actioniloydn agents is well-represented in the
analysis and the model. Generally, human decisiakimg is either modeled on a yearly
basis or lumped together as collective social sires. Both responses are problematic, as
human decision making is more complex and orgaioisitare the result of human agency
and cannot be used as explanatory forces. A wagfdbe dilemma of how to include human
agency is to go to the largest societal and enmental clustering possible: society itself and
climate, with time steps of years or decades. épidper, the other way out is developed: to
face human agency squarely, and direct the modafpipgoach to the agency of individuals
and couple this with the lowest appropriate hydyadal level and time step. This approach is
supported theoretically by the work of Bruno Latahe French sociologist and philosopher.
We discuss irrigation archaeology, as it is in thegipline that the issues of scale and
explanatory force are well discussed. The issmetgust what scale to use: it is what scale
matters. We argue that understanding the arrangsrtieat permitted the management of
irrigation over centuries requires modeling andarsthnding the small-scale, day-to-day
operations and personal interactions upon which wexe built. This effort, however, must
be informed by the longer-term dynamics as theseige the context within which human

agency is acted out.



30 1 Introduction

31  Simulating social action is a rising field of studased on detailed, empirical study and

32  specific understanding of both human actions amgoris in society, more elaborate models
33 are being constructed. An issue of obvious impagdas how to ensure that social action by
34  human agents is well-represented in the analysigf@model; this issue is of vital

35 importance for socio-hydrology as well. Althought necessarily so, in general one can find
36 two responses to the question how to represent hagency. In a first one, human decision-
37 making — if considered at all — is modeled on alydaasis; in a second one, human agency is
38 lumped together, assuming that collective socralcstires — states, companies, but also social
39 class or gender — provide an adequate frameworksepting human decision-making. We

40 argue that both responses are problematic.

41  Humans make decisions every day and not once aama@even the once a year decisions

42  (where to go on holiday for example) are not maggea year, but are more to be seen as a
43  series of decisions. Clustering humans into orgdiugs is problematic as well, as these

44  organizations themselves are the result of ageamay clustering usually means associating
45  certain predefined features to those entities. @Heatures will usually also be the result of
46  the model, and as such we have a problem of chitul®lease note that we do not argue that
47  social structures do not exist, as anyone studyaagety would recognize that certain

48 hierarchies, arenas and institutions do exist. Wardue, however, that these social

49  structures can never be used as explanatory flocesocesses we observe.

50 Comparable dangers can be expected for socio-rogiroif it is not done carefully. The

51  short-term effects of hydrology on humans and thmas of humans to counter those which
52 inturn affect hydrology and so on need to be idetliin the model. This means allowing for
53 time patterns of wet years and dry years, abunctaptyields and crop failures, times of

54  economic prosperity and depression, shifts in treidant politics, major storms, etc. etc.,
55 and most of all how these patterns overly one arotBhort-term memories have a major
56 impact on water resources use by individuals andagement policies by administrators.

57  We argue that there are two feasible ways outisfissue, or two levels of modeling that we
58 can do relatively safely; we will develop some mgpecific ideas about one of them. The
59 first way out of the dilemma how to include huma@eicy is essentially to ignore it

60 completely and to go to the largest societal andrenmental clustering possible: society

61 itself and climate, with a reasonable time stepeafrs or decades, to determine links between



62
63
64

65
66
67
68
69
70
71
72
73

74
75
76
77
78
79
80
81
82
83
84
85

86
87
88
89
90
91
92
93

the two to test certain theories and define/firsl/emalogies. We will not develop this idea
further, as it is discussed in the contributiodlPahde and Ertsen to the Sl in HESS-D (Pande
and Ertsen 2013).

The other way, and the one we will develop furiinethis paper, is to face human agency
squarely. To do so we direct our modeling apprdadche human agency of individuals-
arguably the lowest possible scale that could Hedta ‘social’ approach- and couple this
with the lowest appropriate hydrological level dmde step: daily or hourly rain and/or flow.
With this approach we can employ our models towasler which cultural-organizational
constraints model outcomes are supported by oar @ais detailed modeling predefines as
few cultural aspects as possible in the human agerstead it treats cultural aspects as
constraining contexts for the model, which itsslbased on actions and materiality. Personal

relationships, in networks and institutions, arecomes of the model’s operation.

This second approach is supported theoreticalthbywvork of Bruno Latour, the French
sociologist and philosopher. Latour argues thatdnuaecision-making and development of
societal institutions is a local activity and cansted within networks of actors (Latour,
2005). These networks are continuously createdegreéated by human actors engaging with
other human actors and non-human intermediarieg®r/Aetworks are to be understood as a
unit, without preliminary definitions of what isriside” or “outside” of, or “local” or

“context” about a network. Networks are createdulgh human agency engaging with other
human agents and material realities (like roadsramj; studying networks with any pre-
suggested division in terms of levels, contextsetations needs to be avoided. The resulting
networks link short and long term human resporfses) individual to societal level to water
flows and their stochastic natures on scales &ardift as flows in hours to volumes per year,

decade or even century.

In this paper we discuss how such a focus on tbg-sérm, small-scale interactions among
people with(in) their environment can be develop®d.focus our discussion on irrigation
systems, and specifically on studies within arcl@gg as these studies provide data sets that
allow linking short term to long term. Irrigatioa complex, due to feedbacks between
material environment — the water source — and hgnecause of the highly detailed and
complex relations between human actions and thalssooed material context in irrigation, it

is extremely difficult to develop a well-suited swtific approach to model it. Not only do we

need to understand the effect of material condstiem human actions but we also need to
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understand how human agency is linked to rulesimvithigation systems. As such, irrigation
Is a clear — if not one of the best — example ofsydrology.

Perhaps paradoxically, archaeological examplessetul for this discussion because the
archaeological record, with respect to many thimgsmight wish to know, is incomplete. The
lacunae in our knowledge impinge on our modelirigred in a way that brings questions of
scale to the fore: we are forced to choose abgires;tand so must choose them carefully.
Likewise we are also asked to consider questicaisvwie might like to answer against data
that we have available, and so to consider someappes to be provisional or hypothetical.
The outcome is what Murphy (2009) termed an ‘exgilany’ approach. Two key components
of this are the obligation to ask what componergsrequired and the concomitant freedom to
discard those that are not. The issue is not jbst wcale to use: it is what scale matters. Our
contention in this paper is that identifying andlerstanding the arrangements that permitted
the management of large-scale irrigation worksnetiese that persisted over centuries,
requires modeling and understanding the small-sdalgto-day operations and personal
interactions upon which they were built. This efftvowever, must be informed with the data
from longer-term studies, for the longer-term dyi@nprovide the context within which our

object of study, human agency, is acted out.

2 Agent-based models as the way forward?

Irrigation systems are spatial assemblies of lelglinents supplying crops with water.
System’s operation is a mixture of physical disttibn facilities that bring water to fields and
crops, and socio-political coordination betweendlierent actors that use the water flows.
Irrigated agriculture is more than managing volum&sh month or season; it is typically
about manipulating flows of water in time periodsshort as hours and days. Such short-term
manipulations result in water balances and voluamelsrger temporal and spatial scales.
Those lumped volumes and balances cannot be usedyhbr, to derive the many small-scale
manipulations of water flows that built the lumpedults: reading back the detail from the
general is impossible (Ertsen 2010; Ertsen anddérSpek 2009).

With their many entities, their interactions witlarchanging environment, and the resulting
emergent properties, irrigation systems are tym€alystems for which Agent Based
Modeling (ABM) yields fruitful analysis. The appéiton of ABM by creating software

agents to play the role of irrigation users and ag@mns is a straightforward use; modeling the
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daily interactions of such agents together withvilager fluxes is still in development, but
promises better understanding of irrigation systamanthropogenic landscapes. Those
landscapes are the result of many individual @@~ on their own or within entities like
households and social groups — within the phy&ioahdaries (hydraulic and hydrological) of
the irrigated areas (Ertsen 2012a; 2012b).

Agent-based models have been applied successfulym-fed agriculture. Although far from
being simple, rainfall can be assumed to be availf all agents: actions by agents do not
affect water availability of other agents. In msitdies on irrigation systems, an analogue
reasoning is implicitly assumed: water availabilgyan input just like rain from the sky. For
example, Altaweel (2007) concluded that in nortidesopotamia irrigation promoted stable
yields. He does, however, represent water avaitglais a 150 mm water gift, as if the water
came out of the sky like rain. There is no guantewever, that the irrigation system could
actually deliver water equally to all farmers, fydraulic and/or social reasons. Compared to
rain-fed agriculture, irrigation is complex, witktea feedbacks between environment and
humans. This requires detailed understanding &y dealities in irrigation. Water availability
along canals is a result of human agency — inctudiealing, struggle and cooperation —
affecting actual flows through time and space, @thot be assumed to be equal. This makes
agent-based modeling in irrigation a major chaléeng

To use ABM in understanding how socio-hydrologiesllity emerges from purposeful,
(un)coordinated activities of individuals and sngabbups in irrigation systems, a fundamental
issue related to human action needs to be solkedirhe step in the analysis. This may seem
a trivial modeling question, but is actually a fangental one for human agency. Assume a
canal with a user taking water and then closingyhte. This causes a changing water flow to
a user downstream, who may not want this extrareate closes his own gate. Actions of
this upstream user cause — through actions of asto@am user — changing situations
upstream. If this took only a few hours, analysisdd on a time step of one day misses this
action-reaction. However, social relations betwesers may be ruined: "If you steal my
water today, | will hate you tomorrow". Or, to putore politely: “I may not want to

maintain the canal in cooperation with you next thasr year”. If this is our concern, then
arguably we should not explain how irrigation-basedieties collapsed after centuries or
even millennia, but why these societies did nolapsle each and every day.

Irrigation systems are highly dynamic systems, lmtian-induced patterns in irrigation are

often idiosyncratic and unpredictable. Howeverytban be studied systematically. Recently,
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Ertsen (2010; 2012a; 2012b) shows how interactimtaeen humans, hydrology and
hydraulics within irrigation systems create patseohwater use, and provides the basic
modeling methodology to study these interactiorigs &pproach is explicitly based on the
physical processes creating surface and subsusaies fluxes. Substantial progress can be
made by including detailed analysis of materialdibons and changes related to human
agency, especially accounting for the new mateoabitions of irrigation systems created by
human actions. Human agency may be restricted bgrrabconditions of irrigation system,
with certain actions not possible or more diffida@ltachieve, but in reality humans still make
the key decisions in water allocation, system mamant and irrigation development. Human
agency, hydrological processes and hydraulic veasatreate irrigation together. Combined
modeling of daily interactions between human agearaywater fluxes will increase our
understanding of irrigation systems as anthropagmidscapes, and how they emerge from

socio-economic and environmental contexts.

Our discussion here presents three archaeologmabk\wof components of an irrigation
system. Our examples are drawn from studies isen@-arid American Southwest
(Arizona), where irrigation has allowed farmerstpe with environmental constraints and
grow crops for more than two millennia. The thrémms are presented as examples of long-
term, medium-term, and short-term scales as regi¢hateugh archaeology and related
studies. Ideally we would present a single, integtaicture that covers a single, unified
example. In fact, the examples we choose heregthoelated, are separate. The progress of
archaeological research could eventually provideifed and complete picture of the entire
region, but for now we present them as exampleshiding their methodological details — to
support our contention that an integrated viewoithlpossible and necessary for the rich
understanding we seek of how irrigation systemduaing the social relationships and
institutions that arise from and support them,sfr@ped- or, better, are made and continually

re-made via human agency- through time.

3 Climate Reconstructions: The Archaeological Long-Term View

Irrigation systems are situated in a specific higlyiwal environment. In this paper, we focus
on the desert environment of Central and SoutheizoAa, an area rich in diverse plant life
(Fish 1989) that supported some of the largegation works in the prehistoric New World.
The Hohokam society, that persisted for a millenrmhetween 450 and 1450 AD (Bayman,
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2001, Fish and Fish 2007, Gumerman, 1991), buiiresive canals that drew water from the
Gila River (and its tributaries) and the Salt RiweCentral Arizona and the Santa Cruz River
in Southern Arizona. Archaeological research @s¢hcanals has been extensive, but has
focused on more readily available information aldarge-scale canal networks, their
organization and the paleo-environnmental signateg record (e.g. Howard 1993, Howard
and Huckleberry, 1991). Investigation into the dayday operation of these systems at the
field level has been limited or drawn from abstseenarios (Murphy 2009, 2012) rather than
archaeological data, which have not previously lmelable. Below we will discuss what
data sets are available and how these could befos#e detailed, short-term modeling
efforts we propose.

We start with climatic issues. Irrigation is areatipt to modify the hydrological cycle and
change its direct impact; the short-term impact#&agation and nature of hydrological
features are important to consider when studyingation management. One of the
challenges of doing so is to determine the vaiigtof hydrological features like temperature
and available moisture. In other words, how to imbéasimilar record of climatic variability

as the measurements we have today? As an illustratihow a useable paleoclimatic data
set can be achieved, we calculated the monthly ¢éestyre/precipitation in our (lowland)
study area in Arizona. We used reconstructed ciouizita based on tree-rings, of the kind
that archaeologists in the U.S. Southwest have be#ding for decades. Climate
reconstructions based on tree-ring proxy recordas baen considerably utilized, in large part

because of their relatively high resolution andatelity (Kohler 2012).

In the selection of potential tree-ring indexedeserwe considered four principles: 1) the
tree-ring sites should be relatively close to ttuelyg area; 2) the tree-ring should be
distinctively sensitive to climatic variables (teempture and precipitation); 3) the dataset
should cover the main period one is interesteavimgh would be 450-1450 AD for the main
Hohokam period); 4) and the data set should caeelith the study area. Based on the first
three principles, we selected the data from SardrKipfmueller (2005), which cover annual
precipitation (in October-July) for a 1425 yearipdr(570-1994 AD) and annual mean-
maximum temperature for a 2262 year period (2501887 AD), based on calibrated
precipitation series with data from NOAA Climatevi3ion 2 (CD2) and temperature series
with data from Fort Valley research station. Thame three tree-ring chronologies in the

lower forest border of Arizona (Flagstaff, Canyan@helly, and Navajo Mountain) being
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used for precipitation reconstruction and one in Baancisco Peaks in Northern Arizona
(Flagstaff) for temperature reconstruction, as showFigure 1.

We were able to meet the fourth principle by lirkthe monthly observed data in the
lowlands and the difference/ratio between yeartpnstructed tree-ring data and yearly
observed data in the uplands. We assumed thisileapproach as climate variability in
upland and lowland Arizona are highly correlatetviously, we have to assume that
climatic variability has not changed over timebtable to include the observed data in the
analysis. At the moment, there seems to be no wagfahis assumption. Furthermore, the
one thousand year of tree-ring data series shovevidence indicating climate changes in the
uplands. Using this approach, two issues need tiehk with: the altitudes of the tree sites,
and the time scale of the data (see also Ni ed@2R

Starting with the first issue, the tree sites usedree-ring based analysis and our Hohokam
irrigated area are not on the same altitude. ABrng sites are located at a high altitude of
above 2000 meters, while the Hohokam area is sitiuatound 450 meter above sea level.
Associated with this is the climatic zoning: tréegrsites are found in the CD2 zone,
characterized by low temperatures and relativebgtantial rainfall, whereas the Hohokam
main area is within the CD6 zone, with a hot anddlimate. We basically used a
straightforward correlation between temperaturerandall for the two zones to reconstruct
the annual data for the lowland area. Precipitadiata from zone CD6 and temperature data
from Chandler Heights in the same area were useef@a®nce data. We then correlated tree-
ring precipitation data between zones CD6 and QmPtemperature data between Chandler
Heights and Fort valley. The correlation coeffid¢iefor temperature was 0.99, which was
higher than the coefficient for precipitation 088. We concluded that both rainfall and

temperature in our study area were strongly caedlaith data from the tree site zone.

The second issue of time scale related to the tekdve a time series of rainfall and
temperature data at a finer scale than the anraeling chronologies (based on the October-
July season). In order to allow using climatic datea meaningful scale to simulate crop
productivity and water use, data on minimally a thinscale are required. As such, we
needed to downscale the annual data into montle-sceds. For this downscaling, we used the
Climate Factor (CF) method (Chen et al 2011), whidjusts observed time series by adding
the difference (for temperature) or multiplying tta¢io (for precipitation) between future and
present climates. One of the advantages of the €&Rad is its straightforward application.

Most CF methods are used for forecasting climaditables, by computing the changes



256  between a baseline and future scenario. For ourtostarical application, we modified the
257  equations slightly by linking the change factors between reconstructed tree-ring data and
258 upland observed data. As such, the CF method ¢akidinto account climatic differences
259  between high and low altitudes, by linking climageiability at high altitudes to the same in

260 the lowland, along the equations show below.

261

262 T =T bs.Cham T (-Frecon_,y —Tobs,Fort v)

dow,stu,m ol

263 Pdow,stu,m = Pobs,CDe,m X (Erecon.,y /Eobs,CD 2,y)

264 Tiowsum is the downscaled monthly temperature for the study area

265 Tops.cham 1S the observed monthly temperature at Chandler Heights in the reference period
266 -Frecon.,y is the reconstructed yearly temperature based on tree-ring data

267 -Fobs, Fort,y is the observed yearly temperature at Fort Valley Station in the reference period
268 Fﬁow’stu’m is the downscaled monthly precipitation for the study area

269 Pscoem 1S the observed monthly temperature for CD6 in the reference period

270 Erecon.,y is the tree-ring reconstructed yearly temperature

271 Bobs,CDZ,y is the observed yearly temperature for CD2 in the reference period

272

273 The observed monthly data from our study area (@lleaideights and CD6) were used as

274  adjusting data. The reference periods cover 5Csyfeatboth precipitation (1896~1945) and
275 temperature (1909~1958). The adjusting seriesaar@omly selected from the reference

276 period. On the corresponding period, the differemceatio between reconstruction and

277  observation data of tree sites are calculated armhdo the adjusting series. Figure 3 shows a
278  high positive correlation (r) between simulationsl @bservations. The validation reduction
279  of error statistic (RE) reaches 0.885 and 0.91Bé&an-minimum temperature and mean-

280 maximum temperature respectively. The high posiaiee indicates that the model performs
281  agood reconstruction for the whole simulation périand better than in the calibration

282  period. The root mean square differences (RMSDyéen simulation and observation are

283  2.34 and 2.58 respectively.

284  The simulated series of precipitation were validdig comparing its month-distribution
285  percentage with the observations for the same p&ge. Both measured and simulated

286  series from 1896 to 1987 were classified into &lasiocording to the water-year precipitation
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of 0-25%, 25-50%, 50-75%, and 75-100%. Then, tlopgrtions of each month’s
precipitation within the whole year were calculatedobservation and simulation
respectively. Finally we compared those percentégesmulation and observation. Figure 4
suggests the downscaled methodology basically septs a good match for the rainfall
frequencies of 0-25% and 25-50%. For the 50-75%qgcal, representation in January,
February, July and August is less good. Duringydigrs (75%-100), the model performed
very well over the whole year. In generally, thed®locaptured the precipitation frequency at

monthly scale well.

We would, of course, like to pursue this pictur®iaven finer detail; this is especially true
because the Gila River was rather complex (seeliray al 2006). A next step would be to
link stream flow in the Gila River to the rainfalata. Unfortunately, the data needed to
support this are lacking: direct flow data exisginaing with the installation of the Kelvin
gauge in 1911, but by then upstream diversiongrigation had already significantly
reduced flow (Huckleberry 1996); in 1928 constroigtof the Coolidge dam virtually
eliminated flow except during extreme flooding pes. It would be of great value to have
stream flow data for longer periods; nevertheldssreconstructions presented here open a
wide array of lines of inquiry about the long-tetrajectory of the practice of irrigation, and
present the backdrop for the middle- and short-t@aws we will take in the next sections.

4 Canal System Geo-archaeology and Micromorphology: The Medium-

Term View

The study of past irrigation systems has tradifigrizeen integrated in the field of theoretical
anthropology, ethnography and archaeo-geograppyKemnt and Hunt 1973; Gentelle,

1980). Hydraulic systems appear as structural etesrad the socio-political organization of
communities and their territory on various tempanadl spatial scales. Past irrigation systems
however can also be studied from a socio-environah@erspective using a geo-
archaeological and chronological approach (Ber2@®0). Canals are considered as technical
systems on one side, with their own temporalifiesn their construction, maintenance to
their abandonment. On the other side, their fdbrels environmental fluctuations (floods,
water stagnation, rhythmic flow to down-cutting etseand fluvial morphological change).
Depending on the initial research question, irf@astructures and systems can be perceived

at various spatial scales (main, secondary ortgrtanal; irrigation system; geomorphic

11
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unit) and temporal scales (short-term events; ghakeultural stability/breakdown). As the
aim of this paper is to understand short-term seanironmental interactions, we will focus
here on the methodological keys to study individiiaictures in the field and laboratory. One
main Hohokam canal located along the Salt Riveéhénsemi-arid Phoenix Basin will be used

as an example (Figure 5a).

Aerial photographs and old maps usually providermfation on the location of past

irrigation systems. In the Phoenix basin in Arizomeenty years of salvage archaeology have
enabled researchers to build a massive databasegafion systems (Figure 5a) (Howard and
Huckleberry, 1991). The main Canal System 12 (C$Higures 5a and 5b), which is the
most downstream system of the valley, was stuciét07 in the framework of a salvage
archaeology project directed by Soil System In¢hatsite of Cashion, a Hohokam village
occupied from ? to the 1 century AD. CS12 was encountered 3 miles downstifeam its
head gates, nearly 2.5m below the surface; fonches were dug to study its fill and
reconstruct its functional history (Figure 5b). Tilewas very well preserved, and three
superposed canals were identified, the base didttem one being separated from the upper
one by more than one meter of sediments (Figur®®ge the canal profiles were exposed,
systematic criteria were described: canal shapgrgtion of the sedimentary fill (texture,
structure, color, inclusions, etc..), visible trac# human management (canal curing based on
stratigraphic unconformities (Figure 5c¢), stonetlrewalls or fine material on the sides and

bottom of the feature to protect it from erosion).

First interpretations, such as the occurrenceonfding events, episodes of water stagnation,
local erosion or canal abandonment, traditionalgntified based on texture (sand versus
clay), sediment structure and sorting (graded depwsrsus weakly-sorted sediments,
inclusions) need to be put forward with precautieinst, the canal studied should be
understood within its network. Smaller canals daveasn in a system will record different
information than canals closer to the head gatesor®l, sedimentary signatures might have
multiple origins. The origin of this difference (oeal/anthropic) is difficult to estimate, but
parallel studies on connected main, secondaryatgitanals and associated irrigated fields
can provide a complete reconstruction of human gamant and the significance of flow at
the scale of a system (e.g. Purdue et al., 20@ueLet al., in progress). Also, building
references in historic and modern canals, for wiiethave better chronological frames as
well as written data on human activity and fluxdghamics, could help better discuss this

issue of equifinality (e.g. Huckleberry 1999, Pled011).

12
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Irrigation structures need to be dated and condedota hydrological and cultural context.
This is probably the most complex step, even mdrenahigh resolution data on flow is
needed. As irrigation structures start to fill widiments right after their construction, dates
processed at the bottom of the structure will ptevan idea of when the structure was built,
while a date in the upper part of the fill will icdte when the structure was abandoned.
However, canals are anthropic structures, frequendlintained, and parts of the fill are often
removed. Ideal situations occur when a structusemginuously used, but when multiple
episodes of cleaning are observed it is necessgigotess as many dates as possible to frame
these events. Archaeological material such as sheeatified can provide information on
when the canal was in use. However, absolute d&auiocarbon dating on organic material
or Optical Luminescence Dating on quartz grain®r¢@r et al. 2004; Huckleberry and
Rittenour 2013) should be preferentially used. €healiocarbon dates were processed in
Trench 1 (Figure 6). Results show that the firsiatavas in use from thé"go the 1¢'

century AD, the second one from the midhlihntury to the mid f%century AD, and the last
one during the 18 century AD. Two phases of abandonment are recoafezibetween the
10" and the 1% century AD and the second one, probably of muchtshtime, during the

13" century.

Micromorphology provides a description of soilsaatery small scale using an optical
polarized microscope. The aim of this approacb isrecise observations made on the field
and focus on a certain amount of well-preservedsaatary, pedological, ecological and
anthropic features which record short-term (somesiseasonal) environmental and human
dynamics (Courty et al. 1989). Samples were takeéroth Trench 1 and 2 to compare and
complete data (respectively 11 samples-33 micnastead 12 samples-28 microstrata)
(Figure 6), and were processed at the Universigasse-Normandie-GEOPHEN (Caen,
France). Analysis was conducted using a microscopaected to a color camera and we
selected markers which were qualitatively, semingjtetively and quantitatively described:
1) Sedimentological markers (mineral assemblagsstionate sediment origin-fluvial or local,
grain size; sediment structure and sorting to wtdad the flow and degree of erosion), 2)
Pedological and ecological markers (soil microstre; in situ vegetation growth and its
impact on sedimentation rhythm; in situ burningréyéFigure 7). Each microstrata has its
own short-term socio-environmental signature. Haavefor explanatory purposes, we will
present results partially synthesized in 5 phases firench 1, with a focus on specific

markers of interest from Trench 1 and 2.
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The first three phases have been identified iditeecanal. Phase 1 (Stratigraphic Unit-SU 1-
5in T 1) (Figure 6) is composed of positively gedctlayey silts indicating rhythmic
sedimentation of low intensity, possibly seasowéh in and out flow maybe as a results of
opening and closing head gates (Figure 7a, SUHB.IT situ development of characeae
communities (Figure 7b, SU 3b) confirms the lowland indicates clear as well as shallow
water depth. The second period (SU 6-7 in T Ajse composed of positively graded
deposits, but the occurrence of coarse silts andssadicate higher intensity flows. The
impact of this shift is visible by the eroded betaposits in T 2 followed by canal cleaning.
Canal maintenance also occurred as shown by théegeisits in T 1 (SU 7) indicating in situ
burning to destroy the vegetation.

The third period (SU 8-10 in T 1™"®™ century AD) is composed of prismatic clay and
graded clayey silts (Figure 6¢, SU 8), rich in hamiganic matter and charcoals, indicating
episodes of rhythmic but low flow, water stagnatem evaporation processes. Eolian sand
has been encountered in T 2 which could point tdsvdrier conditions. The canal then seems
abandoned up until the mid-#2entury and filled with slope wash deposits aaghr
(observation of pluricm calcium carbonate nodutesifthe substratum ; charcoals, ashes,
organic matter and calcium oxalate crystals usdaliynd in local vegetation which points
toward dumped food remains in T 2) (Figure 7d, $) We put forward that the
abandonment of the canal could be the result d@irsfpihydrological dynamics (e.g. down-
cutting event) (Phillips et al. 2004, Purdue 2(Hackleberry et al., 2013).

The second major canal (Period 4, SU 16-23 in Td&)tical in size to the first one, was in
use between the Tand 1% century AD. Coarse silts rich in charcoal and entisig a
massive to vughy structure indicate fast sedimemats well as permanent moist conditions
(Figure 7e, SU 17). The layer of ashes in T 2 &wedetarth protection on the side of the
feature in T 1 (SU 18, 19, 20) suggests canal reaarice, but no visible cleaning event has
been recorded. The bioturbated structure in thewupart of the feature (SU 23), as well as
the in situ development of vegetation indicatesiced flow and even canal abandonment,
contemporaneously to the abandonment of CashienHdiwever, a third canal seems to have
been built; it was connected to the tail of a cdnebnging to Canal System 2, Canal Alamo
(Fig. 7a). In use during the T&entury, this canal is much smaller in size arfillés! with
graded as well as weakly-sorted coarse silts tdssaFhe occurrence of soil aggregates and
the lack of soil development is an indicator ot fesdimentation, contrasted conditions

(rhythmic sedimentation versus possible floodingres) and soil erosion during that period
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(Figure 7f, SU 39). The canal is cleaned, at leask. Its upper part is composed of coarse

silts with a sub-angular structure suggesting posthdonment flood deposits.

This detailed analysis suggests that the fill ofL€3s mainly characterized by rhythmic
deposition, despite it being the most downstreastesy in the lower Salt River valley, with
low flows around the 89" century AD, and more intense and erosive flowsvbeh the 1%
and 1%’ century AD. Two interesting events have been adr The first one is the canal
abandonment during the Sedentary Period, when wead$kioding, widening and down-
cutting occurred in the lower Salt River valley (@ue 2011, Phillips et al. 2004, Onken et al.
2004, Huckleberry et al. 2013). The second ontsisannection to Canal System 2 after that,
suggesting difficulties in diverting water in doviregam systems, but cooperation to actually
connect independent irrigation systems. The obsiervaf ash deposits, cleaning events and
lateral protection structure were part of the raguhaintenance. From a methodological
standpoint, the geo-archaeological approach preweey precise information on short-term
to middle-term environmental conditions in pasigation canals. This information can help
to conduct better simulations on irrigation syster@nagement (e.g. change in slope through
time; evolution of flow in main, distribution anéteral canals; irrigation management in
fields). Systematic studies allow for the creatudra typology of canal fills and will provide
local to regional data to help validate agent-basedels.

5 Reconstructing Irrigation at Las Capas: The Short-Term View

Our short-term example is the site of Las Capasat@d along the Santa Cruz River, a
tributary of the Gila River, in modern Tucson. l@apas is earlier than the far larger
irrigation works to the north along the Salt ané@ivers. Occupied from about 2100 BCE
until perhaps 500 BCE (Mabry 2008a), the site i®worthy for its remarkable preservation:
flood events deposited layers of silt that seatedesoccupation layers and preserved them
with minimal disturbance (Wécherl 2008). One se¢xdavations conducted by Desert
Archaeology, Inc. (Mabry 2008b; Vint 2009) has r&eel a detailed picture of irrigation
structures, fields, and even individual plantindgelsothis rich picture also includes
construction techniques: lateral canals and fielars were constructed by digging sediment

from either side and piling the dirt to create bmakd field boundaries (J. Vint, pers. comm.).

Figure 8 shows the site’s location alongside thesbn Mountains and the Santa Cruz River,

and the reconstruction, in white paint, of the ioe# of fields and canals visible to
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archaeologists. Figure 9 shows a drawing of thalsaand fields found, dating from roughly
900 BC to between 800 and 750 BC. This detail aloanstruction of water flow simulations
at the day-to-day scale in a way that previous exations of larger canals have not done.
Based on available data, a model setup was deswitiethe SOBEK Hydraulic Modeling
package (see references) with one canal (calletbfar this simulation although it is fairly
small), seven lateral canals and four fields ptarda (figure 10). At Las Capas the larger
distribution canals average 1.2 m wide and 0.2830 m deep and have a parabolic cross
section yielding a functional water depth of 0.8Mt25 meters. The lateral canals at Las
Capas average 1.0 - 1.1 m wide and 0.15 m deep awiinctional water depth of ca. 5 cm (J.

Vint, pers. comm.).

The canals in the model have a bed width of 0.&met side slope of 1 and a design water
depth of 0.20, which yields a width at the desigriex level of 1.2 m. Fields at Las Capas are
small, approximately 5 by 5 to 10 by 10 meters, aredbounded by berms circa 10-15 cm
high (J. Vint, pers. comm.). In the model, fielde enodeled with dimensions 10 by 15 meters
(each representing several smaller fields) witlesigh water depth of 10 cm. Several water
control scenarios were tested, after confirming without control water availability in the
downstream areas of the system — both in the fezeslalong laterals — would be insufficient
to reach the required 10 cm of water depth on efrely. Controls were modeled as weirs of

1 meter width that could be opened or closed dapgrah the control action.

What type of control structures were used to mdatpulows in such irrigation systems is
actually still a question. One would expect thatcures of mud and wood would have been
used, and these materials leave few archaeoldgaas. Today, only a few partially
preserved control gates have been encounteree iHdhokam world and their systematic
use has not yet been proven. A purpose of our stulyunderstand how such features could
have been used in the first place, and what adgastéey would offer. The same remark
can be made for the social organization of irrgatiThis issue is actually germane to our
main point for this section: although evidencevikable on the general Hohokam society,
the details of its water management are unknowsh wanhope to apprehend it better by
understanding the constraints of the physical systehich is what we are modeling. Our
modeling is obviously based on archaeological exadebut also points out the need to
search for other types of archaeological evidemzuding control structures).

Typically, a control action was defined as “move teir once in the target field a water

depth of 10 cm is reached”. Control could be oedHevels:
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* Feeder level (A in figure 10): all the water moveshe lateral, and only if all fields
along the lateral have water depths of 10 cm iematowed to flow along the feeder to

the next lateral.

» Lateral level (B in figure 10): all the water mouwesone field along the lateral, and only
if that field has a water depth of 10 cm is waltaveed to flow along the lateral to the

next field.
* Field level (C in figure 10): fields are closed erecwater depth of 10 cm is reached.

Control actions were tested on their own and inlwoations. Six scenarios were tested, with
five (tables 1 and 2) starting irrigation upstreianthe system working their way down. One
scenario (table 3) starts irrigating downstream moges up. The model checked target levels
every four minutes, representing expected contiauloieraction between irrigators within a
small area. Each control scenario was tested withinflow scenarios. In the first, an
upstream boundary condition is imposed with a @ndtow depth of 20 cm; this constant
water depth represents an average inflow of 2Gtht@s per second. In the second,
fluctuating inflow is specified as an upstream haany of changing water levels in random

order; this order is the same for all scenarios.

The results per scenario were expressed in thediragival of water at the most downstream
field for each lateral in hours (Tables 1 to 3)r #wse scenarios that fields could be closed
after reaching the target water depth of 10 cnivarand closing times per field were taken.
Assuming a constant inflow of 20 liters per secand a volume to be covered with 10 cm of
water everywhere in the fields, total irrigatiomé (calculated simply by taking the total
volume of water needed and dividing this by theveey rate of 20 liters per second) would
be a little less than 6 hours. Including the volueguired to fill the canals as well adds
another hour to the irrigation time. Therefore taltarigation time of some 7 hours for the 28
fields is a useful baseline. When irrigation tinbegome longer — as in many of our
simulations — the total volume delivered to thetsysas a whole becomes higher — part of it
leaves the canals as drainage water — suggestahgedaping irrigation time to a minimum
improves effectiveness of water use. However, withrger irrigated areas, benefits of time
and volume saving on smaller scales are closedya@lto larger scale dynamics — an issue we

will return to below.

The modeling setup was obviously very basic andhald not draw anything more than
preliminary conclusions based on a comparison kerivtiee scenarios, but nevertheless some
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first remarks can be made upon which directiongddher study can be defined. First, a
baseline order of magnitude calculation is in ardables 1, 2 and 3 show that when applying
control, total irrigation times for these 28 fieldgre on the order of 6 hours. The results also
suggest that fluctuations in inflow appear to havarge impact on total irrigation time and
can bring total time up to almost 10 hours. Thiggasts that one needs to be able to position
a small-scale system like this within its largeatsg context. An issue to study further would
be whether in systems like these fluctuationspresent — were caused mainly by changing

natural inflows or by human agency elsewhere inrtgated area.

The three scenarios controlling water flows on téneel only (table 1) do not yield very
different results. All three controls — on feedateral or both — need something like six hours
with steady inflow and some three hours more withtéiating inflow. However, control in

the canals combined with control of fields (tabjeesults in some different results. Both
scenarios in this category keep irrigation timessteady and fluctuating inflow more or less
stable. However, full control of flows — water islyp allowed to flow to a next field and/or
canal once a field has reached target water leaplpears to result in larger irrigation times
compared to a control scenario where only inflote ilaterals and fields is controlled. An
explanation may be that with full control it takese for the water to reach enough head.
These results may indicate that it is favorableerms of irrigation times to irrigate a field and
bring water further downstream even when a fielstrgam has not reached its target level
yet. If this is correct — and not a creation of thedeling setup too much — the hydraulic
characteristics of the control scenario may easeéied for full coordination between fields
and irrigators. It is also an indication that tlamals are large compared to the fields.

In some irrigation systems, the order of irrigatisrmccasionally turned around from the
natural preferential situation of gravity in thense that downstream users are allowed to
irrigate first before upstream users can do so.downstream-first scenario shows no clear
differences from the upstream scenario. Irrigatiores with fluctuations are actually much
longer. On this scale, the order of irrigation seemhave less impact than the type of water
control that is applied. Although these first résare preliminary, they indicate that
coordination between laterals in terms of whengeroand close them combined with
individual decisions when to close fields afteral@ag a target water depth may have been
the control scenario with higher benefits in tewhstability and lower demands in terms of
coordinating actions required. Obviously, our siatian of 28 fields is a simplification of the

archaeologically attested example with its more th®00 fields. Nevertheless, we clearly
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show lower delivery times and greater stability @incertain control scenarios. We cannot be
certain that these differences in irrigation deiwemes between scenarios would have
translated into markedly different societal/indivéd benefits in our specific case, as we have
not done this analysis yet. Such analysis wouldireqising all the data sets we discussed in
the paper. However, comparing our findings witigation systems in general suggests that it
is beneficial to have stability and lower demamnmdgerms of coordinating actions.

6 The Long and the Short: Which View to Choose?

The three views given here — long-term climatiorestruction; middle-term pattern of canal
construction, use, repair, and abandonment; anghtw-term interplay of canal operation
and management — are separate examples from timdgdaces that are close to one another
but cannot be fully integrated; we offer them iastas examples of the pictures of irrigation
that archaeological studies can give. Our poinvéwer, is that these three views, are not —
and indeed cannot be — incompatible: in the read@ss of events they all played out
simultaneously. The daily management of fields e@sducted within the larger context of
which canals were operational, which were in nda@air, which had been abandoned but
could be reused, and whether new canals were ne€hlisdin turn, played out against a
longer backdrop of shifting water supply: solutidhat made sense when wet years were rare
might be less useful when wet years were more camarad the search for the best solution
meant chasing nature’s moving target. All of theseponents are revealed through
archaeological means; the picture is broken anohnpdete across time and space, but as
more data are acquired and organized it fills it simarpens.

Our question here is whether the modeling effont slect the appropriate scale at which to
approach the dynamics under study. Murphy (2009)shawn that a simple interaction
between upstream and downstream field systemsdpatting from a single water source can
lead to complex dynamics that, in turn, might beplg shaped by water supply, and thus be
markedly different in wet vs. dry years; this kioidgame in turn would have impacted the
way that the fields were fed, changing the hydradyinamics, which would presumably have
impacted the social dynamics among the field marsadfe as the simulations described here
show, different patterns of filling fields lead ddferent efficiencies, then the negotiations of
how the fields were watered- the perennial questairwho gets the water when- would have

19



579
580

581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598

599
600
601
602
603
604
605
606
607
608
609

610
611

been affected as well. The middle-term shifts fmaistructure would have meant that no

solution would have served permanently.

This integrated picture argues for a modeling ¢ffoat begins with the input data provided
by medium- and long-term views, but that specificakes these to address the small-scale:
the formal and informal institutions that we bekewvould have maintained these systems
would have grown out of the shifting dynamics a tightest scales. Our modeling must
capture this. From this we can hope to apply teedes gained from the long-term
archaeological record to the present, where the@ahay scale is, of course, far more salient.
With the objective of better understanding humaenag through modeling, this paper puts
forward the relevance of combining hydrologicalpgephical, archaeological, and social
studies when studying water systems. Human agaticulates itself around short-term
socio-environmental dynamics as agents and netwoanksnuously interact. Similar concepts
related to the co-evolution of humans and theiiremynent has been developed by other
disciplines and the importance of pluri-disciplypapproaches is not new. However, crossing
disciplinary and methodological barriers is notye&n the other hand, the rapid
development of agent-based modeling, which aimmtterstand human behaviors, opens
new research perspectives and requires inter-dlisarjty. Because we argue that models rely
on a bottom up principle, they need to be supied validated by observed data from
various fields of research. Therefore, data ogation management, hydrology and high

resolution soil data will provide a relevant basismodeling.

This type of socio-hydrology recognizes that orgars like humans change their
environment; the famous beavers build dams, tesnitédd huge mounds. On its own turn,
environment changes organisms; selective presfrmsan environment have an influence
on survival strategies of those living within tiesivironment (Nelson et al 2010). Such a
process of niche construction (Kendall et al 20@&udes the bidirectional nature of
interactions between material environment and saciangements, in order to capture how
humans change their environment, and how subsegugimbnmental changes alter societal
functioning. This calls for much more studies pding empirical evidence for co-evolving
social/economic and environmental systems — eudiest that take a historical or
archaeological approach, or use social scienceadstto assess how communities/societies

create and respond to environmental change.

The full approach that we envision, one that plagent-based models in simulations that

can integrate data from a range of disparate seumce explore alternatives at a range of
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scale, is not yet developed. The software, and¢rentific strategy for using such software,
remain possibilities but are not yet complete. Gancern is that traditional approaches to
modeling human social action in social-ecologicaitexts avoid the central issues of human
agency; our hope is that future examples will boitcthe position here, and the goal of
understanding how human agency shapes relationahgstitutions in contexts such as

irrigation will soon be within our reach.
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754  Figure 3 Statistical validation of reconstructeshperatures based on the correlation between

755  simulated and observed temperatures
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757  Figure 4 Validation of simulated precipitation ssrsuing month-distribution percentage
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Based on Howard and Huckleberry, 1991 ; Midvale, 1966
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Archaeologieal project:
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West profile of the last functional canal at Cashion, Trench T3
Observation of a clear cleaning episode based on stratigraphical unconformities

758 " SALTRIVER

759  Figure 5 — a) Irrigation systems along the Lowelt Baver valley (Phoenix, Arizona) with
760 location of Cashion site, b) Zoom on the spatideesion of the archaeological project with
761 Canal System 12 and the four trenches dug perpdadito the canals alignment (Google
762  Earth, 2013), c) Photograph of the west profildhef upper and last canal in use. Note the
763  stratigraphic unconformity that indicates a clegrepisode.
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Figure 6 Stratigraphic profile of Canal System T&ch 1), chronology, and location of the
soil micromorphological samples.CS12 was dug ioldrchannel and most of the sediments
filling the three structures are laminated siltd aands, intertwined with slopewash deposits

indicating rhythmic flow and temporary abandonment.

Figure 7 Microphotographs of some short-term emritental and anthropic features
identified in Canal System 12. PPL: Plane polarizglt, XPL: Crossed polarized light, IL:
Incident light. a) Graded silts rich in charcodl)(lb) Transversal cross-cut of the stem of a
characae (XPL) ; c) Mixed flaky burnt organic matteth particles of micrite calcium
carbonate (ashes) indicating in situ burning (XRl))Collapsed structure as a results of moist
conditions / vughy structure (PPL); e) Weakly-sdrtieposits composed of sand and rounded
soil aggregates indicating erosional processesSdil aggregates and the lack of soil

development
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780

Figure 8 Impressions of the site of Las Capas. dgprview; middle: areal overview;
bottom: detail of fields. Photos by Henry D. Wadla®esert Archaeology, Inc.
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781

782  Figure 9 The irrigation system (blue lines = cansdsle = 70m; ; image courtesy of Desert

783  Archaeology, Inc.)
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785  Figure 10 Schematic of the model, with one feedeat 7 laterals and 28 fields (A, B and C
786  are explained in the text)
787
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788  Table 1. Model results for control scenarios inataystem: water arriving at laterals after x

789  hrs.minutes

790
Lateral Feeder (A) Feeder +Il3z;teral (A and Lateral (B)
Steady | Fluctuating Steady | Fluctuating Steady | Fluctuating

1 0.23 0.46 0.42 1.46 0.43 1.51
2 0.35 1.53 1.10 2.10 1.18 2.10
3 1.09 2.10 151 5.15 2.19 5.30
4 2.15 3.00 2.49 5.39 3.19 6.22
5 3.14 6.18 3.48 7.15 4.15 7.11
6 4.25 7.20 4.55 8.07 5.01 7.59
7 5.40 8.40 6.19 9.35 5.37 8.36

791

792  Table 2. Model results for field control scenariasiter arriving at laterals after x hrs.minutes

793
Feeder + field (A and C) Full (A, B and C)
Lateral Steady Fluctuating Steady Fluctuating
Start End Start End Start Eng Staft End
1 0.21 0.54 0.42 0.57 0.45 1.4% 1.38 1.49
2 0.34 1.21 1.06 1.25 1.50 3.17 2.06 3.12
3 1.04 1.53 1.43 2.05 2.06 5.0% 4.54 5.17
4 1.48 2.37 2.27 2.49 2.41 5.21 5.28 5.49
5 2.33 3.25 3.23 3.49 5.39 6.29 6.1p 6.41
6 3.22 4.17 3.59 4.29 6.15 7.09 7.11 7.37
7 4.17 5.09 4.48 5.13 7.17 8.09 7.59 8.21
794

795 Table 3. Model results for downstream control scesawater arriving at laterals after x
796  hrs.minutes

797
Downstream Feeder
Lateral Steady Fluctuating
Start End Start End
1 5.27 5.45 8.07 8.29
2 4.50 5.13 7.40 8.09
3 4.08 4.33 7.11 7.37
4 3.26 3.49 6.30 6.53
5 2.35 3.05 5.39 6.09
6 1.45 2.13 4.04 5.17
7 0.39 1.21 1.33 3.17
798
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