
 

 

 
The purpose of the research presented here is to 

advance our understanding of the influence of envi-
ronmental variation on human behavior in the Hoho-
kam region. The specific problem considered is the 
influence, if any, of annual Gila River streamflow dis-
charge variation on the population dynamics of Grewe, 
a major Pre-Classic settlement along the Gila River. 
Prevailing hypotheses regarding the influence of 
streamflow variation on population dynamics, devel-
oped primarily by the pioneering work of Donald Gray-
bill, David Gregory, and Fred Nials1 (Graybill 1989; 
Graybill and Gregory 1989; Graybill and Nials 1989; 

Graybill et al. 2006; Nials and Gregory 1989; Nials et al. 
1989), predict that high magnitude annual discharges 
and pronounced variability may have resulted in 
changes in river channel position and/or morphology. 
These studies have linked extreme streamflow events 
and inferred channel changes to challenges to irriga-
tion systems and declines in irrigated agricultural 
productivity. They have also hypothesized that cata-
strophic floods and associated geomorphic channel 
changes contributed to settlement and population 
movement and the substantial depopulation of the 
Phoenix Basin after A.D. 1400.  

 The general outlines of their model have been 
effectively applied by a number of researchers (e.g., 
Ackerly 1989; Craig 2001; Gregory 1991; Kwiatkowski 
2003; Masse 1991; Van West and Altschul 1997). For 
example, Craig (2001) modeled changes in the produc-
tive potential of the Grewe irrigation system using the 
Gila River streamflow retrodictions and found that the 
population dynamics at Grewe matched well with the 
model. That is, a dramatic decline in population at 
Grewe during the late Colonial period (A.D. 875–949) 
occurred in the context of a concentration of high and 
low flows when productivity would presumably have 
been the worst. Likewise, Grewe's population peak 
during the middle Colonial (A.D. 825–874) is associat-
ed with a period of sustained high productivity associ-
ated with low streamflow variability and higher than 
average annual flows.2  

Similarly, population declines along the nearby 
lower Salt River have been linked to poor conditions 
for irrigation agriculture caused by extreme stream-
flow events. Nials et al. (1989:66) hypothesized that 
population declines during the Colonial period (ca. 
A.D. 750–950) were related to destructive streamflow 
events and patterns during the A.D. 798 to 899 inter-
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val. Gregory (1991:187) also considers the possibility 
that floods along the lower Salt River during the Colo-
nial period may explain Hohokam settlement in previ-
ously unoccupied areas, some expansion into marginal 
areas, and the presence of Hohokam populations out-
side of the Hohokam area and, in some cases, within 
non-Hohokam settlements. Furthermore, Masse 
(1991:217) argues that as a result of the presumed 
disastrous flooding of A.D. 899, settlements on the 
terminus of irrigation community networks may have 
been abandoned due to the absence of potable and 
agricultural water and moved to new settlements in 
areas favorable to ak-chin and dry-farming techniques.  

Contrary to expectations derived from the Graybill 
et al. (2006) model, however, Ingram (2008) recently 
demonstrated a strong positive relationship between 
population growth rates within Canal System 2 along 
the Salt River and extreme streamflow events from 
A.D. 775 to 1450. In that work, population growth 
rates increased as the frequency, magnitude, and du-
ration of inferred flooding, drought, and variability in-
creased. Specifically, when the productive potential of 
irrigation agriculture in Canal System 2 was expected 
to be the least due to these extreme streamflow 
events, people moved into the canal system rather 
than out of it. This pattern of movement challenges 
commonly held assumptions regarding the negative 
effects of extreme streamflow events on population 
growth and out-migration and our understanding of 

the long-term relationship between annual streamflow 
discharge volumes and population change in the Phoe-
nix Basin.  

The research presented here is intended to further 
identify and clarify the relationship between stream-
flow discharge variation and the population dynamics 
of the Phoenix Basin. Although streamflow and its ef-
effect on agricultural productivity is not expected to be 
the sole influence on the population dynamics of any 
riverine community practicing irrigated agriculture, we 
expect it had some effect and seek to identify and de-
scribe the extent of its influence. We consider this ef-
effort critical for evaluating Graybill and col-
leagues’ (2006) hypotheses and model, which play a 
prominent role in many cultural-historical interpreta-
tions of the Hohokam trajectory in the Phoenix Basin 
and beyond.  

 
BACKGROUND 

  
This study further explores the relationship be-

tween streamflow discharge volumes along the Gila 
and population dynamics at Grewe, where we have 
particularly strong and relatively complete data to in-
fer changes in population growth rates (Craig 2001). 
The Grewe site is a large Pre-Classic period village lo-
cated along the Gila River near Casa Grande Ruins Na-
tional Monument (Figure 1). Archaeologists generally 
consider Grewe and Casa Grande to have been part of 
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Figure 1. Location of Grewe.  



 

 

the same settlement complex, with Grewe the main 
locus of occupation during the Pre-Classic period and 
Casa Grande the main locus of occupation during the 
Classic period. Grewe is located on the lower terrace 
of the Gila just outside of the floodplain and towards 
the end of a main canal.  

Between 1995 and 1997, large-scale excavations 
were carried out at Grewe by archaeologists from 
Northland Research, Inc. in connection with a road 
construction project sponsored by the Arizona Depart-
ment of Transportation. More than 1,300 prehistoric 
features were uncovered as a result of this work, in-
cluding 270 houses, close to 900 outdoor pits, seg-
ments of 10 canals, and a portion of a large ball court. 
Most of these features were associated with a residen-
tial district situated in the heart of Grewe. This resi-
dential district was occupied for virtually the entire Pre
-Classic period. Temporal control for this roughly 600-
year time span from A.D. 500 to 1100 was established 
by first assigning individual features to one of nine age 
groups based on ceramic and stratigraphic evidence. 
Absolute dates were then assigned to the various age 
groups based on an analysis of 110 radiocarbon and 52 
archaeomagnetic samples. In total, more than 700 fea-
tures, including 180 houses, were assigned to discrete 
age groups. The overall distribution of features sug-
gests that Grewe was occupied on a continuous basis 
for hundreds of years, though not always at the same 
level of intensity. Grewe was abandoned by about A.D. 
1100, corresponding to a shift in settlement over to 
the Casa Grande Ruins area.  

 
Model 

The relationship between streamflow discharge 
variation and irrigated agriculture productivity em-
ployed in this study is informed by the Graybill et al. 
(2006) model. We have extended their model by link-
ing variation in irrigated agriculture productivity to 
changes in population growth rates. Variation in agri-
cultural production is also linked to the risk of resource 
shortfalls. The synthesized model used in this analysis 
is summarized as follows.  

Streamflow events and patterns of these events 
may induce major changes in stream channel position 
and/or morphology and negatively impact gravity-fed 
irrigation systems by changing the location and/or 
height of the water within the channel relative to the 
canal infrastructure (Graybill et al. 2006; Nials et al. 
1989). Streamflow events and patterns considered in 
this analysis are floods, wet and dry periods, and peri-
ods of high temporal variability. Floods (inferred from 
high annual discharges) likely damaged and or de-
stroyed canal infrastructure and agricultural land due 
to erosion or the deposition of impermeable silts. Dry 
periods reduced water availability to irrigated fields 
and may have increased the potential for stream chan-

nel change during subsequent high magnitude events. 
Periods of high temporal variability are associated with 
greater variability in channel morphology due to the 
effects of both floods and dry periods. Periods of low 
temporal variability are associated with geomorphic 
stability and favorable conditions for agricultural pro-
duction.  

Streamflow is not the only variable that likely af-
affected agricultural productivity along the Gila. Tem-
perature affects productivity by increasing or decreas-
ing evapotranspiration and associated plant water 
needs. In general and within limits, periods of warm 
temperatures are assumed to have decreased re-
source productivity by increasing evapotranspiration 
and plant water requirements, and periods of cool 
temperatures are assumed to have increased resource 
productivity by decreasing evapotranspiration and 
plant water requirements. Higher temperatures also 
create earlier onsets of springtime snow melt and as-
sociated streamflow, higher peak streamflows, and 
lower summer streamflow (Stewart et al. 2005 and 
references contained therein). These events may have 
decreased productivity by decreasing streamflow for 
irrigation during the growing season and challenged 
irrigation with flood-related stream channel changes 
and canal damage. Other factors, such as soil type and 
quality (e.g., Sandor et al. 2007), affect resource 
productivity but are beyond the scope of this study.  

Negative impacts on irrigation systems due to 
streamflow and temperature extremes likely de-
creased agriculture production and may have in-
creased the risk of resource shortfalls. Shortfalls occur 
where there is not enough food to eat, and starvation 
became a possibility. To lessen the real or perceived 
risk of shortfalls, people use a variety of strategies 
such as storage, trade, exchange, and mobility 
(Halstead and O'Shea 1989). Population movement, a 
type of mobility, from areas of lesser to greater 
productivity is the strategy considered in this model. 
Population movements affect population growth rates 
through out-migration (decrease growth rates) and in-
migration (increase growth rates). Changes in fertility 
and mortality also affect growth rates. Increases in 
productivity are assumed to increase fertility and de-
crease mortality, thereby increasing growth rates. De-
creases in productivity are assumed to decrease fertili-
ty and increase mortality, thereby decreasing growth 
rates.  

The real or perceived risk of resource shortfalls can 
also be affected by the climate-related year-to-year 
(temporal variability) and place-to-place variation 
(spatial variability) in resource productivity. Variation 
in resource productivity is often viewed as riskier if it 
has greater variance (Cashdan 1990:2-3). Temporal 
variability has been used either explicitly or implicitly 
as a proxy for variation in risk in a number of studies in 
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the American Southwest to explain buffering strate-
gies, including population movements (e.g., Kohler and 
Van West 1996; Larson et al. 1996; Nials et al. 1989; 
Graybill et al. 2006). Periods of low temporal variability 
are often considered less risky as conditions are con-
sidered stable and predictable, while periods of high 
temporal variability are more risky due to increased 
uncertainty.  

The spatial variability of annual precipitation (Dean 
et al. 1985:542) is assumed to have influenced the via-
bility of exchange, interaction, and population move-
ments to lessen the negative effects of shortfall (e.g., 
Braun and Plog 1982; Cordell et al. 2007; Plog et al. 
1988). Substantial differences among conditions, dur-
ing periods of high spatial variability, could have less-
ened the risk of shortfall if opportunities for exchange, 
interaction, or movement existed. Periods of low spa-
tial variability, when conditions are the most uniform, 
that co-occur with dry periods were probably periods 
when opportunities for movement, exchange, and in-
teraction with others experiencing different conditions 
were greatly reduced.  

Therefore, the expected relationships between 
streamflow and temperature extremes and population 
growth rates are as follows: (1) as flooding (inferred), 
dry and warm periods, and periods of high temporal 
variability and low spatial variability increased in dura-
tion or frequency, population growth rates decreased; 

(2) and as wet and cool periods, periods of low tem-
poral variability, and periods of high spatial variability 
increased in duration or frequency, population growth 
rates increased.  

 
DATA AND METHODS 

 
Population Data 

 Population estimates were derived for Grewe uti-
lizing architectural evidence and methods that have 
become fairly standard in Hohokam archaeology (see 
discussion in Craig 2001). The basic strategy was to 
apply information learned about the houses in the 
ADOT right-of-way to other parts of the site. It was 
further assumed that roughly 10 percent of the houses 
at the site were investigated by Northland and that the 
average pithouse was occupied for 25 years. The popu-
lation figures used for our analysis here represent mid-
points of the population ranges previously discussed 
by Craig (2001). 

Using the population estimates derived for Grewe, 
population growth rates are presented in Figure 2. 
Population growth rates were calculated using a stand-
ard compounded annual growth rate (CAGR) formula:  

 
CAGR  = (ending amt/beginning amt) (1/#of years) -1). 

 
This formula uses the number of rooms occupied in an 
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Figure 2. Grewe population change. 
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earlier interval as the beginning amount and the num-
ber of rooms occupied in the next interval as the end-
ing amount and the number of years in the latter inter-
val as the interval duration. We use the average of the 
high and low population estimates to calculate growth 
rates. Due to varying durations of the temporal/
cultural periods, we standardize the population esti-
mates by dividing the population estimate by the num-
ber of years in the temporal interval. The growth rates 
are calculated from these standardized estimates.  

As is evident in Figure 2, there was substantial var-
iation in growth rates at Grewe. Steady increases or 
decreases in growth rates due to natural increases or 
decreases in mortality do not explain the range of vari-
ation observed. Using the zero population growth line 
as a reference, negative growth rates are inferred to 
be periods of out-migration. These periods occurred 
during the Pioneer to Colonial transition (A.D. 725–
774), late Colonial (A.D. 875–949), and middle to late 
Sedentary (A.D. 1050–1099). Periods of relatively rapid 
population growth due to in-migration as opposed to 
accelerated internal demographic changes are difficult 
to differentiate, but population growth was the great-
est during the late Pioneer (A.D 650–724) and the ear-
ly Colonial period (A.D. 775–824).  

 
Streamflow Data  

Gila River streamflow retrodictions were devel-
oped by Donald Graybill and others at the University of 
Arizona's Laboratory of Tree-Ring Research. The lab 
graciously provided these data for our use. Methods 
used to develop the streamflow retrodictions are de-
tailed in Graybill (1989) and Graybill et al. (2006). It is 
beyond the scope of this study to review the strengths 
and weaknesses of tree-ring retrodicted discharge var-
iation. However, several points are noted that were 
clearly discussed by Graybill (1989; 2006) but seldom 
presented by others. First, single flood events are not 
captured in the tree-ring records. Floods are infer-
ences based on some evidence of the relationship be-
tween flooding and high annual discharge years ob-
served in modern streamflow records (Ackerly 1989:61
–83; Smith 1981 as cited in Smith and Stockton 1981). 
Second, the timing of flooding during the agricultural 
calendar will largely determine the extent of effects on 
food production. Spring discharge conditions are bet-
better detected by the tree-ring records than summer 
conditions. This implies that we know little about the 
effects of streamflow conditions on food production 
during the second half of the annual planting season.  

 
Temperature Data  

The San Francisco Peaks temperature reconstruc-
tion (Salzer 2000; Salzer and Kipfmueller 2005) can be 
used to identify warm and cool periods across the re-
gion. In that study, the annual mean maximum tem-

perature was reconstructed from 250 B.C. to A.D. 
1997. This variable can be considered a general meas-
ure of how warm it gets during the daytime of a given 
year (Salzer and Kipfmueller 2005:470) and, while 
most accurate locally, is also applicable on a regional 
scale (Salzer 2000:63 as cited in Bradley 1980).  

 
Identification of Climate Extremes  

To identify patterns in the streamflow data, we 
identify multiple types of climatic extremes. These ex-
treme events capture the range of patterns that are 
expected to have affected changes in the productive 
potential of irrigated agriculture along the Gila. Cli-
mate extremes are identified using a centered nine-
year interval running average throughout the duration 
of the streamflow retrodiction, A.D. 534–1988. Ex-
treme periods are defined as those intervals in the 
lowest and highest quartile and decile of the distribu-
tion of all nine-year intervals in each reconstruction. 
Quartile and decile threshold values are arbitrary but 
are assumed to represent values and periods with suf-
sufficient rarity to have substantially influenced re-
source productivity. A similar approach has been used 
with standard deviation units by Dean (1988), and per-
centile approaches to identify thresholds are currently 
used by the U.S. Drought Monitor (www.cpc.noaa.gov) 
and others to track drought severity across the U.S. 
(e.g., Hirshboeck and Meko 2005; Steinemann et al. 
2006; Smakhtin 2001). Using several threshold values 
to identify the extremes acknowledges the uncertainty 
inherent in projecting a threshold above which short-
shortfalls were unlikely (thus a behavioral response is 
not expected) and below which they were likely (thus 
a behavioral response is expected). Use of a single 
threshold presumes a shortfall threshold is known and 
introduces the possibility of failing to detect a relation-
ship, if one existed, at a slightly higher or lower thresh-
old.  

 
Climate Extremes Considered and Methods of 
Identification  

1. Inferred flooding is identified by counting the 
number of discharge years in the seventy-fifth and 
ninetieth percentiles per temporal/cultural period.  

2. Wet periods are defined as those nine-year in-
tervals in the seventy-fifth and ninetieth percentile of 
the distribution of nine-year interval averages calculat-
ed using the streamflow reconstructions.  

3. Dry periods are defined as those nine-year inter-
vals in the tenth and twenty-fifth percentile of the dis-
tribution of nine-year interval averages calculated us-
ing the streamflow reconstructions.  

4. Temporal variability is assessed by calculating a 
nine-year centered moving standard deviation of the 
streamflow annual values. The nine-year standard de-
viation intervals are divided by the nine-year interval 
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averages to produce a coefficient of variation for each 
interval. Periods of low temporal variability are de-
fined as those nine-year intervals in the lowest decile 
and first quartile, and periods of high temporal varia-
bility are in the third quartile and highest decile of the 
distribution of interval coefficient of variation values.  

5. We combine wet/very wet and dry/very dry pe-
riods into a single index. This index differs from the 
other indices as the pattern of the wet and dry years 
are not considered; that is, this index identifies the 
number of wet and dry years in each temporal/cultural 
period, not the duration of prolonged wet and dry pe-
riods. If these extremes in streamflow are assumed to 
negatively impact productivity, then this measure 
identifies the proportion of years within each interval 
in which productivity was relatively low.  

6. The spatial variability considered in this analysis 
is the difference in discharge patterns between the 
lower Salt River and the middle Gila River. In other 
words, this variability represents the extent to which 
discharge patterns were "in-sync" or "out-of-sync" 
with each other. Spatial variability is assessed by calcu-
lating the annual standard deviation of the Salt and 
Gila discharge volumes for each year of the recon-
structions. The annual standard deviations are divided 
by the associated annual averages to produce an an-
nual coefficient of variation. The coefficients of varia-
tion are smoothed by nine-year centered moving aver-
ages that are then ranked and assigned percentile val-
ues. Periods of low spatial variability are defined as 
those nine-year coefficient of variation intervals in the 
lowest decile, and first quartile and periods of high 
spatial variability are in the third quartile and highest 
decile of the distribution of coefficient of variation in-
tervals.  

7. Cool periods are defined as those nine-year in-
tervals in the tenth and twenty-fifth percentile of the 
distribution of interval averages calculated using the 
temperature reconstructions.  

8. Warm periods are defined as those nine-year 
intervals in the seventy-fifth and ninetieth percentile 
of the distribution of interval averages calculated using 
the temperature reconstructions.  

To allow comparison of the climate extremes with 
population growth rates, the number of years within 
each temporal/cultural interval (e.g., late Pioneer peri-
od) of each type of climate extreme (e.g., wet, warm, 
cool, etc.) is calculated. Because the intervals are dif-
different lengths, the number of years in which a cli-
mate extreme occurred during each interval is divided 
by the number of years in the interval to create a 
standardized and interpretable index that allows each 
interval to be compared and ranked. These indices are 
the percent of extreme years within each interval.  

Summarizing the annual climate data by temporal 
intervals is appropriate because tree-ring based cli-

mate reconstructions are the strongest and most relia-
ble when they are used to represent relative changes 
in climate conditions rather than absolute (year-to-
year) changes. Relative changes are better represent-
because of the biological characteristics of trees, such 
as food storage, that create time lags in growth re-
sponses to moisture variations and the statistical ap-
proaches used in climate reconstruction used to re-
duce autocorrelation (Fritts 1976; Meko and Graybill 
1995; Meko et al. 1995). The statistical correlation be-
tween tree growth and climate is also always less than 
perfect; therefore, an emphasis on individual 
retrodicted years gives a false sense of precision to an 
analysis. Numerous climate studies have also docu-
mented persistence in climate patterns on decadal 
scales in both the modern instrumental and proxy rec-
ords (Cayan et al. 1998; Dettinger et al. 1998; Fritts 
1991; Gray et al., 2004; Grissino-Mayer 1995). In sum, 
analyses and explanations based on year-to-year 
change are not as reliable and well grounded in the 
data as investigations of multi-year wet and dry or 
warm and cool periods (e.g., Salzer and Kipfmueller 
2005:472-473).  

 
Relationship Between Climate Extremes and 
Growth Rates  

We conduct correlation analyses and inspection of 
associated scatterplots to assess the long-term rela-
tionship between the climate extremes and population 
growth rates. A rank order correlation procedure, 
Spearman's r, is used for the correlation analyses. High 
correlation coefficients (positive or negative) are evi-
dence of a long-term relationship and one wherein the 
magnitude of change in growth rates is related to the 
duration of the extreme period. A strong correlation 
coefficient indicates a long-term pattern of sensitivity 
and vulnerability to a climatic extreme. Low correla-
tion coefficients do not provide evidence of long-term 
climatic sensitivity and vulnerability because they im-
ply an uneven relationship, if any, between climatic 
extremes and population movement. We argue that 
the 566 years or roughly 22 human generations repre-
sented by the population and streamflow data we are 
considering represent a sufficiently long sample capa-
ble of detecting a relationship, if any existed, between 
discharge variation and human demographic behavior 
at Grewe.  

 
RESULTS 

 
The correlation coefficients representing the rela-

tionships between the population growth rates and 
climate extremes at several thresholds are presented 
in Table 1. Some representative scatterplots are pre-
sented in Figure 3. Straight lines are fit to the data 
points in the scatterplots to aid visual identification of 
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the relationship between growth rates and the 
streamflow and temperature indices.  
 
High Annual Discharge Years  

Population growth rates at Grewe decreased as 
the frequency of high magnitude annual discharge 
years (inferred floods) increased. That is, periods with 
frequent inferred floods were periods with generally 
lower population growth rates. The correlation coeffi-
cients are moderately strong at the seventy-fifth (r = -
.50) and ninetieth percentiles (r = -.45). This relation-
ship supports the prevailing model (Graybill et al. 
2006) wherein flooding threatened agricultural 
productivity through challenges to the canal infrastruc-
ture. These declines in productivity then likely led to 
out-migration or declining internal growth rates. This 
finding is inconsistent with the relationship identified 
within Canal System 2, wherein high magnitude dis-
charge years were associated with increases in growth 
rates (Ingram 2008).  

 

Wet Periods  

The relationship between wet periods and popula-
tion movement has not been previously considered in 
the Phoenix Basin. Population growth rates at Grewe 
decreased as the duration of wet periods increased. 
Wet periods are prolonged periods of relatively high 
annual streamflow related to relatively wetter condi-
tions throughout the watershed. These are periods 
when the productive potential of both irrigated and 
non-irrigated agriculture should have been the great-
est as water availability was the greatest. Wet periods 
may have encouraged migration out of Grewe if the 
increased productivity was sufficient to support settle-
ment elsewhere. Or, if the wet periods frequently 
damaged canals, then out migration fits with the pre-
vailing model that damage to canals and crops influ-
enced movement to more productive locations. 
 
Dry Periods  

There is no evidence for a long-term relationship 
between dry periods and population growth rates at 

Table 1. Correlations between climate extremes and population growth rates.  

Climate extremes Percentile threshold Population growth rates 

High annual discharge years 75 -0.50 

Very high annual discharge years 90 -0.45 

Wet periods 75 -0.74 

Very wet periods 90 -0.64 

Very dry periods 10 -0.26 

Dry periods 25 -0.01 

Combined very wet and very dry years 10 and 90 -0.90 

Combined wet and dry years 25 and 75 -0.74 

Years between median and fourth quartile 50 and 75 0.06 

Periods of very low temporal variability 10 -0.57 

Periods of low temporal variability 25 -0.10 

Periods of high temporal variability 75 0.00 

Periods of very high temporal variability 90 0.05 

Periods of very low spatial variability 10 0.10 

Periods of low spatial variability 25 -0.40 

Periods of high spatial variability 75 0.31 

Periods of very high spatial variability 90 0.17 

Very cool periods 10 0.57 

Cool periods 25 0.83 

Warm periods 75 -0.68 

Very warm periods 90 -0.48 
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Figure 3. Some climate extreme and growth rate scatterplots.  
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Grewe. This suggests that Grewe residents were able 
to maintain or acquire sufficient resources or ade-
productivity during dry periods. Alternatively, it may 
indicate that low streamflow discharge years had a 
minimal impact on the productive potential of irriga-
tion agriculture in and around Grewe, perhaps due to 
the favorable upstream position of the canals close to 
Grewe. If people suffered from dry-period related de-
clines in productivity, they may have just suffered in 
place where conditions may have been bad but not as 
bad as elsewhere. Overall, this result implies that dry 
periods did not affect decisions to move into or away 
from Grewe. This result is inconsistent with findings in 
Canal System 2 where dry periods are related to in-
creases in population growth rates.  

 
Low and High Temporal Variability of Stream-
flow  

There is no evidence that periods of high or low 
temporal variability affected growth rates at Grewe. 
To further examine this result, the frequency of years 
with discharge volumes between the median discharge 
level and the third quartile was calculated. These 
should have been optimal years for irrigated agricul-
ture, neither especially low nor high. However, no in-
fluence on growth rates was detected. These results 
are inconsistent with expectations that equate high 
variability with geomorphic instability and greater risk 
of shortfalls and low variability with stability and lesser 
risks of shortfall. These findings are also inconsistent 
with results from Canal System 2 (Ingram 2008). Little 
influence of temporal variability on growth rates sug-
gests that periods of high temporal variability were 
anticipated and effectively buffered by existing strate-
gies. And, periods of low variability, if advantageous in 
any way, were not sufficient to influence decisions to 
move into or out of Grewe or to affect fertility or mor-
tality substantially.  

 
Combined Wet and Dry Years  

Population growth rates decreased and the fre-
quency of wet and dry years increased. With this in-
dex, both wet and dry years (not prolonged periods) 
are assumed to decrease resource productivity. Re-
sults indicate that as the frequency of these wet and 
dry years increased, growth rates decreased. The rela-
tionships are strong when extreme years are defined 
with the upper and lower deciles (r = -.90) and upper 
and lower quartiles (r = -.74). It may be that this index 
better represents the type of temporal variability that 
was most meaningful to irrigation agriculturalists ra-
ther than prolonged periods of low or high temporal 
variability.  
 
Low and High Spatial Variability of Streamflow  

Population growth rates at Grewe were not affect-

ed by patterns of similarity and difference in discharge 
volumes between the Gila and Salt rivers. This implies 
that if population movements occurred between the 
two riverine settlement areas, Grewe was not involved 
in this shifting, or that the movements were not relat-
ed to prolonged variations in discharge volumes and 
associated changes in resource productivity.  

 
Warm and Cool Temperatures  

Population growth rates increased as periods of 
relatively cool temperatures increased, and growth 
rates decreased as warm periods increased. Expecta-
tions are met for both warm and cool temperatures, 
thereby strengthening the evidence for a strong rela-
tionship between temperature, productivity, and pop-
ulation growth rates. Given the long growing seasons 
throughout much of central and southern Arizona, it is 
unlikely that people moving to Grewe were seeking to 
reduce cool-temperature related risks of shortfalls. 
Rather, the cool temperatures may have increased 
productivity at Grewe by either decreasing evapotran-
spiration and associated plant water stress and/or 
lessening the potential problems of early snowmelt 
and streamflow, higher peak streamflow, and lower 
summer flows possibly associated with warm tempera-
tures. More research needs to be done to understand 
the impact of the reconstructed temperature variable 
on the productive potential of irrigated agriculture.  

 
Depopulation of Grewe  

Grewe was abandoned by about A.D. 1100, corre-
sponding to a shift in settlement over to the Casa 
Grande Ruins area. To examine potential climate-
related influences on this settlement shift, conditions 
during the A.D. 1050 to 1099 period (the middle to late 
Sedentary period) are considered. The most anoma-
lous change in streamflow patterns are the two wet 
periods (seventy-fifth percentile threshold), totaling 35 
years or 70 percent of the years from A.D. 1050 to 
1099. This proportion of wet period years was unprec-
edented throughout the 566 years considered in this 
analysis. This analysis has previously established a long
-term and strong negative relationship (r = -.74) be-
tween growth rates and wet periods throughout the 
history of Grewe. It is possible that Grewe's position 
near the floodplain of the Gila made residents and the 
canal infrastructure vulnerable to potentially damag-
ing effects of these frequently occurring and relatively 
high flows. If so, the shift in settlement to Casa 
Grande, nearby but further from the floodplain, makes 
sense as a reasonable remedy and response to the 
increased risks associated with the high flows.  

 
DISCUSSION AND CONCLUSION 

 
This effort has identified long-term relationships 
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between specific Gila River streamflow discharge pat-
patterns and population growth rates. Given the com-
plexity of human demographic behavior and the ne-
cessity of a plethora of methodological decisions nec-
essary to assess potential influences of streamflow on 
this behavior, we find the detection of long-term rela-
tionships remarkable and compelling. It is also notable 
that despite a range of potential buffering mecha-
nisms, such as storage, trade, and abundant seasonally 
distributed wild foods, patterns of sensitivity and vul-
nerability to streamflow discharge variation persisted 
throughout the history of Grewe. In short, we cannot 
decouple the demographic trajectory of Grewe from 
the vagaries of Gila River discharge variation.  

Relationships identified in this paper demonstrate 
that human decision-making at Grewe was consistent-
ly affected by specific types of climate-related stream-
flow discharge variation and associated changes in re-
source productivity. Patterns of movement as reflect-
ed in the growth rates indicate that high annual dis-
charge years, wet periods, frequent wet and dry years, 
and warm periods influenced movements out of 
Grewe. It is impossible to conclude given the limited 
spatial scale of this analysis whether these movements 
were the result of declines in agricultural productivity 
related to high annual discharge events, geomorphic 
changes, and associated negative impacts on canal 
infrastructure; and/or, were the result of relatively 
better and attractive conditions in the watershed un-
related to streamflow-related threats to irrigated agri-
culture. During high annual discharge years, precipita-
tion conditions were relatively high throughout the 
watershed. These precipitation conditions may have 
expanded settlement opportunities away from Grewe 
along smaller rivers and streams or in non-riverine lo-
cations (see Ingram 2008:157-160). This analysis has 
also demonstrated that decisions to move into and out 
of Grewe were not consistently related to dry condi-
tions and periods of low and high temporal and spatial 
variability.  

Three spatial scales of analysis have been consid-
ered in this research: 1) a river basin scale as used by 
Graybill and colleagues (Graybill et al. 2006); 2) a canal 
system scale as used with the Canal System 2 analysis 
of population change (Ingram 2008); and, 3) the settle-
ment scale as considered in this analysis. Differing 
scales undoubtedly contribute to differences in results. 
There is no reason to expect population dynamics at 
an individual settlement will mirror dynamics within a 
canal system or within a river basin. Population dy-
namics in an individual settlement, if related at all to 
the productive potential of canal irrigation, are likely 
strongly influenced by the position of the settlement 
along a canal as it relates to access to water. Canal sys-
tem population dynamics are probably strongly related 
to the up-stream or down-stream position of the canal 

in relation to other canals. River basin population dy-
namics are an amalgamation of shifting settlement 
canal locations and unique population histories re-
sponsive to a variety of local and regional factors 
through time. At each scale, the demand for water 
must be reconciled with the supply of water. Thus, 
adaptations and responses to climatic extremes can-
not be expected to have been the same at each spatial 
scale of analysis.  

We suggest that it is implausible that one model or 
set of expectations regarding the relationship among 
streamflow, the productive potential of irrigated agri-
culture, and human demographic behavior is ade-
quate. Different scales of analysis should yield differ-
ences in results. Importantly, demographic factors that 
contribute to the vulnerability of people to climate-
related declines in productivity should be considered. 
There is no basis for expecting everyone in a river ba-
sin to have been equally vulnerable to declines in 
productivity. Some people may have benefitted from 
changes in discharge patterns, while some likely did 
not. Demographic factors that affect the demand for 
resources (such as population levels) and productivity 
that affects the supply of resources should be consid-
ered when streamflow variation is expected or assert-
ed to influence demographic behavior.  

It is also important to acknowledge the fundamen-
tal assumption inherent in this and many other studies 
of the influence of environmental variation on human 
behavior. This is the assumption of productive re-
source marginality supported by relatively dry and var-
iable conditions in the American Southwest. An as-
sumption of marginality establishes the link between 
environmental variation (including climate and stream-
flow) and human behavior through the risk of short-
shortfalls and the necessity of acting to prevent starva-
tion. The assumption requires that shortfalls occurred 
and that productivity hovered around a threshold 
above which shortfalls did not occur and below which 
shortfalls were frequent. If resource shortfalls were 
rare, unrelated to climatic conditions, and/or effective-
ly accommodated by existing buffering strategies, then 
there is little reason to expect or assume that climatic 
variation impacted human demographic behavior. 
Modeling and simulating irrigated agricultural produc-
tion and projecting demand for this production 
through our best population estimates is likely the 
best way to identify how tightly coupled the people of 
the Phoenix Basin were to streamflow events that af-
affected agricultural production.  

We have more to learn about how people benefit-
ted and coped with climate extremes. "Unpacking" 
streamflow discharge variation and its effects on hu-
man behavior is essential to understanding the cultural
-historical trajectory of the Hohokam and evaluating 
the potential influence of discharge variation on the 
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depopulation of the Phoenix Basin. It is also important 
that we search for insights into climate and human 
behavior informed by the long-term archaeological 
record so that we can contribute to the current search 
for understanding and to the guidance necessary to 
meet potential challenges related to projected global-
scale climatic change.  
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possible without the annual streamflow retrodictions 
provided by the Laboratory of Tree-ring Research at 
the University of Arizona. Excavations at Grewe were 
conducted by Northland Research under contract to 
the Arizona Department of Transportation. 

 
Notes 

1. For convenience, this model will be referred to 
simply as the "Graybill model" and repetition of the six 
associated references will be omitted. The model is 
well summarized in the Graybill et al. (2006) publica-
tion and this will be used for subsequent in-text cita-
tion of the model.  

2. These data are also compelling because the 
population changes identified occurred before evi-
dence of channel cutting and widening along the near-
by Gila River sometime between A.D. 1020 and 1160 
(Waters and Ravesloot 2000, 2001). Channel cutting 
and widening could have altered the relationship be-
tween annual streamflow discharge variation and irri-
gated agricultural productivity.  
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