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Abstract A wealth of information on the patterns of human subsistence and plant domestication has been generated from
studies on maize (Zea mays) starch granules. However, very little work has been conducted on how the size and morphology
of those granules might change as a function of water stress during the growing season. In the arid Southwest, the role of
irrigation in growing maize is an essential parameter in many foraging models. Our study seeks to determine if there are
significant changes in the size and other morphological attributes of starch granules from maize planted at Range Creek
Canyon under two different irrigation regimes ranging from little water (once every three weeks) to ample water (once a
day). Our results provide data on the effects of irrigation on Z. mays starch granules and, therefore, have implications for
identifying archaeological maize and possibly determining past water regimes at Range Creek Canyon.
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Introduction

Starch is an energetically important polymer of
glucose produced as a by-product of photosynthesis.
It is preserved inside a plant’s amyloplasts as discrete
granules. Size and other morphological attributes of
the granules differ depending on plant species and are
important identifying features (Bertoft 2017; Jane et
al. 1994). Starchy plant foods such as cereal grains like
maize, as well as roots, rhizomes, and tubers, were
considered important in human evolution (Messner et
al. 2008; Wells et al. 2020; Wrangham et al. 1999).
Furthermore, global patterns of human subsistence
and plant domestication have been generated from
several studies on maize starch granules found on
artifacts or in sediments (Holst et al. 2007
Musaubach et al. 2013; Piperno et al. 2009; Yang and
Perry 2013; Zarillo et al. 2008).

In the arid Southwest, the role of irrigation in
growing maize is an important parameter in many
foraging models (Mabry 2005). Uncertainties in
rainfall patterns require situational adaptation and
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increased resiliency in maize agriculture systems
(Adams et al. 2006; Werth 2007). Under such
circumstances, it is important that agricultural
practices improve the efficient use of limited
resources and ensure substantial productivity gains.
For farmers, the number of crops harvested is the
benefit of farming, and the effort expended in
obtaining that harvest determines the cost. All else
equal, evidence of water stress means lower rates of
return for farming. This has implications concerning
the trade-off between hunting and gathering wild
resources and effort expended on other field activities
related to farming.

For maize, the effective management of water
produced with irrigation is a major predictor of
increased kernel number and size (Adams 2015;
Benson et al. 2013; Boomgarden et al. 2019).
Physiological response to water stress in maize is
measured in a multitude of ways, including total
biomass yield, reduction in leaf area, increases in root-
shoot ratio, reduced number of ears, kernels per ear,
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and kernel size. Furthermore, significant relationships
between drought, reduced maize yield, and kernel size
are well documented (Benson et al. 2013; Boom-
garden et al. 2019; Muenchrath 1995; Shaw 1988).
Very little work, however, has been conducted on
how the size and morphology of starch granules
stored in those kernels might change as a function of
water stress during the growing season. Our study
seeks to determine if there are significant changes in
the size or morphology of starch granules from maize
planted at the Range Creek Field Station under two
different irrigation regimes: very little water (once
every three weeks) to ample water (once a day). This
study has implications for identifying archaeological
maize and possibly determining past farming
investment strategies.

Range Creek Canyon and Experimental Maize Irrigation
Farming

The Range Creek Field Station is located within the
Book Cliffs, along the Tavaputs Plateau, 40 miles
southeast of Price, Utah (Figure 1). Human
populations of the Fremont culture flourished in the
canyon from 1100—700 cal yrs BP. They were hunter-
gatherers who also farmed maize and stored
numerous cobs in granaries tucked in sandstone cliffs
throughout the canyon (Boomgarden et al. 2014,
Coltrain 2011; Metcalfe 2008; Towner et al. 2009).
The goal of the field station is to examine adaptations
of arid-land foragers and farmers through
paleoenvironmental, experimental, and archaeological
lines of evidence (Boomgarden 2015; Boomgarden et
al. 2014, 2019). Since little is known about the farming
techniques used by the Fremont, experiments
conducted at the field station examine the economic
trade-offs related to dry versus irrigation farming
documented archaeologically and ethnographically
throughout the Southwest (Arbolino 2001; Ingram
and Hunt 2015; Mabry 2005; Nabhan 1983).

Irrigation farming requires modifications and
investments in surface features that will move or
control  incoming  water.  Construction  and
management of features designed to move, direct, or
control intermittent or permanent surface water can
be costly (Simms et al. 2020). Ethnographically, the
costs associated with these techniques vary from
minimal to intensive through the combination of
various strategies (Arbolino 2001; Doolittle 1984;
Mabry 2005). For example, minimal investments in
irrigation may include branches placed in a shallow,
intermittent drainage to spread the occasional surface
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Figure 1 Range Creek Canyon (575040 E, 4356861 N) is
located in the Book Cliffs along the Tavaputs Plateau, 40
miles southeast of Price, Utah.

water from storms, whereas high investment could
include terracing hillsides or building massive canal
systems to move water from rivers to distant fields
(Arbolino 2001; Benson 2010; Castetter and Bell 1942;
Doolittle 1984; Mabry 2005; Nabhan 1983; Rhode
1995; Simms et al. 2020). Permanent sources of watert,
like the creek in Range Creek Canyon, offer a
relatively low risk strategy with respect to minimizing
water stress in crops, whereas irrigation techniques
that rely on capturing rainfall are dependent on the
frequency and duration of precipitation occurring in
the right location. The irrigation experiments at Range
Creek replicate the simple surface diversion
techniques documented at several Fremont sites in
Utah (Metcalfe and Larrabee 1985; Talbot and
Richens 1996) and are particulatly focused on
measuring the costs (labor) and benefits (maize yield)
of simple irrigation farming (Boomgarden et al. 2019).
These experiments documented the differences in
maize yield (the number of cobs and the number and

36



@ ETHNOBIOLOGY LETTERS

Data, Methods & Taxonomies

@OE
DO&

@ @ &)

3 @@
IEDICH)
(9 32 @)

DO®
DO
23 (193
@ 9 (©

01010
W©®@
DIVNO,
@J0]0,

Irrigated

every day

) Irrigated 2 x

every week

~ Irrigated 1x
- every week

"¥' irrigated 1 x

every 2 weeks

]

§E’ Irrigated 1 x
' every 3 weeks

Plot 1

|
\/  Notirrigated

Figure 2 Experimental maize farming at Range Creek Field Station. Six plots of Tohono O’odham 60-day maize with different
watering schedules were planted, each with 12 growing basins. Five replicate samples (solid circles) of maize kernels from

Plots 2 and 6 were sampled for this study.

size of kernels on each cob) as a function of water
stress resulting from differing amounts of irrigation
water (Boomgarden 2015).

The maize chosen for the experiment was an
heirloom variety of Tohono O’odham 60 day because
of its short growing season compared to other Native
American maize landraces (Adams et al. 1999; Adams
et al. 2006; Muenchrath 1995). Adams and colleagues
(2006) describe the wvariability in maize landraces
grown historically by measuring maize ear
characteristics and  kernel  traits, temperature
parameters, and grain yield estimates from a two year
grow out (2004-2005) in Farmington, New Mexico.
The project recorded emergence and maturity dates
on 86 of the 123 accessions analyzed. The mean
number of days from emergence to maturity for all 86
maize accessions from all three culture regions/
groups was 128 days (e.g., Adams et al. 2006:Table
15). It is clear that based on the frost-free growing
season in Range Creek Canyon, many varieties of
Native American maize can be grown in the lower
reaches of the canyon. Six plots of Tohono O’odham
60-day maize with different watering schedules were
planted in the Range Creek experiment, each with 12
growing basins containing four seeds. For the
purposes of this study, maize kernels were selected
from Plot 2 (watered once every three weeks) and
Plot 6 (watered every day). Plot 1 (which was not
irrigated) did not produce sufficient maize cobs or
kernels for analysis (Figure 2).

Wilks et al. 2021. Ethnobiology Letters 12(1):35-43

Methods

Starch Granule Analysis

Five replicate samples of maize kernels from the two
most extreme watering treatments (Plot 2 and Plot 0)
were processed in the Archaeobotanical Lab at the
Natural History Museum of Utah. Starch granules
were examined for their size and morphological
attributes  to quantify differences between water
treatments.

Starch Extraction

Only mature endosperm from the maize kernels was
selected. To extract the starch granules, a dried kernel
was cut in half with a sterile razor blade, removing the
endosperm from its outer pericarp hull (Holst et al.
2007; Musaubach et al. 2013). The collected
endosperm (containing starch granules) was then
transferred to a sterile mortar and lightly ground to a
fine flour. The flour was sieved through a 125 um
mesh Endecott screen into a beaker using DH20.
Sample material < 125 um was transferred to a sterile
50 ml test tube and each sample was centrifuged for
three minutes at 3000 RPM. The supernatant was
discarded, and the sample pellet was transferred to a
sterile 15 ml test tube. Each test tube was re-
suspended with a vortex mixer, adding 7 ml of lithium
heteropolytungstate (LST; specific gravity 2.00), and
then centrifuged for 15 minutes at 1000 RPM. The
sample was extracted from the heavy liquid using a
pipette, carefully removing the top 1-2 mm layer of
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Table 1 Descriptive statistics and Shapiro-Wilk normality test of starch granule lengths for replicate and pooled samples

from Plots 2 and 6.

Samples Sample Size (n) Mean SD Median Skewness Kurtosis Shapiro-Wilk
Replicate Samples

LS2.17 50 8.17 1.34 8.08 0.40 -0.34 p=0.279
LS2.18 51 8.85 1.63 8.84 0.17 -0.94 p=0.226
LS2.21 56 7.48 1.20 7.58 0.07 0.47 p=0.4347
LS2.22 102 12.45 2.07 12.38 0.23 0.04 p =0.9061
LS2.24 51 8.30 1.62 8.26 -0.15 -0.16 p=0.9716
LS6.65 51 8.91 1.33 8.87 -0.30 0.21 p=0.6774
LS6.66 56 10.58 1.90 10.52 0.36 -0.18 p=0.5172
LS6.69 52 9.78 1.50 9.64 0.56 0.88 p =0.2997
LS6.70* 100 16.14 1.22 16.37 0.05 0.08 p =0.0296
LS6.72 51 8.49 1.62 8.13 0.65 0.32 p =0.0862
Pooled Samples

Plot 2 5 9.05 1.96 8.3 - -- -

Plot 6 5 10.78 3.10 9.78 - -- -

*Measurements from sample LS6.70 were log-transformed because it had a non-normal distribution.

organics containing starch and placed into new 15 ml
test tubes. Each sample was rinsed three times until
all residual heavy liquid was removed. Samples were
then rinsed with acetone, mixed with a vortex, and
centrifuged for 3 minutes at 3000 RPM. The acetone
was decanted, and samples were covered and left to
dry overnight. Once dried, the samples were mixed
with 50% DH20 and 50% glycerol solution and then
mounted on microscope slides.

Starch Granule Size and Formal Attributes

Slides were positioned using randomly chosen X-Y
coordinates. Each slide was scanned using a
transmitted  brightfield microscope fitted with
polarizing filters and Nomarski optics (Zeiss
Axioscope 2, Zeiss International, Gottingen,
Germany) and all starch granules within that field of
view were measured and photographed. Starch
granules from each replicate treatment sample (Plots 2
and 6; five replicates from each plot) were measured
and photographed, for a total of 310 granules in Plot
2 and 310 granules in Plot 6.

Maximum length measurement of starch granules
was made using the Zeiss Zen measurement software
(accuracy = +/-0.001 um). At the same time, several
morphological attributes were documented, including
hilum position (0 = eccentric and 1 = centric), shape
(0 = not irregular, and 1 = irregular), and fissures (0 =
no fissure, 1 = stellate, 2 = transverse, and 3 = radial).
These attributes have been previously described
(Holst et al. 2007, ICSN 2011; Reichert 1913;
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Torrence and Barton 2016) and chosen based on
studies that documented them in maize starch
granules (Holst et al. 2007; Musaubach et al. 2013;
Piperno et al. 2004, 2009).

Shapiro-Wilk normality tests were performed on
all starch granule size distributions and reported as p-
values (Table 1). P-values higher than 0.05 indicate the
distributions are normal. Pooled starch granule size
distributions for Plots 2 and 6 were plotted using the
strip chart function in the R Graphics Package (R
Core Team 2019) and compared using Kolmogorov-
Smirnov  (K-S) tests. We examine the size
distributions and the frequencies of the different
morphological features for all starch granule sizes
(100%) as well as the largest 20% of granules from
each sample.

Results

Starch Granule Size and Formal Attributes
Starch granule lengths from the treatment samples
(Plots 2 and 6; five replicates from each plot) exhibit
normal distributions, except for L.S6.70 which was
subsequently log-transformed (Table 1). Treatment
samples were then pooled for statistical comparisons.
Relying on the upper 20% size range allows for
greater differentiation between samples because it has
been shown that different species can have different
maximum granule sizes (Herzog et al. 2018; Liu et al.
2014; Louderback et al. 2016).

Starch granule size distributions (100% and top
20%) from Plots 2 and 6 are shown in Figure 3. Both
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distributions  from each sample fraction are
significantly different (K-S test, P < 0.0001) from
cach other. Furthermore, there is less overlap in
granule sizes from Plots 2 and 6 within the top 20%
size range, making it easier to define a size range that
can be used to characterize the irrigation plot (Figure
3).

Morphological  attributes, including  hilum
position, two-dimensional granular profile, and fissure
type were recorded for each granule in Plots 2 and 6
(Figure 3). These attributes occur more frequently in
the upper 20% size range of starch granules and,
therefore, we report statistics for those granules

(Table 2).

Plot 2

Dominant features observed on the upper 20% size
range of starch granules from Plot 2 included irregular
-shaped two-dimensional profile (0.97; Figure 3B, C)
with centric hila (0.77). Transverse fissures were most
frequently observed (0.45; Figure 3B), while stellate
and radial fissures were rarely observed (0.08 and
0.02, respectively; Figure 3B, C). The overall
frequency of fissures observed on granules was

approximately 0.55. The upper 20% size range in Plot
215 11.94-18.47um.

Plot 6

Dominant features observed on the upper 20% size of
Plot 6 granules include irregular shaped granules (0.90;
Figure 3a, b) with centric hila (0.51). Transverse
fissures were also the most commonly observed
fissure type (0.46; Figure 3a), while stellate and radial
were less frequent (0.24 and 0.03, respectively; Figures
3a, b). The overall frequency of fissures observed on
granules in Plot 6 (X = 0.73) is much higher than in
Plot 2 (X = 0.55), most likely due to the increased size
of the starch granules. The upper 20% size range of
Plot 6 is 15.36-28.16um.

Discussion

This study demonstrates that the size of maize starch
granules reflects the amount of moisture the parent
plant receives and, therefore, is a function of water
stress during a growing season. Size distributions from
high-water Plot 6 are significantly skewed towards
larger granules when compared to distributions from
low-water Plot 2. Size differences are especially
apparent within the upper 20% size category and,
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Figure 3 A Starch granule size distributions of pooled samples (100%) from Plot 2 (n = 310) and Plot 6 (n = 310). Size distri-
butions for the upper 20%, both plots (n = 62). Comparisons between distributions from each sample fraction were signifi-
cantly different (p < 0.0001). (Right) Morphological attributes (Nomarski optics, DIC) include B sf = three-armed stellate fis-
sure radiating from the hilum on an irregular granule from Plot 6, tf = transverse fissure dissecting the hilum and extending
toward the margin of an irregular-shaped granule from Plot 6 and C rf = radial fissure radiating from the hilum to the margin

of an irregular-shaped granule from Plot 6.
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Table 2 Frequencies of morphological features and size range of starch granules from the upper 20% pooled samples.

Fissures
Samples Hilum Position Shape Stellate Transverse Radial Granule size range
Plot 2 (n = 62) Centric: 0.77 Irregular: 0.97  0.08 0.45 0.02 11.94-18.47um
Other: 0.03
Plot 6 (n =62) Centric: 0.51 Irregular: 0.90 0.24 0.46 0.03 15.36-28.16um

Other: 0.10

therefore, could be useful when determining ancient
watering regimes from archaeological materials (i.e.,
granules, caryopses, and cobs). For example, remnant
granules larger than ~20um would most likely have
been produced with ample access to water.

The implications for interpretation  of
archacological and paleoenvironmental records are
obvious. Water stress in maize results in fewer cobs,
fewer kernels per cob, and generally smaller kernels.
In arid and semi-arid regions, especially those with
marked interannual variation in growing season
precipitation, large granules (>20um) could potentially
indicate access to ample water. This is important
because irrigation may be very difficult to identify in
the archaeological record due to its inconspicuous and
ephemeral material consequences. Moisture during
the growing season is essential and often the most
important constraint on the quantity and quality of an
agricultural harvest. Less moisture during the early
stages limits the growth and development of both the
shoot and root systems (Benson et al. 2013;
Boomgarden et al. 2019; Muenchrath 1995; Shaw
1988). Chronic moisture deficits during reproductive
stages (silking, tasseling, and kernel filling) produce
essentially infertile plants and, therefore, a meager
harvest. Our research shows that water stress also
affects the size and morphology of starch granules
within maize kernels, even if the adult plant survives
to maturity. Starch granule size is, therefore, a
potentially important environmental and archaeologi-
cal proxy because it can evaluate the relative
performance of prehistoric farming in a specific place
and time and it can serve as another piece of evidence
in understanding the role of irrigation in the past.
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