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ABSTRACT
In this research, I describe the use of false rings to reconstruct local histories of seasonal
drought in riparian ecosystems in semiarid regions. In tree-ring analysis, false rings are
boundary-like features often formed as a response to drought within the growing season.
Drought can be a common feature in hydrologic regimes of dryland rivers but in recent
decades drought has been intensifying due to climate change and increasing water use by
cities, agriculture and industry. Identifying when and where water availability has decreased
along the river course is critical for understanding, and therefore managing, these generally
endangered ecosystems. The higher density of trees compared to instrumental data make
them ideal candidates for reconstructing site-specific drought patterns.

The first part of this dissertation is an observational study conducted on the San Pedro River
in southeastern Arizona during 2002. I used dendrometer data and local hydrological data to
show that a period of negligible radial growth in cottonwood during the middle of the
growing season coincided with a channel drying event. Tree-ring core samples confirmed
that false-rings had formed in each of the instrumented trees. The second part of this
dissertation is an experimental study designed to evaluate the effect of different levels of
water stress on false-ring formation in cottonwood and willow. I showed that experimental
decreases in water availability for periods as short as ten days were enough to induce falsering formation in willow. Longer periods of reduced water availability were generally
required to induce false-ring formation in cottonwood. In the final part of this dissertation,
I reconstructed false-ring occurrence in Fremont cottonwoods at three sites along the San
Pedro River. I infer from false-ring frequencies that the severity of summer drought has
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been increasing over the last four to six decades but that the drought severity varies along a
hydrological gradient. Overall, the findings in this body of research confirm that false rings
in riparian tree species can be used as indicators of seasonal drought and underscore the
importance of identifying site-specific responses to reduced water availability along the
riparian corridor.

14

CHAPTER 1: INTRODUCTION
1.1

Statement of Problem

The San Pedro River in southeastern Arizona is a unique place. Its headwaters are located in
northern Mexico, just south of the United States-Mexico border. From there, it flows
northward into Arizona, winding through the desert landscape until it eventually meets and
joins with the Gila River. In 1988, Congress designated an approximately 65 km stretch,
beginning roughly at the international border, as a Riparian National Conservation Area, the
first of its kind in the United States. Congress was rightly impressed by the disproportionate
contribution of such a small area to regional biodiversity. The impetus to conserve and
maintain the San Pedro Riparian National Conservation Area can also be justified in several
other arenas. As a riparian landscape, the San Pedro River corridor provides essential
ecosystem services, including water filtering and flood control. Additionally, healthy riparian
ecosystems in semiarid regions can have tremendous economic value in terms of ecotourism, recreation and property values (Bark-Hodgins and Colby 2006, Weber and Berrens
2006).

In June of 2005, the longest recording streamflow gage on the San Pedro River registered,
for the first time in its 100-year history, a flow of zero. Since then, the gage has gone dry
multiple times, always during the late spring and early summer, a dry and warm period just
prior to the onset of the summer rains. Low- and zero-flow events are defining
characteristics of streamflow regimes in dryland rivers. Nevertheless, because of the
historical perspective afforded by the gage record, the zero-flows at the Charleston gage
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were and are cause for concern amongst resource managers. Decreases in water availability
can lead to decreases in biodiversity (Stromberg and others 2007).

The observed drying trend is not unique to the San Pedro River. A greater proportion of
limited water supplies are being appropriated on a global scale by growing human
populations, ultimately leaving less water for riparian ecosystems. Moreover, in some areas,
reduced rainfall and higher temperatures have further exacerbated dry conditions. The
spatial character of shifts to drier conditions along the river course is however difficult to
characterize. Streamflow gages provide an excellent local record but are often too few to
adequately characterize spatial variability in dryland streamflow regimes. Indeed, the San
Pedro River has been dubbed an “interrupted perennial stream,” meaning that reaches with
intermittent streamflow occur discontinuously over the length of the river course (Leenhouts
and others 2006). Data indicate that the Charleston reach is drying up, but how is drought
being manifested on other stretches of the river?

To address this question, I employ tree-ring analysis. As a somewhat novel approach, I use
false rings (intra-annual ring boundaries) to reconstruct local drought chronologies at three
sites along the San Pedro River. To gain a better understanding of false-ring formation, I
also examine hydrological conditions that are favorable to false-ring formation, both in field
and greenhouse settings.

1.2

Background

1.2.1

Drought
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Although the term drought is widely used, it is not easily defined. Rasmussen and others
(1993) provide a widely applicable definition of drought, stating that it is generally associated
with “a sustained period of significantly lower soil moisture levels and water supply relative
to the normal levels around which the local environment and society have stabilized.” This
definition identifies an essential quality of an effective drought definition: that decreases in
water availability are evaluated within the context of a specific system. Additionally, this
definition highlights some of the challenges in defining drought: definitions must identify,
first, what constitutes significantly lower levels of water availability, and second, what
constitutes a stable system.

In the following, I will begin by discussing how drought affects overstory trees in semiarid
riparian ecosystems. I will conclude by introducing the use of false rings for providing a
temporal context to evaluate drought severity in semiarid riparian ecosystems.

1.2.2

Water sources for riparian trees

Overstory trees are a key structural component of riparian landscapes. The composition and
distribution of riparian forests within the floodplain plays an important role in governing
ecosystem function. The primary cause of drought for overstory trees is a low water table
but soil moisture levels can also influence drought status in some cases. In a study to
identify water sources used by riparian trees, Snyder and Williams (2000) found that Fremont
cottonwood (Populus fremontii.) uses soil moisture to supplement its groundwater supply when
it is available but Goodding’s willow (Salix gooddingii) appears to use only groundwater, even
when soil moisture is available. Despite the flexibility demonstrated by species such as
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Fremont cottonwood, trees of any species become entirely dependent on groundwater
during periods of no or negligible rainfall.

1.2.3

Surface and ground water connections

Water table fluctuations in floodplain aquifers are inextricably linked with streamflow. For
this reason, streamflow can be a reliable indicator of depth to groundwater for streamside
trees (Rood and others 2003). The movement of water between the channel and floodplain
aquifer is governed by subsurface hydrological gradients. When water tables occur at a
higher elevation than river stage (the elevation of the surface of the water in the channel),
water is discharged from the aquifer into the channel; reaches where this occurs are called,
“gaining” reaches. Conversely, when river stage is higher than water table elevations, water
is discharged from the channel into the aquifer; reaches where this occurs are called “losing”
reaches.

The spatial distribution of gaining and losing reaches depends on the configuration and
composition of the floodplain aquifer. Losing reaches occur in segments of the floodplain
that generally store larger amounts of water than the volume of recharge they receive. These
segments will be relatively wide and deep, and/or comprised mostly of coarse alluvia with
high water-holding capacities. The converse is true for gaining reaches. During a multi-year
drought, water table elevations in the floodplain aquifer will begin to decrease basin-wide
and a larger proportion of the river course will consist of losing reaches (Dahm and others
2003).
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1.2.4

Seasonal drought

Trees growing along losing reaches are more likely to be exposed to drought on a seasonal
basis. Seasonal fluctuations of groundwater levels tend to occur over a larger range of
groundwater depths along losing reaches (Lite and Stromberg 2005). Initial responses of
trees to drought include certain biochemical adjustments (Larcher 2003) but within weeks
expansive growth (irreversible cell enlargement) will be reduced (Bradford and Hsiao 1982).
When seasonal drought is followed by a moisture pulse that enables expansive growth to
resume, the drought event may be permanently recorded in the tree’s anatomy as a false ring.

1.2.5

Tree-ring response to seasonal drought

False rings have been observed and derived experimentally by withholding water in both
conifers and angiosperms. In conifers, they are identified by tracheids of reduced radial
diameter (Larson 1963, Glerum 1970, Barnett 1976). Initial visual assessments of false rings
led researchers to describe false rings as having thick-walled, latewood-type cells (Kuo and
McGinnies 1973). Actual measurements reveal that cell-wall thickness in false rings is in fact
the same as earlywood cells (Vaganov and others 2006). In angiosperms, the greater
complexity of ring anatomy precludes a general description of false rings. For example, in
teak (Tectonis grandis), Priya and Bhat (1998) identified four types of false rings based on
unique combinations of fiber, parenchyma and vessel cell characteristics.
For both conifers and angiosperms, false rings are generally less distinctive than true rings.
They may exhibit more gradual cell transitions and/or be less bright. During more extreme
droughts, false rings can be morphologically indistinguishable from true rings. When false
rings are essentially identical to true rings, they are identified by employing a
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dendrochronological technique known as crossdating, the comparison of relative patterns of
ring width amongst different trees. Indeed, the initial scientific investigations of false rings
were conducted by dendrochronologists (Schulman 1939, Glock and Reed 1940). The
potential for using false rings as environmental indicators was first recognized almost 60
years ago by Glock (1951) but it wasn’t until 1980 that false rings were used in a climateecology study (Wimmer and others 2002). False rings continue to be an under-utilized
source of environmental information (Wimmer and others 2000, Masiokas and Villalba
2004).

1.2.6

Why tree rings?

Like all tree-ring studies, the strength of false-ring analysis is that it provides an unrivalled
temporal perspective. Even false-ring chronologies only a few decades long can contribute
important information about the dynamics of seasonal drought on semiarid rivers. The
spatial heterogeneity of streamflow in dryland rivers is often such that wet and dry reaches
may alternate several times between adjacent streamflow gages (Walker and others 1995,
Smakhtin 2001, Stromberg and others 2006). A local record, no matter how short, offers
infinitely more information than no record at all.

Given an extended record, it becomes possible to identify shifts, trends and anomalous
years. Drought is a common occurrence in semiarid regions and constitutes an important
driver of riparian ecosystem form and function (Poff and Ward 1989, Lake 2003, McMahon
and Finlayson 2003, Lite and Stromberg 2005, Stromberg and others 2007). Increasing
frequency and intensity of drought can nevertheless be detrimental, as organisms are less
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likely to be equipped to deal with intensified drought. Armed with information regarding
the location and extent of intensifying drought, resource managers can then proceed with
developing management strategies to avoid, or at least mitigate, potentially undesirable
outcomes.

1.3

Organization of dissertation

This dissertation consists of a submitted and accepted manuscript that appears as Appendix
A and two pre-publication manuscripts that appear as Appendices B and C.

The first manuscript (Appendix A) is entitled, “Tree growth response to zero-flow events:
Can tree rings be used to reconstruct streamflow intermittency?” It was submitted and
accepted with revision to the journal of Environmental Management. For this part of my
research, I collected, prepared and analyzed all dendrometer and tree-ring data; I analyzed
groundwater data that was collected by one of my co-authors, Russ Scott of the United
States Department of Agriculture; and I wrote the manuscript. My co-authors on this
manuscript are Russ Scott, David Meko and Ed Glenn.

The second manuscript (Appendix B) is entitled, “False-ring response in cottonwood and
willow to artificial drought.” For this part of my research, I designed the experiment,
collected and analyzed soil moisture, sapflow and tree-ring data and wrote the manuscript.
My co-author on this manuscript is Ed Glenn.
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The final manuscript (Appendix C) is entitled “False rings in cottonwood (Populus fremontii):
Tree-ring evidence for an intensification of drought in a semiarid river system.” For this
part of my research, I collected, prepared and analyzed tree-ring data and wrote the
manuscript. My co-authors on this manuscript are David Meko and Katie Hirschboeck.
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CHAPTER 2: PRESENT STUDY
The following text summarizes the approach and major findings for each of the three studies
that comprise my dissertation research. The studies, with details and complete descriptions,
can be found in the appendices.

2.1

Documenting riparian false rings under field conditions

In this study, I used manual dendrometers to track radial growth in cottonwood growing
along an intermittent reach on the San Pedro River in southeastern Arizona. I collected
radial growth data during the growing season of 2002. One of the primary objectives of this
study was to evaluate the potential for reconstructing zero-flow events using false rings. I
compared dendrometer data to local hydrological data. High-resolution groundwater data
was provided by Russ Scott of the United States Department of Agriculture; high-resolution
stage data was provided by James Leenhouts of the United States Geological Survey. I
analyzed dendrometer data and hydrological data and found that mid-season growth in
cottonwood abruptly stopped for a period of time that roughly coincided with the period of
time when the channel was dry. Zero growth in cottonwood occurred for the period of time
when groundwater depths were greater than 2.5 meters. I used groundwater data to infer
that this was the depth where roots lost contact with the water table. I concluded that,
under certain conditions, false rings can be reliable indicators of zero-flow events.

2.2

Documenting riparian false rings under controlled conditions

In this study, I designed a drought experiment to elucidate factors influencing false-ring
formation in two prominent riparian tree genera, cottonwood (Populus spp.) and willow (Salix
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spp.). I exposed three species of trees: P. deltoides, P. fremontii, and S. gooddingii, to two levels of
drought in an outdoor grove consisting of 4-5 year-old saplings planted in a grid pattern.
The low-stress treatment was defined by a 66% reduction in water availability over a period
of 10 days; the high-stress treatment was defined by a 66% reduction in water availability
over a 19 day period. I measured sapflow and collected soil moisture data over the course of
the experiment. Sapflow rates responded very quickly to both reductions and increases in
water availability. False rings were formed in all three species with willow tending to show a
higher propensity for false-ring formation. Willow was more likely to form false rings in the
low-stress treatment and in the high-stress treatment, willow false rings tended to be more
distinctive (brighter) than cottonwood false rings.

2.3

False-ring chronologies on the San Pedro River

In this study, I cored streamside cottonwood (P. fremontii) at three different sites along the
San Pedro River in southeastern Arizona. Sites were located along a hydrological gradient
based on streamflow presence throughout the year. I prepared and crossdated samples in
the lab and compiled false-ring chronologies for each site. Chronologies consisted of the
proportion of trees exhibiting a false ring in a given year. In each site, false-ring occurrence
was marked by a quasi-periodic pattern superimposed upon an increasing trend. I used
logistic regression to model how temperature and a subset of hydrological variables
influenced rates of false-ring formation. I was unable to fit a model at the wettest site but
the best available models at the intermediate and dry sites suggested some intriguing patterns
in the hydrological drivers of false-ring formation. At the intermediate site, a relatively
wetter site, false-ring formation appeared to be driven more by variability in drought length;
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whereas, at the dry site, false-ring formation appeared to be driven more by variability in
recharge.

2.4

Major Conclusions

2.4.1

False rings as indicators of zero-flow conditions

The formation of a false ring not only depends on presence of drought but also the
opportunity for recovery. False rings where formed following an approximately three week
period when root access to groundwater had been significantly reduced. Drought was
terminated by the onset of the summer rains. Recovery may have been compromised by a
longer drought and/or by less precipitation during the summer rainy season.

Field observations of false-ring formation in cottonwood compared with onsite hydrological
data suggest that false rings may in some cases be a reliable indicator of zero-flow
conditions. Given that growth in riparian trees responds primarily to fluctuations in shallow
groundwater, the use of false rings to reconstruct zero-flow events assumes that surface and
ground waters have a strong hydrological connection. Next, the relationship between falsering formation and zero-flow conditions hinges upon the relative elevations of maximum
root depth and the thalweg (lowest point of the channel). When these two elevations are
similar, false-ring formation will more likely represent zero-flow conditions. In the cases
when false rings do not signify zero-flow conditions, they are still a valuable source of
information regarding patterns of water availability for riparian trees and how these patterns
may be changing over space and time.
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2.4.2

Riparian tree growth response to artificial drought

Results of controlled experiments are not directly applicable to field conditions due to the
simplified conditions of controlled experiments. Nevertheless, by creating an artificial
drought, I demonstrated that: 1) reduced water availability is a key factor in false-ring
formation and 2) there appear to be differences in false-ring expression between species for
a similar level of drought stress. Riparian trees exhibit high sensitivity to reductions in water
availability. Decreases in sapflow were observed within 3-4 days of decreases in water
availability. Sustained low water levels and subsequent replenishment of water supplies
resulted in the formation of false rings. This study marks the first time that false rings have
been artificially induced in riparian tree species. Moreover, false-ring intensity, as indicated
by brightness profiles, appears to differ both among species and between treatments.
Willow was most susceptible to false-ring formation. Compared to cottonwood, more
willows formed false rings in the low-stress treatment (decreased water availability for 10
days) and willow false rings in the high-stress treatment (decreased water availability for 19
days) tended to be brighter than cottonwood. The difference in false-ring expression
between cottonwood and willow may be due to willow’s greater drought sensitivity, faster
growth rate, or a combination of both.

2.4.3

Increasing drought severity on the San Pedro River

The use of false rings can be a rich source of information for understanding hydrological
drought at a local level within semiarid riparian landscapes. False-ring chronologies
developed from streamside cottonwood (P. fremontii) along the San Pedro River in
southeastern Arizona reveal that mid-summer drought severity has been gradually increasing
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over the last 40 to 60 years. Superimposed upon this gradual increase is a quasi-periodic
pattern where peak occurrences of drought occur roughly at seven- to ten-year intervals.
Possible sources of hydrological drought are decreases in annual streamflow and increases in
duration of summer low flow, depending on relative amount of available water. For drier
sites, low levels of recharge appear to play an important role in false-ring formation; for
wetter sites, duration of summer low flow shows a strong relationship with false-ring
formation. Possible drivers of hydrological drought include near stream groundwater
pumping and increases in vegetation cover.

The magnitude of drought severity appeared to vary according to position along the
hydrological gradient: wet, intermediate and dry. The site with the greatest increase in falsering occurrence is the intermediate site which is currently intermittent but appears to have
had non-limiting levels of water availability in the near past. Lower increases in false-ring
occurrence were observed in trees located at the dry site. False-ring data from the dry site
suggest that these trees have been exposed to significant summer drought throughout most
of their lives. The contrast in false-ring occurrence between the intermediate and dry sites is
consistent with Shafroth and others (2000) who found that riparian trees establishing under a
groundwater regime characterized by a relatively stable water table will tend to be less
adapted to groundwater-induced drought conditions than those establishing under a
groundwater regime where the water table fluctuated over relatively large ranges in depth
over the course of the growing season.
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APPENDIX A – TREE GROWTH RESPONSE TO ZERO-FLOW EVENTS: CAN
TREE RINGS BE USED TO RECONSTRUCT STREAMFLOW
INTERMITTENCY?
Kiyomi A. Morino, Russell L. Scott, Edward P. Glenn, and David M. Meko.
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A.1 Abstract
Characterizing local streamflow regimes has become an integral part of developing
conservation strategies for riparian landscapes. In semiarid regions, absence of flow
constitutes a critical driver of ecosystem structure and function. Yet, the low density of
streamflow gages combined with the generally high spatial variability of zero-flow conditions
along river courses make it difficult to describe even basic parameters of zero-flow regimes,
such as frequency of occurrence. In this study, we explored the use of tree rings as
indicators of zero-flow events. We hypothesized that a temporary loss of surface flow
during the growing season would result in the formation of a false ring—an intra-annual ring
boundary—in riparian trees. On the San Pedro River in southeastern Arizona, we tracked
radial growth rates in cottonwood, Populus fremontii, and local hydrology over the course of a
growing season using a manual dendrometer. We found that cessation in radial growth
coincided with a period of zero flow. Disappearance of diurnal fluctuations in groundwater
data suggests that roots became stranded above the water table at a depth of about 2.5 m,
after a groundwater decline of approximately 0.5 m. Vertical hydrological connectivity was
restored after a period of about three weeks, coinciding with return of streamflow at the
study site. Core samples revealed false rings were morphologically distinct from true rings.
We hypothesize that leaf shedding may play a significant role in the formation of false rings
for this species. Caveats and optimal conditions for interpreting cottonwood false rings as
indicators of zero-flow events are discussed.

A2. Introduction
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Characterizing streamflow regimes is an integral component to developing restoration and
conservation plans for threatened and endangered river systems throughout the United
States (Stromberg and Patten 1990, Poff and others 1997, Richter and others 1997). Our
ability, however, to accurately represent streamflow variability over time and space is largely
restricted by data availability. In addition to the limited length of many streamflow records,
characterizing streamflow regime is further constrained limited spatial coverage. Streamflow
gages constitute point data and are often sparsely distributed along the river’s length (Poff
and others 2006). These shortcomings are exacerbated for rivers and streams in arid and
semiarid regions, where stream gage density is particularly low and streamflow variability,
both temporal and spatial, is high (Walker and others 1995, Smakhtin 2001).

One uncertainty that arises from too few streamflow gages in semiarid watersheds is the
characterization of zero-flow events. While the identification of potentially intermittent
reaches can be estimated based on geomorphological characteristics (Stanley and others
1997), the temporal patterns of no-flow conditions for a given reach are largely unknown
(Stromberg and others 2007). Absence of surface water constitutes a critical regulatory
process in dryland environments and is considered an integral, and perhaps defining,
characteristic of streamflow regimes in dryland environments (Poff and Ward 1989, Lake
2003, McMahon and Finlayson 2003, Lite and Stromberg 2005, Stromberg and others 2007).
Channel drying tends to exhibit high spatial variability along semiarid river courses, thus dry
conditions can prevail in relatively close proximity to gages recording flowing water. For
example, on the Upper San Pedro River Basin in southeastern Arizona, gage records during
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the dry season show continuous flow while not far downstream, field data reveal stretches of
river channel alternating between wet and dry (Stromberg and others 2006).

At sub-gage spatial scales, one potential source of information on streamflow intermittency
is tree rings. The hydrological connection between surface water and shallow groundwater
makes streamflow a reasonable proxy for water available to floodplain trees. Riparian tree
rings have been analyzed for a variety of hydrological applications, including: ascertaining the
impact of streamflow regulation and dam construction (Reily and Johnson 1982, Dudek and
others 1998); determining instream flow requirements (Stromberg and Patten 1990, 1996);
and evaluating drought stress (Leffler and Evans 1999, Potts and Williams 2004). In one of
the few studies conducted on a reach with intermittent streamflow, Clark (1987) reported no
relationship between streamflow and radial growth. In comparison, Stromberg and Patten
(1996) reported a significant, positive relationship between tree growth and streamflow on
sites with intermittent flow. The range of growth rates reported during zero-flow years was
however too wide to identify zero-flow years based on ring widths alone.

The apparent absence of a relationship between tree-ring width and streamflow
intermittency does not preclude using tree-rings to reconstruct zero-flow events.
Intermittent streams tend to flow on a seasonal basis; although during very dry periods, flow
can be absent the entire year (Gordon and others 2004). When zero-flow conditions occur
within the growing season, tree growth may be interrupted, manifesting in the formation of a
false ring. These intra-annual growth bands are ring boundary-type features formed within
the growing season as a response to stress (Fritts 1976). False rings have long been
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recognized in forestry (Jones 1931) and were carefully described by early
dendrochronologists to ensure accurate dating of wood specimens (Schulman 1939, Glock
and Reed 1940) but have only recently been used as environmental indicators (Wimmer and
others 2000, Masiokas and Villalba 2004). False rings can be formed as a result of air
pollution (Kurczynska and others 1997), insect defoliation (Priya and Bhat 1998, Salleo and
others 2003, Heinrich and Banks 2006), floods (Young and others 1993) and low
temperatures (Kozlov and Kisternaya 2004).

False rings have previously been observed in cottonwood (Stromberg 1998, Leffler and
Evans 1999), but the environmental conditions leading to their formation have not yet been
described. Our main interest is the role of drought, or low water availability, in the
formation of false rings in cottonwood. False rings formed as a result of drought have been
found to be associated with a period of dry conditions within the growing season for both
conifers and broad-leaved trees, (Villalba and Veblen 1996, Wimmer and others 2000,
Cherubini and others 2003, Masiokas and Villalba 2004). Similarly, false rings have been
induced experimentally in both conifers and broad-leaved trees by withholding water
(Larson 1963, Glerum 1970, Barnett 1976, Priya and Bhat 1998).

We have selected the San Pedro River basin, in southeastern Arizona, to conduct our study
as it provides an ideal setting to evaluate the association between streamflow intermittency
and false-ring formation in riparian trees. Early summer is marked by little or no
precipitation and is combined with high temperatures. During this period, streamflow is at a
minimum (Pool and Coes 1999). In early July, the summer rainy season starts, resulting in a
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pulse of moisture that recharges depleted hydrological reserves. Our primary goal in this
study was to relate growth of streamside trees to fluctuations in water availability. We
characterized radial growth patterns of cottonwood (Populus fremontii) and compared these
with fluctuations in groundwater elevations and river stage over the course of a year. We
hypothesized that a zero-flow event, when accompanied by physiologically-significant
declines in the alluvial water table, would lead to the formation of a false ring.

A.3 Methods and Materials
A.3.1 Site Description
The study site was located on the San Pedro River in southeastern Arizona (Figure A1). The
San Pedro River is a low-gradient alluvial river that flows northward from its headwaters in
Mexico to its confluence with the Gila River in Arizona, USA. Our study area was located
within the San Pedro Riparian National Conservation Area (SPRNCA). Established in 1988,
the SPRNCA covers a 50 km stretch of the river that has an intact and high-quality riparian
ecosystem. The largest urban areas in the basin and adjacent to the SPRNCA are the city of
Sierra Vista and the military post of Fort Huachuca. The US portion of the upper basin (i.e.,
the Sierra Vista sub-watershed) is home to approximately 66,000 people. Groundwater is a
primary source of water for the human population in the basin and it is also essential for the
maintenance of the perennial flow and riparian ecosystem within the SPRNCA. Some
groundwater modeling studies show that groundwater pumping has already reduced water
availability in the San Pedro River floodplain (Pool and Dickinson 2007).
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The climate in the upper basin along the river is semiarid with a mean annual total
precipitation of around 350 mm and a mean annual average temperature of 17.5 °C (Figure
A2). Precipitation is typically concentrated in two parts of the year. The summer season,
spanning roughly July to September, is driven by convective storms that generate around
60% of annual total precipitation. The winter season, spanning roughly December through
March, is driven by Pacific frontal systems and accounts for much of the remaining portion
of the annual total. Perhaps the most predictable part of the annual cycle is the dry foresummer or pre-monsoon season from around April to July. May and June are particularly
dry, averaging 5.3 and 12.7 mm, respectively. June is also one of the hottest months of the
year averaging 25.7 °C.

The closest streamflow monitoring station to the site is the USGS Charleston gage, located
approximately 4.5 km upstream of the study site. Baseflow, the majority of which is
discharge of groundwater from the regional aquifer, has tended to ensure perennial flow at
the gage during the late spring and early summer (Pool and Coes 1999). Baseflow, however,
constitutes a small proportion of annual streamflow. The majority of streamflow is derived
from storm runoff, which is much greater and more variable in summer than in winter (Pool
and Coes 1999). Storm runoff also plays an important role in recharging the alluvial aquifer
and significantly buffers baseflow (Baillie and others 2007). Streamflow tends to be lowest
during May and June when riparian evapotranspiration rates are high and precipitation is low
(Figure A2).
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Overstory vegetation on the San Pedro River is dominated by Fremont cottonwood (P.
fremontii) and Goodding’s willow (Salix gooddingii). These gallery forests are discontinuously
distributed along the banks and floodplains of the river. Our study area is located along a
losing reach of an entrenched stretch of the river (Figure A1). On the right bank, where our
study was conducted, there are approximately equal numbers of cottonwoods and willows
but the basal area of cottonwood was approximately double that of willow. Based on a total
census, average diameters of cottonwoods and willows were 31.9±22.7 cm and 22.8±15.5
cm, respectively.

A.3.2 Data Collection
On March 18, 2002 (Day of Year 77), constant-tension manual band dendrometers
(Agricultural Electronics Corporation, Tucson, AZ) were affixed to four cottonwood trees,
ranging in size from 29.2 to 87.2 cm in diameter, located along the bank within 12 m from
the thalweg. After a period of adjustment (approximately 2 weeks), to allow for the tree to
grow into the band, data collection commenced (April 3, 2002, DOY 93). At this point, tree
crowns were fully developed. Tree growth was measured as increases in circumference over
the course of the growing season. Data were collected between 9:00 and 11:00 am every 1-2
weeks. Increments of growth were measured to the nearest 0.5 mm. At the end of the
growing season, each of the four cottonwood trees was cored at a height of about 1.5 m.
Cores samples were mounted on grooved wooden strips, then surfaced using a razor blade.
Tree-ring features for 2002 were evaluated using a dissecting microscope.
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River stage was measured in a persistent pool, and two monitoring wells were used to
characterize seasonal water table dynamics at our site (Figure A1). Stage and water table
elevations were logged every 30 minutes using a water level recorder (miniTROLL, In Situ,
Laramie, WY). Monitoring wells were located on a higher-level terrace, leading to
overestimated groundwater depths with respect to streamside trees, specifically during the
second half of the growing season (Figure A3). We therefore interpolated depth to
groundwater (DGW) between the stage and the closest well to the stage recorder, c2d, to
estimate DGW at the location of the study trees (Figure A1). Estimated DGW was most
accurate for tree CHL06, the banded tree closest to the stage-well transect.

A.3.3. Data Analysis
We plotted dendrometer data as cumulative growth, normalized by total growth of the tree
over the growing season. This enabled direct comparison of intra-seasonal growth rates
between trees despite differences in size. Growth curves were then compared to 30-minute
groundwater data to identify groundwater depth, rate of decline and presence/absence of
diurnal fluctuations for different phases of radial growth.

In addition to longer-term (weekly to monthly) patterns in seasonal DGW, we were able to
obtain a record of diurnal groundwater fluctuations throughout the growing season. Daily
cycles of transpiration induce a daily cycle of groundwater fluctuation at sites where plants
depend on groundwater to maintain internal water balance (White 1932). During the dry
season, transpiration is the primary source of discharge in floodplain environments. Daily
minima (relatively deep groundwater) occur in the later afternoon when transpiration stops;
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daily maxima (relatively shallow groundwater) occur after dawn when transpiration begins.
In this study, we did not use diurnal groundwater fluctuations to estimate specific
transpiration rates; rather, we used these data to indicate relative differences in transpiration
rates over the course of the growing season.

We employed a two-step process to illustrate variability in diurnal signal strength over time.
First, we detrended groundwater data. A trend line was constructed using a low-pass
Gaussian filter. One advantage of using a filter versus simply smoothing the data by other
methods, for example averaging, is that filtering enables complete control over the
frequencies retained in the data. We set our filter window to retain variability generated by
cycles greater than 24 hours. These frequencies were subsequently removed by subtracting
the resultant trend line from the raw data. For the second step, we took the difference
between minima and maxima for each day in the detrended series and divided by two. The
final time series showed daily amplitudes of diurnal groundwater fluctuations. We
subsequently utilized these amplitudes as a proxy for strength of diurnal signal.

A.4 Results
A.4.1 Tree-ring Data
A.4.1.1. Radial Growth Patterns
Dendrometer data indicate that radial growth in cottonwood began in early April and ended
around the end of October. Despite their differences in size, radial growth patterns of the
four instrumented trees varied in a relatively coherent fashion throughout the growing
season. A striking feature of these data is that all trees showed a period of negligible growth
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in the middle of the growing season (Figure A4). According to dendrometer data, the onset
of this hiatus occurs around the beginning of June (DOY157) for two trees and the end of
June for the other two trees (DOY177). This 20-day disparity may be overestimated because
we lack data between these two dates. The end of this hiatus appears to be more
synchronous with increases in relative growth occurring about a week and a half into July
(~DOY190).

A.4.1.2 Identifying False Rings
False rings were observed in core samples from for all four banded trees. False rings were
identified by: 1) a less clear ring boundary, manifesting as a duller and/or less sharp
boundary; 2) a lower number of vessel elements in contact with the boundary feature; and 3)
an apparent lower density of vessel elements following the false ring (Figure A5). The extent
to which these characteristics were expressed varied both within and between trees.

A.4.2 Hydrological Data
A.4.2.1 Stage and Groundwater data
Although stage data are incomplete, they show, in conjunction with groundwater data, some
important features of the local hydrology. First, the relative positions of water elevations for
stage and groundwater data indicate that, during our study, the stream was losing (or
influent) at this reach (Figure A6). On June 18 (DOY 169), surface flow ceased, thus
marking the onset of zero-flow conditions. Following the loss of surface flow, rates of
groundwater decline appear to increase, likely due the absence of recharge supplied by
surface water. The exact date of return of streamflow to our study site is unknown because
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of missing stage data but it was between July 8 (DOY189), when a local rain event (data
collected onsite) dropped 6.86 mm of precipitation, and July 17 (DOY 198), when
groundwater depths began to rapidly increase. On July 9, streamflow at the Charleston gage
increased from 0.03 cms to 0.05 cms (data not shown). The next increase at the Charleston
gage is on July 15 (DOY 196) to 0.07 cms. Then on July 16 and 17, two very large rain
events are recorded locally, dropping 15.24 and 18.03 mm of precipitation, respectively.

After about mid-August, when monsoon intensity subsided and flood frequency decreased,
both stage and groundwater elevations decreased again (Figure A6). Floods in early to midSeptember (~DOY 240-260) led to a corresponding increase in groundwater elevations and
may also have prevented a second zero-flow event late in the season. Beginning about early
October (~DOY 280), both stage and groundwater elevations started to rise again.

Two gaps in the stage data created corresponding gaps in estimated groundwater depths at
tree CHL06. For the first block of missing data, we estimated depth to groundwater using a
linear interpolation between May 6 and June 3 (DOY 127-155). For the second block of
missing data (July 3 to July 16; DOY 185-198), groundwater depth at well c2d appeared to
be a reasonable indicator of groundwater depth at tree CHL06. Similar to groundwater data
at well c2d, stage data indicated accelerated decline once the thalweg elevation was breached
(Figure A6). By comparison to groundwater decline at well c2d, however, water levels in the
persistent pool decreased at a faster rate. This led to similar water table elevations recorded
at both the monitoring well and stage recorder by about June 29 (DOY 180), five days prior
to the second data gap in recorder data (Figure A6). Based on maximum groundwater depth

42

at well c2d, maximum groundwater depth at tree CHL06 was estimated to be 3.30 m but
because CHL06 is located closer to the channel than well c2d, maximum groundwater depth
at CHL06 was likely to be less than 3.30 m.

A.4.2.2 Diurnal Groundwater Fluctuations
Diurnal fluctuations were recorded throughout the year, both in the dormant and growing
season (Figure A7). We computed average fluctuation amplitudes for a 30-day period in the
dormant season (DOY 330 – 360) to establish a baseline fluctuation amplitude against which
we could compare growing season amplitudes. During this period, wells showed an average
amplitude of 1.4 and 0.9 mm for c2d and c3, respectively. Beginning around April 5 (DOY
95), diurnal amplitudes began to increase above their respective baseline levels. Between
November 5 and 9 (DOY 309 and 313), diurnal amplitudes decreased to average dormant
season levels.

A notable feature of these data for all wells is the virtual absence of diurnal groundwater
fluctuations during the middle of the growing season (Figure A7). Diurnal amplitude is so
low it falls below baseline levels during June 23 to July 17 (DOY 174 – 196) for well c2d and
June 20 to July 17 (DOY 171 to 198) for well c3. The period of attenuated diurnal
fluctuation begins after groundwater level has decreased 32 and 42 cm, falling at a rate of
1.44 and 1.58 cm day -1 for wells c2d and c3, respectively. This period of near-zero
amplitudes is preceded by a period of decreasing amplitudes beginning on June 2 and 3
(DOYs 153 and 154), in wells c3 and c2d, respectively (Figure A7), and is followed by a
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series of large and short-lived increases in amplitude reflect flood events that raised stage
elevation by at least 0.5 m (data not shown).

A.5 Discussion
We hypothesized that zero-flow conditions, when they occur within the growing season and
are associated with water table declines, would be associated with false-ring formation in
cottonwood trees. And indeed, in 2002, we observed both zero-flow conditions and falsering formation in each of the sampled trees. Streamflow is however only a proxy of water
available to riparian trees. Groundwater depths are more direct indicators of water
availability, especially during seasonal drought. Moreover, high-resolution groundwater data
that track diurnal fluctuations provide a way to evaluate the effect of decreasing groundwater
on tree physiological function. Understanding the relationship between zero-flow
conditions and false-ring formation is important for evaluating if, where, and when
cottonwood false rings might be used to reconstruct streamflow intermittency.

Combining dendrometer, stage and groundwater depth data, we developed a hydrological
chronology identifying surface and sub-surface conditions potentially related to physiological
stress and false-ring formation (Table A1). We identified three stages of tree response to
fluctuating water availability based on: 1) amplitude variability in diurnal fluctuations, or
relative strength of diurnal signal, in groundwater data (HyG in Table A1); and 2)
dendrometer measurements (D in Table A1). By comparison, groundwater data was a more
precise indicator of tree response to environmental conditions owing to its higher temporal
resolution—thirty-minute intervals—compared to one to three week intervals for radial

44

growth measurements. The first stage, Level I Stress, marks initial physiological adjustments
and preceded the onset of zero-flow conditions. Level II Stress indicates the next phase of
stress and was realized during zero-flow conditions. The last stage, Recovery, appeared to
coincide with channel re-wetting.

Initial responses of trees to environmentally-induced stress were characterized by a decrease
in transpiration rate, and therefore water use, and a cessation of radial expansion. Both
responses are indicative of stomatal adjustments to water deficits (Larcher 2003). When
water availability decreases, stoma remain open for less time. Stomatal closure
simultaneously limits the amount of water lost to the environment, thus conserving plant
water balance, and decreases CO2 assimilation, thus reducing growth potential. In this study,
Level I Stress began prior to zero-flow conditions when water tables are relatively high,
suggesting trees were responding to some other environmental factor. At another reach
with intermittent streamflow on the San Pedro River, Gazal and others (2006) observed an
almost identical pattern of plant water use where transpiration rates began to decrease at the
beginning of June when groundwater levels were relatively shallow, and trees were
presumably not water limited. The authors attributed reduced transpiration rates to high
vapor-pressure deficits (the difference between saturation and atmospheric vapor pressure;
VPD). Similarly, along the Bill Williams River, in southern Arizona, decreases in stomatal
conductance occurred in the absence of drought stress during a period of high VPD
(Horton and others 2001a).
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It does not appear that atmospheric stress alone can induce false-ring formation. Even
though high VPDs are seasonal in southern Arizona, occurring in early summer, no false
ring was observed in any of the core samples from the study trees in 2001, and stage data
indicate that during 2001 no zero-flow conditions occurred. Moreover, trees along reaches
with perennial streamflow do not exhibit the same level of stress, demonstrated by reduced
transpiration rates, as do trees along reaches with intermittent streamflow (Gazal and others
2006).

Stomatal closure in response to high VPD, as opposed to water deficit, was not widely
considered until the 1970s (Jones 1992) and has since been described as an anticipatory
response to water deficits yet to come (Bradford and Hsiao 1982). In semiarid riparian
landscapes, atmospheric stress does indeed give way to drought stress along losing reaches
where channels dry up and water tables continue to fall for as long as dry periods persist
(Dahm and others 2003). The impact of groundwater depth on riparian trees is often
reported as change in relative depth, as vertical root extent of mature trees varies according
to groundwater regimes occurring during early phases in growth (Albertson and Weaver
1945, Shafroth and others 2000). One indicator of drought stress in riparian trees is when
roots become stranded above the water table. This event appears to be manifested in
groundwater data as a loss of diurnal signal (Butler and others 2007). In our study, a
decrease of diurnal fluctuation amplitudes to negligible levels marks the onset of Stress Stage
II and occurred after a drop in groundwater depth of about 0.5 meters (Table A1). Some
studies imply that vertical hydrological disconnection can occur with declines as low at 0.3
m for coarse substrates (Cooper and others 2003). Data from Gazal and others (2006)

46

suggest that a 0.4 m decline in groundwater depth marked the onset of drought stress. In
this study, trees continued to transpire at very low levels up to a groundwater decline of 0.9
m.

When roots become stranded above the water table, depth to groundwater ceases to be
physiologically relevant. Instead, duration that roots are stranded becomes an indicator of
ability to recover. For example, intra-annual groundwater declines of 1 m lasting multiple
growing seasons have been found to result in widespread mortality amongst mature trees,
while shorter exposures to comparable changes in groundwater depth have had varying
results (Table A2). Based on limited data, it appears that mature cottonwood trees can
withstand one-meter declines in groundwater for up to about a month before some trees
begin to die. For rapid declines in groundwater depth, leaves will begin to turn yellow and
senesce after 2-3 weeks, with an average crown reduction of 34% after 3-5 days (Scott and
others 1999, Cooper and others 2003). Timing, rate and extent of senescence may vary
when groundwater decline is more gradual, as well as when drought stress is preceded by
atmospheric stress. At our site, each of the four study trees exhibited a 50-90% crown
reduction after 20 days into Stress Stage II (K.Morino, unpublished notes, 2002).

Recovery from drought is a critical stage in the process of false-ring formation and must
occur within the growing season. Cottonwood recovery has been documented in field
studies for both directly-induced (Amlin and Rood 2003, Cooper and others 2003) and
indirectly-induced (Horton and others 2001b, Gazal and others 2006) drought. Radial
growth appears to resume between July 20 and 27 (DOY 200-207); identification of an exact
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date is precluded by the sampling interval of dendrometer data (Figure A4). Our ability to
precisely identify timing of recovery based on groundwater data is impeded by the
overwhelming signature of flood pulses in diurnal fluctuation data (Figure A7). By July 23
(DOY 203), amplitudes appear somewhat stable and register as greater than average
amplitudes during Stress Stage II. Even without a “flood-pulse” effect, groundwater data
may be conservative estimate of when recovery begins. Cottonwood, in particular those
growing along intermittent reaches, have been found to utilize soil moisture when available
(Snyder and Williams 2000). Thus, local rain events occurring on July 8, 16, and 17 (DOY
189, 197&198) may have initiated the recovery process before groundwater levels began to
increase. Further restricting the use of groundwater data to evaluate recovery is that if trees
were exploiting soil moisture, the transpiration signal in groundwater data would have been
muted (Butler et al. 2007).

Assuming that study trees represented crown conditions for our site, it is understandable
that recovery is initially slow. Dendrometer data indicate about a two-week lag before radial
growth rates compare to pre-monsoon growth rates (Figure A4). Based on diurnal
fluctuation amplitudes, it appears to take about 3-5 weeks before transpiration rates realize
post-drought maximum rates (Figure A7). By comparison, maximum diurnal amplitudes in
the second part of the growing season are less than during the first part of the growing
season. This may be related to the higher humidities, therefore lower atmospheric demand,
associated with the rainy season (Gazal and others 2006) or the availability of soil moisture,
either from rain events or overbank flooding (Butler et al 2007). Alternatively, crown
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recovery may have been incomplete, resulting in lower leaf areas compared to pre-drought
leaf areas.

Intra-seasonal crown reduction and recovery may play an important role in forming the
morphological features that enable identification of false rings. Leaves, especially younger
leaves, are a primary source of auxin, a plant hormone which is thought to be a major
stimulus for cambial development (Aloni 2001, Dengler 2001). A reduction in leaf area may
therefore result in a corresponding reduction in cambial activity, possibly inducing the onset
of ring-boundary formation. If the cambium is reactivated before ring boundary features are
completed, the resultant boundary will appear less distinct than a true boundary. Auxin is
also particularly important for vessel production in trees with diffuse-porous ring structures
(like cottonwood; Aloni 2001). We hypothesize that a lower density of leaves at the onset of
tree recovery will result in a reduced rate of vessel production, and thereby a lower density of
vessels in the vicinity of the false ring compared to the true ring.

A.6 Summary and Conclusions
Our study suggests that the ability of false rings to represent zero-flow conditions depends
on two key factors. The first is the configuration of root depths, thalweg elevation, water
table elevations and horizontal gradients. Zero-flow conditions are more likely to be
associated with false-ring formation when a dry channel signifies or portends a water table
elevation below or at the maximum rooting depth of trees. The second is drought intensity.
False rings represent tree response to a particular intensity of drought stress. In this study,
we have defined drought intensity as being proportional to the amount of time roots are
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stranded above the water table. Extent of crown reduction may be an important indicator
for identifying the minimum duration of vertical hydrological disconnection associated with
false-ring formation. Our study offered no insights regarding the maximum limit but
literature suggests that around two months, the potential for recovery becomes significantly
compromised (see Table A2). One caveat to consider in semiarid regions is that drought
stress can be preceded by atmospheric stress, thus prolonging the duration of stress period
for the plants.

Our study provides intriguing evidence that channel drying may be related to false-ring
formation. Despite limited temporal and spatial scope, our data are consistent with other
studies documenting the general environmental conditions—mid-season growth reduction
due to drought—that have resulted in false-ring formation in other species. This association,
if widely applicable, could be an asset in the characterization of streamflow regimes in arid
and semiarid regions. In any case, false-rings in riparian trees at least provide a spatialtemporal characterization of changes in local hydrological conditions. The importance of
zero-flow events as a major force influencing riparian ecosystem structure and function and
the current lack of instrumentation to adequately characterize the temporal and spatial
variability of these events, underscores the potential of riparian false rings to significantly
contribute to our understanding of ecosystem dynamics and ecosystem response to changes
in the hydrological regime.
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Table A1 A chronology of events related to false-ring formation in cottonwood characterized by depth to
groundwater (DGW).

Event
Growing SeasonBEG
Growing SeasonBEG
STRESS, Stage I
Decrease in DSSbBEG
Onset of Zero Growth
ZERO FLOWBEG
STRESS, Stage II
Negligible DSS
ZERO FLOWEND

Date (Day of Year)
April 3 (93)
April 5 (95)

DGW (m)
1.97
1.98

Data
D
HyG

June 3 (154)
June 6 (157)
169 (June 18)

2.17
2.18
2.28

HyG
D
HyS

June 23 (174)
July 8 – 18 (189 –
198)

2.49
~3.30c

HyG
PPT,
HyG

a

RECOVERY
End of Zero Growth July 20 – 27 (200 2.00-2.02
D
207)
Increase in DSS July 23 (~203)
2.02
HyG
a. Data sources: D = Dendrometer; HyG = Hydrological data: Groundwater; HyS =
Hydrological data: Stage; PPT = Local Precipitation.
b. Diurnal Signal Strength
c. Estimated based on groundwater data (see Results for details).
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Table A2. Studies with data indicating the effect of ~1 m decreases in groundwater levels on survivorship of
mature cottonwood trees.

Study
Scott and others (1999)
Horton and others (2001a; HRP)

duration
~ 2 yearsa
≥2
months
≥ 1 month
~1
monthc
< 1 day

% mortality
94
50b

Horton and others (2001a; BWR)
None
Cooper and others (2003; deep drawdown
None
plots)
Gazal and others (2006)
None
a. Period spans three growing seasons.
b. Fungal infection possibly responsible contributed to mortality.
c. Short-lived increase in groundwater depth mid-month.
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Figure A1 Area and site maps. The San Pedro River is located in southeastern Arizona. It flows northward
into the Gila River. We fitted four cottonwood trees (U) with dendrometer bands. Hydrological data was
collected with groundwater monitoring wells (|) and a (+).
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Figure A2. Hydroclimatology of the study area. Streamflow data are from the Charleston gage (USGS gage
#09471000). Monthly averages and associated standard errors were computed using data from 1913 to 2003.
Temperature and precipitation data are from Tombstone climate station (Western Regional Climate Center
station #028619, elevation 1405 m). For precipitation data, monthly averages and standard errors are shown;
for temperature data, monthly averages, minima and maxima are shown. These summary statistics were
computed using data from 1899 to 2004. Conditions during late spring, when water availability is low and
temperatures are increasing, play an important role in false-ring formation.
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Figure A3. Hypothesized configuration of the monitoring well, tree with dendrometer, and channel at our site.
In early spring, the water table gradient is relatively low and groundwater depth measured at the well is a
reasonable, albeit slightly high, estimation of groundwater depth at the tree (A). As the growing season
progresses, water table levels decline. Following the summer rains, the gradient from the channel to the well is
therefore steeper, increasing the difference in water table depth between the well and the tree (B).
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Figure A5. Cottonwood false-ring morphology. A. False rings (arrow) are generally less clear and/or less
bright. B. True rings generally have a higher density of vessels (black circle) in contact with the boundary
feature compared to false rings. In all pictures, growth is from left to right.
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Figure A7. Amplitude of diurnal fluctuations. Beginning in late June (~DOY 170) until mid July (~DOY
195), diurnal fluctuations are dampened in both well c2d (solid line) and c3 (dashed line). Peak amplitudes
during the last half of the growing season (after ~DOY195) reflect flood flows along this reach and are not
indicators of transpiration activity in the trees.
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A.9 Figure Captions
Figure A1. Area and site maps. The San Pedro River is located in southeastern Arizona. It
flows northward into the Gila River. We fitted four cottonwood trees (U) with
dendrometer bands. Hydrological data was collected with groundwater monitoring wells
(|) and a (+).

Figure A2. Hydroclimatology of the study area. Streamflow data are from the Charleston
gage (USGS gage #09471000). Monthly averages and associated standard errors were
computed using data from 1913 to 2003. Temperature and precipitation data are from
Tombstone climate station (Western Regional Climate Center station #028619, elevation
1405 m). For precipitation data, monthly averages and standard errors are shown; for
temperature data, monthly averages, minima and maxima are shown. These summary
statistics were computed using data from 1899 to 2004. Conditions during late spring, when
water availability is low and temperatures are increasing, play an important role in false-ring
formation.

Figure A3. Hypothesized configuration of the monitoring well, tree with dendrometer, and
channel at our site. In early spring, the water table gradient is relatively low and groundwater
depth measured at the well is a reasonable, albeit slightly high, estimation of groundwater
depth at the tree (A). As the growing season progresses, water table levels decline.
Following the summer rains, the gradient from the channel to the well is therefore steeper,
increasing the difference in water table depth between the well and the tree (B).
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Figure A4. Relative growth of four instrumented cottonwood throughout the growing
season. A period of negligible growth occurred around the middle of the growing season.
Data indicate that the onset of this hiatus varied among trees (B1 and B2) but the end (E) was
relatively synchronous.

Figure A5. Cottonwood false-ring morphology. A. False rings (arrow) are generally less
clear and/or less bright. B. True rings generally have a higher density of vessels (black circle)
in contact with the boundary feature compared to false rings. In all pictures, growth is from
left to right.

Figure A6. Hydrological data for 2002. The relationship between river stage (blue line) and
water table elevation (black line) suggests a strong hydrological connection between ground
and surface water at this site. In late June (~DOY 170), river stage falls below thalweg
elevation (dashed line), indicating no streamflow along this reach. Stage elevation below the
thalweg reflects water elevation in a persistent pool. In late-July (~DOY 200), the onset of
the summer rainy season restores onsite streamflow and groundwater levels.

Figure A7. Amplitude of diurnal fluctuations. Beginning in late June (~DOY 170) until mid
July (~DOY 195), diurnal fluctuations are dampened in both well c2d (solid line) and c3
(dashed line). Peak amplitudes during the last half of the growing season (after ~DOY195)
reflect flood flows along this reach and are not indicators of transpiration activity in the
trees.
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APPENDIX B: FALSE-RING RESPONSE IN COTTONWOOD AND WILLOW
TO ARTIFICIAL DROUGHT
Kiyomi A. Morino and Edward P. Glenn
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B.1 Abstract
This study takes an experimental approach to investigating false rings in cottonwood and
willow. False rings are ring boundary-type features and occur when dry conditions are
bracketed by periods of adequate water availability within the growing season. They can be a
rich source of information about the frequency and intensity of summer drought, enabling
us to evaluate the spatial variability of drought regimes on semiarid rivers. Currently, there is
not much known about false-ring formation in riparian trees. Here, we imposed two
intensities of artificial drought on two species of cottonwood, Populus deltoides and P. fremontii,
and one species of willow, Salix gooddingii. In the low-stress treatment water was reduced by
66% for 10 days; in the high-stress treatment, water was reduced by 66% for 19 days. We
measured both sapflow and soil moisture during the experiment. Sapflow responded very
quickly to decreases in water availability with near minimum sapflow rates expressed within
two to three days of water reductions. Branch death amongst some sensored branches in
the high-stress treatment precluded our ability to compare levels of recovery between
treatments using sapflow data. Tree-ring data, however, suggest no effect of treatment on
recovery for either willow or cottonwood. False rings were induced in each of the three
species. They were formed in all trees in the high-stress treatment but willow trees showed a
greater propensity for false ring formation in the low-stress treatment. Brightness profiles of
false-ring images indicate that more distinctive false rings were formed in willow. A higher
sensitivity to drought and/or a faster growth rate may explain the propensity of willow to
form false rings compared to cottonwood.

B.2 Introduction

70

Reduced water availability causes stress in plants. The amount of water reduction that
induces a stress response, as well as the types, progression and extent of resultant
physiological changes depend on the organism and on the intensity and duration of low
water availability. Cottonwood (Populus spp.) and willow (Salix spp.) are dominant species in
riparian ecosystems throughout the western United States and are currently experiencing
increased levels of drought stress due to the combination of climate change and competition
with cities, agriculture and industry for limited water supplies. Along some water courses,
reduced water availability has introduced or prolonged periods of no flow during the
summer months. Whereas many studies have examined the impact of drought on
cottonwood and willow, both in the field (Smith and others 1998, Willms and others 1998,
Scott and others 1999, Horton and others 2001a) and in greenhouse experiments
(Vandersande and others 2001, Wikbergi and Ogreni 2007), fewer have considered recovery
in riparian tree species affected by intense, intra-seasonal drought (but see Cooper and
others 2003, Marron and others 2003).

Among the initial plant responses to drought stress are biochemical adjustments (Larcher
2003). At some point, however, expansive growth (irreversible cell enlargement) is reduced
(Bradford and Hsiao 1982). Trees exposed to conditions of prolonged drought stress will
begin to exhibit reduced radial growth. If drought stress is relieved in a timely fashion, radial
growth rates may recover. Under certain conditions, this sequence of events—wet, dry,
wet—can be recorded in a tree ring as a false ring. These intra-annual ring boundaries can
be a rich source of information for describing spatial and temporal characteristics of certain
types of drought. False rings, however, have thus far been an underutilized source of
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environmental information (Wimmer and others 2000, Masiokas and Villalba 2004). The
presence of false rings in cottonwood has been previously mentioned (Stromberg 1998,
Leffler and Evans 1999) but only recently have they been specifically described. Using
dendrometer data and high-resolution hydrological data, Morino and others (In review),
found false rings to form in cottonwood (P. fremontii) when trees lost contact with
groundwater for a period of about three weeks during the late spring/early summer drought.

Here, we build upon our limited understanding of drought response and recovery in riparian
trees by interrupting non-limiting water conditions with an artificial drought to induce false
rings in cottonwood and willow. A corollary but critical component of this study will be to
numerically characterize the occurrence of a false ring. In conifers, the presence of a false
ring has been digitally recorded using densitometry (Rozenberg and others 2002, Bouriaud
and others 2005). We are not aware of any similar attempts made thus far to quantify false
rings in angiosperms; yet, this can be a useful piece of information for contextualizing
drought intensity in broad-leaved species. Our primary objectives in this study are to: 1)
identify the impact of drought on false-ring formation in cottonwood and willow; 2) evaluate
plant recovery following drought; and 3) develop a method for numerically describing false
rings.

B.3 Methods and Materials
B.3.1 Plant Materials
In spring 2003, 1-2 year-old willow (S. gooddingii) and cottonwood (P. fremontii and P. deltoides)
seedlings were purchased from local nurseries and grown for two seasons in a greenhouse at

72

The University of Arizona’s Environmental Research Laboratory (ERL), located at the
Tucson International Airport. In 2005, twenty saplings, 10 willow and 10 cottonwood, were
transplanted to an outdoor plot on the ERL premises (Figure B1). A drip emitter irrigation
system was constructed to supply each tree with water at a rate of 2 gal/hour. Water was
supplied for 3 hours each day, yielding a total of 18 gal/day/tree. In 2006, when our
experiment was conducted, cottonwood had reached heights between approximately 4.5 and
6 m; and willows had grown to heights between approximately 3 and 5 m.

B.3.2 Soil Moisture
Soil moisture was measured using a neutron probe. A single probe port, approximately 2 m
(six feet) deep, was excavated near the base of each tree. The neutron probe utilizes
radioactivity to measure soil moisture. Fast neutrons are emitted from the probe as a result
of alpha decay. When fast neutrons collide with the hydrogen nuclei of a water molecule,
their speed is greatly reduced. The neutron probe then counts the number of slow neutrons
within a sampling sphere; this number effectively represents the number of water molecules
within that sphere. To determine actual soil moisture for a site, the probe is calibrated by
obtaining counts for soil samples with known amounts of moisture.

B.3.3 Sapflow
We measured sapflow rates to evaluate tree response to changes in water availability. Two
heat balance sapflow sensors were installed on separate branches on each tree. In the heat
balance approach to measure sapflow (Sakuratani 1981, Baker and van Bavel 1987), a
constant (and known) amount of heat is applied to a small diameter branch. Heat dissipates

73

either by convection or conduction. Convective losses involve the vertical transfer heat to
the surrounding air, as well as heat transported by the sap; conductive losses involve lateral
transfers of heat via the woody material of the branch. Using sapflow sensors designed
following Kjelgaard and others (1997), we were able to directly measure vertical heat transfer
(branch to air) and conductive losses via the wood. Convective losses of heat to sapflow
(Qf) were then computed as follows:
QH – (Qrad + Qup +Qdn) = Qf

(1)

where QH is a known amount of heat applied to the branch; Qrad is heat lost to the
surrounding air; and, Qup and Qdn are measurements of heat lost to the wood by conduction
above and below the heated branch segment. Outputs from the gauges were recorded
continuously by an automatic data logger.

The heat balance component of sapflow (Qf) is converted to mass flow (S) as follows:
S = 3600Qf /4.19δTup-dn

(2)

where S is in g/hr; 4.19 is the specific heat of liquid water; 3600 is the number of seconds in
an hour; and δTup-dn is the difference in temperature of the wood above and below the
heated segment. We standardized S using the cross-sectional area of the branch. Sap
velocity is therefore a measure of mass sapflow per conducting area (Schaeffer and others
2000).

B.3.4 Stress Treatments
Trees were randomly selected to belong to either the Control, Low-Stress or High-Stress
Groups (Figure B1). Each tree was supplied water by three 2 gal/hr emitters operating for
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three hours each day. Water supply was reduced by plugging two of three emitters for a
specified number of days, depending on treatment. In the Control Group, no emitters were
plugged. Control trees received 18 gal/day. In the low-stress treatment, trees received 6
gal/day for 10 days; whereas, in the high-stress treatment, trees received 6 gal/day for 19
days. At the end of each respective stress period, water supply for each stress group was
increased to pre-treatment levels of 18 gal/day.

B.3.5 Tree core samples and wood analysis
At the end of the 2006 growing season, each tree was cored twice on opposite sides of the
bole, at a height of approximately 30 cm. After cores had dried, they were glued to a
wooden mount and surfaced using only a razor blade. When compared to a surface
prepared with sandpaper, we observed that smaller anatomical features were clearer on the
cut surface.

The 2006 growth increment was measured on all cores. When a false ring was present,
annual growth was measured in two increments: from the 2005/2006 ring boundary to the
false ring and from the false ring to the 2006/2007 ring boundary. For rings without false
rings, estimates of growth prior to and following experimental treatments were made by
dividing total ring width measurements in two, reflecting the mid-growing season timing of
the experiment. Full and partial ring width measurements were averaged for each core for
each tree.
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The 2006 growth layer was captured digitally using a SPOT microscope digital camera (Color
Model 3.2.0, Diagnostic Instruments, Inc., Sterling Heights, MI) mounted on a Nikon
microscope (model SMZ-2T, Nikon Instruments, Inc., Melville, NY). Only one core per
tree was imaged because it was not uncommon for one of the two cores to have a crack
and/or other blemishes that would diminish our ability to quantify false ring presence. The
core was aligned so that ring boundaries and false rings were as close to vertical as possible.
In a few cases, a vertical orientation was not possible due to the curvature in the ring.
Digital images were then analyzed using MATLAB (Version 7.3.0, The Mathworks, Inc.,
Natick, MA).

B.3.6 Analysis
As all saplings were within 1-3 years in age of each other, no ring-width standardization was
conducted. Two–way ANOVAs, with species and treatment as factors, were conducted
separately on raw ring widths and false-ring location, measured as the percentage of annual
growth occurring up to the formation of the false ring.

To analyze false-ring images, images were first cropped to remove extraneous features, i.e.,
the core mount. In the resultant image, a brightness profile was computed by averaging the
values of cells in each column of the image. Lighter portions of the ring were digitally
represented by cells with higher grayscale values while darker portions were represented cells
with lower grayscale values. Figure B2 shows a 2006 growth ring with a false ring. All ring
boundary-type features are distinguished by a lighter color and therefore higher average
brightness values. The verticality of the boundary-type features in this particular sample is
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optimal, rendering boundary-type features as distinctive peaks in the brightness profile.
When ring boundaries are curved, brightness peaks became flatter. For very non-vertical
boundary-type features, average brightness values can not be used to identify false rings.

Due to uneven lighting, and occasional stains on the wood, the brightness profile exhibited
trend and fluctuations not related to ring anatomical features (Figure B2). To detrend these
data we first generated a trend line by employing a Gaussian low-pass filter (filter width =
100) to the brightness profile. Brightness indices were then computed by subtracting the
value of the trend line from the average brightness values. As illustrated by Figure B2,
positive departures from zero occur along lighter layers of growth, including the false ring,
and negative departures occur where larger vessels have been formed. For subsequent
analyses, image profiles were truncated to highlight variation in brightness levels within the
2006 growing season. These data were summarized for each tree using boxplots to reflect
the distribution of brightness index values.

B.4 Results
B.4.1 Soil Moisture Profiles
Soil moisture readings were lowest at one foot for all probe ports (Figure B3). Neutron
probes are known to yield unreliable estimates of soil moisture near the ground surface
(Robinson and Dean 1993). We suspect that such low estimates are likely due to the
occurrence of aboveground volume (i.e., air) within the neutron probe sampling sphere.
Minimum soil moisture above four feet tended to be highest for the Control Group but
comparable for the Low- and High-Stress Groups (Figure B4). In contrast to the Low-

77

Stress Group, however, low levels of soil moisture in the High-Stress Group are maintained
for approximately twice as long.

The effect of low- and high-stress treatments was reflected in soil moisture profiles. For
trees in the low-stress treatment (10 days of reduced water availability), the moisture profile
dried over the first week then returned to its original moisture levels by Day 13. For trees in
the high-stress treatment, the moisture profile dries over the duration of the treatment
(approximately 3 weeks).

In the High-Stress Group, the largest decreases in soil moisture occur at depths of one, two
and three feet, suggesting that highest root densities occur at depths above three feet. In
contrast to trees in the Control and Low-Stress Group, soil moisture content for trees in the
high-stress treatment do not fluctuate much at depths of four, five and six feet. We interpret
this pattern as trees intercepting all available soil moisture before it percolates to these
depths.

B.4.2 Sapflow
Amongst Control Group trees, sap velocities in S. gooddingii and P. fremontii were similar,
fluctuating around a mean level of about 1000 mm/day (Figure B5). Data show sap velocity
in P. deltoides was consistently higher over the course of the experiment, fluctuating around a
mean of about 1750 mm/day. In both stress groups the impact of reduced water availability
was immediate and within 3-4 days, sap velocity dropped to very low levels for all three
species (Figure B5). When previous water levels were restored, however, the Low-Stress
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Group exhibited a more immediate recovery than the High-Stress Group: one versus two
days. In addition, for P. fremontii, sapflow data suggest that recovery levels in the Low-Stress
Group resulted in sap velocities that exceeded the Control Group for the same period of
time (Figure B5).

In the high-stress treatment, sap velocities were comparable to the Low-Stress Group for the
first ten days but slowly decreased to a new minimum during the second phase of drought
(Figure B5). There was also less variability amongst trees during this period. Recovery
appeared to be lowest for S. gooddingii and P. deltoides trees exposed to the high-stress
treatment (Figure B5). These low and decreasing sap velocities following the high-stress
treatment indicate the eventual death of some of the sensored branches in these two species.

B.4.3 Annual Growth and False Rings in 2006
The average annual growth increment in 2006 was found to be significantly different
amongst species but not for the different treatments (Two-Way ANOVA, Prob>F =
0.0165). S. gooddingii had the lowest average growth (5.5 mm); P. fremontii had the highest
average growth (9.0 mm). The difference in ring width appears to be based on significant
differences in growth before formation of the false ring (Two-Way ANOVA, Prob>F =
0.0038). Differences in post-false-ring growth were not significantly affected by species,
treatment or an interaction between species and treatment. The location of the false ring
within the tree ring was also not affected by species, treatment or an interaction between
species and treatment. On average, the false ring was formed after about half of the annual
radial growth had occurred (52%; range: 28-78%).
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With the exception of tree B3, both cores from all trees in the High-Stress Group expressed
a false ring for year 2006. In tree B3, a false ring was observed only in one core. Two other
trees also showed a false ring in only one of two cores: trees A5 (PODE; Low-Stress Group)
and D4 (SAGO; Control Group). Among trees in the Low-Stress Group, cottonwood
tended not to form false rings while the opposite was true for willow. False rings were even
observed in two willow trees (C4 and D4) in the Control Group.

A closer look at sap velocity data from the two control trees forming false rings shows
decreases in sapflow that may be related to false-ring formation in one of the two cases. Sap
velocity data from C4 show a decrease in sap flow beginning ca. Day 7 and continuing up to
the end of the data collection period (Figure B6). Minimum sap velocity rates for C4 are
comparable to those observed for willow in the low- and high-stress treatments (Figure B5).
We interpret the fact that a false ring was formed to signify that sap flow recovered but after
the period of data collection. For tree D4, sap velocity data does not indicate any period
potentially conducive to false-ring formation.

Soil moisture profile data supports the pattern observed in the sap velocity data for C4 and
D4. Initially, the soil moisture profile of tree C4 at depths of 3 to 5 feet is close to that of
the high-stress trees (Figure B7). By Day 19 (end of the drought treatment for the HighStress Group), moisture availability is greater than average moisture availability in the
Control Group for all depth except four feet. At four feet, soil moisture content at C4 is less
than average soil moisture in the High-Stress Group. These data suggest that soil moisture
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content at a depth of four feet plays an important role in sap flow rates for C4. For tree D4,
soil moisture is comparable to, if not greater than, average levels for the Control Group
throughout the profile over the period of data collection.

B.4.4 Digital Analysis of False Rings
Digital analysis of false rings provided the best identification of false rings in cores taken
from trees in the High-Stress Group. Boxplots for all cores taken from trees in the HighStress Group, except one, show positive outliers with brightness index values greater than 5
(Figure B6). The false ring observed on core PF-b3 was not represented by strong positive
outliers because of a high degree of curvature, which flattened the peak in brightness index
values. This same effect was also observed for tree SG-d4. Data suggest a difference in
false-ring expression between cottonwood and willow for trees in the high-stress treatment.
Compared to cottonwood, willow had a greater number of positive outliers (Figure B6),
indicating that false rings in willow tend to be brighter. Less distinctive false rings, such as
those observed in the Low-Stress Group (trees PD-a5, SG-a1 and SG-b2) tended to have
positive outliers but values were less than 5 (Figure B6). The mere presence of positive
outliers, however, was not enough to identify the presence of a false ring. In the Control
Group, cores PF-d1 and PF-d3 both had positive outliers but no false rings were observed
(Figure B6).

B.5 Discussion
We found that artificially imposed drought resulted in false-ring formation in cottonwood
and willow. False rings have previously been induced in conifer species. For example,
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Barnett (1976) identified false rings in two- to five-year old radiata pine (Pinus radiata)
seedlings after subjecting them to four to five months of reduced water availability. And,
Larson (1963) observed false rings in five-year old red pine (P. resinosa) after two weeks of
minimal watering. For angiosperms, Priya and Bhat (1998) were able to induce false-ring
formation in one-year old teak (Tectona grandis) seedlings after withholding water for a period
of 30 days. They cite a Russian study stating false rings tend to be more consistently formed
following a period of at least 3 weeks of abbreviated radial growth. In an observational field
study, cottonwood (P. fremontii) trees growing along the San Pedro River in southeastern
Arizona were found to form false rings after a 20-day hiatus in radial growth (Morino and
others In review). In this study, radial growth was not measured but false rings found in
trees belonging to the High-Stress Group, where water availability was reduced for a period
of 19 days, tended to be more widespread than in trees in the Low-Stress Group, where
water was withheld for only 10 days. Moreover, false rings in trees belonging to the HighStress Group tended to be more distinctive, i.e., brighter.

B.5.1 Differences between willow and cottonwood
Drought severity, or the impact of water deficit on a plant, is species specific. For a given
intensity, or magnitude, of drought, two species may have different responses. Glerum
(1970) exposed red pine and white spruce (Picea glauca) seedlings to different soil moisture
tensions for the same amount of time and found false rings to be formed in white spruce but
not red pine and only in the treatment with the highest soil moisture tension. In this study,
drought intensity was varied by duration, not depth, of water deficit but results suggest that
drought severity was greater for willow compared to cottonwood. Willow appeared to be
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more likely to form a false ring at both levels of drought stress. Additionally, willow
generally tended to have more distinct false rings than either cottonwood species at each
level of drought stress. Even two willow trees belonging to the Control Group formed false
rings. One way to evaluate drought susceptibility is to determine how vulnerable plant
xylem is to cavitation, the filling of plant cells (conducting elements) with air due to
excessive negative pressures (Tyree and others 1994, Pockman and Sperry 2000). A
comparison on P. fremontii and S. gooddingii showed no apparent differences in xylem
vulnerability (Pockman and Sperry 2000). In fact, there appear to be bigger differences in
xylem vulnerability among clones of Salix and among clones of Populus than between the two
genera (Cochard and others 2007). Nevertheless, field studies suggest that S. gooddingii is
more sensitive to drought stress than P. fremontii (Busch and Smith 1995, Horton and others
2001a, b).

Independent of xylem vulnerability, differences in growth rate may explain differences in
false-ring formation, and inferred susceptibility to drought, for cottonwood and willow.
Greenhouse studies (Nagler and others 2003) indicate that S. gooddingii grows faster than P.
fremontii. Faster growing trees tend to be more sensitive to fluctuations in water availability
(Priya and Bhat 1998, McLaughlin and others 2003, van der Werf and others 2007). The
formation of false rings in faster-growing trees has been previously recognized in Austrian
pine (P. nigra) but in the context of younger versus older trees where trees in the juvenile
growth phase had a greater propensity for false-ring formation than older trees (Wimmer
and others 2000). The apparently stronger false-ring response in willow may thus be the
result of its faster growth rate compared to cottonwood.
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B.5.2 Recovery following short-term drought
False-ring formation is ultimately a two-step process, consisting of response to and recovery
from an intra-annual drought. Barnett (1976) hypothesized that in false-ring formation, a
more severe drought, within certain limits, leads to a more robust recovery. In this study, we
evaluated recovery by sap velocity rates following artificial drought and radial growth
following the false ring. Neither support Barnett’s prediction. In both willow and
cottonwood, sapflow data suggest a more robust recovery in the low-stress treatment
compared to the high-stress treatment (Figure B5).

The apparently poor recovery in willow following the high-stress treatment is due to
individual branch death and does not reflect the vigor of the tree as a whole. Several of the
willow branches equipped with sapflow sensors died following the high-stress treatment.
We suspect that the heat from the sapflow sensor damaged the cambium by overheating
during periods of low sapflow caused by the artificial drought. In partial ring-width data, the
amount of radial growth following the false ring was not significantly different between
treatments.

B.5.3 Quantifying false rings
Simply identifying the presence of a false ring can provide valuable information about the
occurrence of seasonal environmental stressors (Wimmer and others 2000, Masiokas and
Villalba 2004); quantifying false-ring expression may provide additional information
regarding the severity of seasonal drought for a particular species. Currently, there are a
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variety of techniques used to measure intra-annual variability of cell structure in tree rings,
including x-ray densitometry (Parker 1976, Cown and Parker 1978, Bouriaud and others
2005), near infrared spectroscopy (Evans and others 1995, Wimmer and others 2002,
Schimleck and others 2006), image analysis (Sass and Eckstein 1995, St George and Nielsen
2003, Schume and others 2004), and reflectance (Sheppard and others 1996, McCarroll and
others 2002, Campbell and others 2007). Here, we used reflectance and averaging to create
brightness profiles. Our results highlighted some differences between false-ring formation
in willow and cottonwood, as well as differences between treatments. Based on higher levels
of brightness, false rings were more pronounced amongst willows and amongst trees in the
High-Stress Group. We believe that this technique shows great promise for evaluating
differences in false-ring and inferred drought intensity. It is relatively quick and does not
require elaborate sample preparation or a sophisticated lighting apparatus. More research is
needed to evaluate whether brightness index thresholds apply across sites and species or
represent site- and species-specific conditions.

B.5.4 Application to Field Conditions
A major difference between this experimental study and field conditions is that here we
manipulated soil moisture levels to induce drought in cottonwood and willow, whereas
under field conditions, depth to groundwater plays an important role in water availability.
Indeed, field studies have shown that among particular species and under certain conditions,
riparian trees do not use soil moisture even when available (Snyder and Williams 2000, Cox
and others 2005). Nevertheless, tree physiological response to water deficits is often
assumed to be similar despite differing sources of reduced water availability (Larcher 2003).
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A general shortcoming of controlled experiments is that the effects of only a limited number
of factors are considered. While it is incontrovertible that water availability is a key factor
influencing radial growth in cottonwood and willow, drought response may be mitigated by a
number of factors not considered in this study. For example, when these species co-occur in
more natural settings, willow, being a tree of lower stature, is often at least partially shaded
by cottonwood and therefore not exposed to the same evaporative demands. Thus, for the
same level of sub-surface water availability, drought intensity may be less for willow
compared with cottonwood. Nutrient availability is another factor we did not address. In
semiarid riparian systems, summer storms often equate to nutrient pulses (Welter and others
2005, Meixner and others 2007). Increases in nutrient availability can potentially enhance
plant recovery compared to increased levels of water availability alone (Samuelson and
others 2007). And last but not least, riparian plants are increasingly becoming exposed to
not only decreases in water availability but also increases in salinity (Busch and Smith 1995,
Pataki and others 2005), which may exacerbate plant stress response compared to decreased
levels of water availability alone.

B.6 Summary and Conclusions
A formidable strength of controlled experiments is that the effects of a specific factors can
be targeted. Whereas the results from this experiment may not be directly applicable to field
conditions, they have demonstrated a number of important points regarding the impact of
water deficits on radial growth of riparian trees. First, false rings can be induced in
cottonwood and willow by decreases in water availability for extended periods of time.
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Whereas false rings have been observed in cottonwood (Stromberg 1998, Leffler and Evans
1999, Morino and others In review), to the best of our knowledge there is no report of them
in willow in the scientific literature. This is also the first time false rings have been
experimentally induced in either species. Second, it appears that willow is more susceptible
to false-ring formation at a given level of drought stress than cottonwood. This observation
is consistent with field studies characterizing drought vulnerability amongst riparian species
(Busch and Smith 1995, Horton and others 2001a, b). Another factor potentially
contributing to enhanced false-ring formation in willow is its elevated growth rate compared
to cottonwood. In general, faster growing plants tend to be more sensitive to fluctuations in
water availability (Priya and Bhat 1998, McLaughlin and others 2003, van der Werf and
others 2007); in particular, faster growing trees tend to be more likely to form false rings in
response to seasonal drought (Wimmer and others 2000). And lastly, false rings can be
detected in trees having diffuse-porous ring structure using image analysis techniques. We
employed a relatively simple and quick method of capturing variability in brightness over the
ring profile and were able characterize differences in false-ring intensity between low- and
high-stress treatments, as well as between willow and cottonwood.
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Figure B1. Configuration of cottonwood-willow experimental grove. Each corner is a 2x2 matrix of either
willow or cottonwood. The center column (3) has alternating cottonwood and willow. PODE is P. deltoides;
POFR is P. fremontii; and SAGO is S. gooddingii. The bases of each tree were separated by 4 m. Trees in the
Control Group are designated by a white cell; trees in the High-Stress Group are designated by a light-gray cell;
and trees in the Low-Stress Group are designated by a dark-gray cell.
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Figure B2. Identifying false rings with image analysis. Brightness profiles were constructed by averaging
grayscale values in each column of the image. Same false ring is shown in both top and bottom images.
Growth is from left to right (white arrow). False ring (orange arrow) is marked by a peak in brightness values.
Detrending (black line) emphasizes positive values associated with the false ring.
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Figure B3. Soil moisture profiles for each of the three treatments over the course of the experiment (from left
to right): Control, Low Stress, High Stress. Profiles are averages over all group members (all three species) for
each treatment. Water availability decreases down the soil profile to 4-5 ft in both low- and high-stress
treatments.

96

Figure B4. Minimum average soil moisture recorded at each depth for each treatment. Apart from soil
moisture at a depth of one foot, minimum average soil moisture does not decrease below 0.3 cm3 water/ cm3
soil. Soil moisture at one foot is likely underestimated due to its proximity to the surface.
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Figure B5. Sap velocity for each species by treatment: upper plot is the Control Group; middle plot is the
Low-Stress Group; and, lower plot is the High-Stress Group. Error bars show one standard error above and
below the mean. Water availability is initially reduced on July 2, 2006 (Day 0). On the 10th day, water is
restored to trees in the Low-Stress Group; on the 19th day, water is restored to the trees in the High-Stress
Group. Trees in both Low-Stress Group and High-Stress Group show decreased sapflow during the period
when water availability was reduced.

98

COTTONWOOD

WILLOW

H
I
G
H

L
O
W

C
T
R
L

Figure B6. Boxplots of brightness indices for one core/tree in each treatment. In these plots, whiskers are
defined by a distance that is 2.0 times the inter-quartile range. Top row shows trees in the High Stress Group;
middle row shows trees in the Low-Stress Group; and. bottom row shows trees in the Control Group. Left
column is cottonwood; right column is willow. Cores with false rings are denoted by red boxplots; cores
without false rings are denoted by black boxplots. False rings tend to be characterized with boxplots having
positive outliers greater than five.
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Figure B7. Soil moisture profiles of trees C4 and D4 compared to average soil moisture profiles for the High
Stress Group and the Control Group. Average soil moisture in the Control Group was computed without
trees, C4 and D4. Tree C4 shows particularly low levels of soil moisture at four feet. Tree C3 shows a
moisture profile that is rarely drier, and often wetter, than the average of other control trees.
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Figure B8. Average daily sap velocity for Control Group outliers, C4 (circles) and D4 (triangles). C4 shows a
significant decrease in sap velocity beginning around Day 7 of the experiment and continuing past the end of
the recording period. D4 does not show any apparent decrease in sap velocity.
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B.9 Figure Captions
Figure B1. Configuration of cottonwood-willow experimental grove. Each corner is a 2x2
matrix of either willow or cottonwood. The center column (3) has alternating cottonwood
and willow. PODE is P. deltoides; POFR is P. fremontii; and SAGO is S. gooddingii. The bases
of each tree were separated by 4 m. Trees in the Control Group are designated by a white
cell; trees in the High-Stress Group are designated by a gray cell; and trees in the Low-Stress
Group are designated by a hatched cell.

Figure B2. Identifying false rings with image analysis. Brightness profiles were constructed
by averaging grayscale values in each column of the image. Same false ring is shown in both
top and bottom images. Growth is from left to right (white arrow). False ring (orange
arrow) is marked by a peak in brightness values. Detrending (black line) emphasizes positive
values associated with the false ring.

Figure B3. Soil moisture profiles for each of the three treatments over the course of the
experiment (from left to right): Control, Low Stress, High Stress. Profiles are averages over
all group members (all three species) for each treatment. Water availability decreases down
the soil profile to 4-5 ft in both low- and high-stress treatments.

Figure B4. Minimum average soil moisture recorded at each depth for each treatment. Apart
from soil moisture at a depth of one foot, minimum average soil moisture does not decrease
below 0.3 cm3 water/ cm3 soil. Soil moisture at one foot is likely underestimated due to its
proximity to the surface.
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Figure B5. Sap velocity for each species by treatment: upper plot is the Control Group;
middle plot is the Low-Stress Group; and, lower plot is the High-Stress Group. Error bars
show one standard error above and below the mean. Water availability is initially reduced on
July 2, 2006 (Day 0). On the 10th day, water is restored to trees in the Low-Stress Group; on
the 19th day, water is restored to the trees in the High-Stress Group. Trees in both LowStress Group and High-Stress Group show decreased sapflow during the period when water
availability was reduced.

Figure B6. Boxplots of brightness indices for one core/tree in each treatment. In these
plots, whiskers are defined by a distance that is 2.0 times the inter-quartile range. Top row
shows trees in the High Stress Group; middle row shows trees in the Low-Stress Group;
and. bottom row shows trees in the Control Group. Left column is cottonwood; right
column is willow. Cores with false rings are denoted by red boxplots; cores without false
rings are denoted by black boxplots. False rings tend to be characterized with boxplots
having positive outliers greater than five.

Figure B7. Soil moisture profiles of trees C4 and D4 compared to average soil moisture
profiles for the High Stress Group and the Control Group. Average soil moisture in the
Control Group was computed without trees, C4 and D4. Tree C4 shows particularly low
levels of soil moisture at four feet. Tree C3 shows a moisture profile that is rarely drier, and
often wetter, than the average of other control trees.
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Figure B8. Average daily sap velocity for Control Group outliers, C4 (circles) and D4
(triangles). C4 shows a significant decrease in sap velocity beginning around Day 7 of the
experiment and continuing past the end of the recording period. D4 does not show any
apparent decrease in sap velocity.
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APPENDIX C: FALSE RINGS IN COTTONWOOD (POPULUS FREMONTII):
TREE-RING EVIDENCE FOR AN INTENSIFICATION OF DROUGHT IN A
SEMIARID RIVER ECOSYSTEM
Kiyomi A. Morino, David M. Meko, and Katie K. Hirschboeck
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C1. Abstract
Drought has always been an integral component of riparian ecosystem function in semiarid
regions. Drought regimes, however, are shifting towards even drier conditions due to
climate change and increases in human water demand. It can be difficult to evaluate the
extent and impact of drier conditions on semiarid riparian ecosystems due to the paucity of
instrumental data. Here, we employ tree-rings to identify temporal shifts in drought across a
riparian landscape. Specifically, we use false-rings to characterize changes in the frequency
and intensity of seasonal drought along an approximately 10 km stretch of the San Pedro
River in southeastern Arizona. Based on the analysis of three sites positioned along a
hydrological gradient, we identified an apparent shift to drier conditions ca. 1980.
Hydrological drivers of false-ring formation appeared to vary with position along a
hydrological gradient based on streamflow permanence. No model was fit to false-ring data
from our wettest site, where streamflow was perennial. The other two sites were located
along reaches with intermittent streamflow. In the drier intermittent site, false-ring
formation appeared to be mediated by variability in recharge; whereas, in the wetter
intermittent site, false-ring formation appeared to be mediated by variability in drought
length. Sources of drought are likely related to near-stream pumping for agricultural
purposes, as well as increases in vegetation cover over the last half century.

C.2 Introduction
There are many definitions of drought but within each, it is inferred that water availability is
low relative to some previous level. Drought becomes consequential when system function
is reduced but need not always be perceived as detrimental. Some systems have developed
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under recurring drought and have not only adapted to periods of low water availability but to
some extent depend on it. Indeed, within semiarid regions, drought can play a critical role in
maintaining riparian ecosystem form and function (McMahon and Finlayson 2003, Acuna
and others 2005, Stromberg and others 2007). Drought regimes in these systems, however,
have been intensifying. Climate change and the rising demand for water resources by
humans are resulting in reduced water availability for riparian ecosystems. Even though
riparian species in semiarid regions exhibit a variety of adaptations to deal with dry
conditions (Stanley and others 1994, Amlin and Rood 2003), increases in drought intensity
will ultimately lead to the decline of these systems. Given the importance of freshwater
systems in providing essential goods and services to society (Costanza and others 1997,
Baron and others 2002, Naiman and others 2002), there is a need to evaluate the status of
riparian ecosystems with regard to potential increases in drought severity.

One approach for evaluating drought in riparian ecosystems is tree-ring analysis. Tree
growth response to fluctuations in water availability enables tree rings to provide a record of
hydrological information at temporal and spatial scales beyond the scope of instrumental
data. Dendrochronology, the annual resolution of radial growth layers in trees, has
previously been employed to extend streamflow records by several centuries (Stockton and
Jacoby 1976, Meko and others 2001, Woodhouse and others 2006). In these cases, ringwidth data is derived from long-lived trees, often conifers, located in the runoff-producing
areas of the river basin. Riparian trees tend to have shorter life spans, often not exceeding
the length of the instrumental record. Riparian trees, however, provide a local record of
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growth response to fluctuations in water availability. Thus, they can be extremely useful for
elucidating spatial patterns of water availability.

Riparian dendrochronology has been previously used to document the spatial variability of
responses to decreases in water availability due to dams (Reily and Johnson 1982, Dudek and
others 1998), diversions (Stromberg and Patten 1990), downcutting events (Scott and others
2000), and fluctuations in streamflow (Stromberg and Patten 1990, Robertson 1992,
Stromberg and Patten 1996, Dudek and others 1998, Leffler and Evans 1999). In most
cases, the relationship between tree growth and water availability is resolved on an annual
basis using either ring-width measurements or isotope data. In semi-arid regions, however,
intra-annual drought episodes can be a driving force in ecosystem structure and function.
Fluctuations of water availability at an intra-annual scale have been more difficult to
characterize using riparian tree rings. In one study, isotope analysis was conducted on subdivided tree rings (representing early, middle and late growth periods during each growing
season) and compared to various climatic and hydrological variables but none represented
water availability during seasonal drought (Potts and Williams 2004).

False rings, an intra-annual ring boundary, might provide a means to reconstruct seasonal
drought. The formation of false rings has been observed, as well as experimentally induced,
in many tree species, including both conifers and angiosperms (Larson 1963, Glerum 1970,
Barnett 1976, Villalba and Veblen 1996, Priya and Bhat 1998, Wimmer and others 2000,
Cherubini and others 2003, Masiokas and Villalba 2004). False rings have been identified in
cottonwood (Stromberg 1998, Leffler and Evans 1999) and have recently been described by
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Morino and others (In review). They are usually associated with the occurrence of an
intense but relatively short period of dry conditions within the growing season. In order for
a false ring to form, the nature of the drought must be such that growth is temporarily
interrupted and resumes when moisture levels increase.

In riparian trees species, drought is largely determined by the decline of groundwater levels.
Water becomes limiting when groundwater levels decrease to elevations near, and below, the
maximum rooting depth for riparian trees. Prolonged exposure to low groundwater levels
leads to false-ring formation (Morino and others In review). A subsequent increase of
groundwater level to the rooting zone of the tree marks the end of drought and radial
growth resumes. The formation of a false ring indicates that a certain level of drought stress
has occurred. In effect, the false ring is a record of a stress “event.” As in other event-based
tree-ring studies (for example, fire history studies, e.g., Baisan and Swetnam (1990) or flood
reconstruction studies, e.g., St. George and Nielson (2003)), the proportion, or frequency of
trees, recording an event can be interpreted as a proxy for event magnitude.

The San Pedro River in south-eastern Arizona provides an ideal setting to employ the use of
cottonwood false rings to reconstruct local patterns of seasonal drought. In this river basin,
the occurrence of seasonal drought is bracketed by two periods of relatively high water
availability. In the spring, relatively high water levels reflect winter precipitation and
negligible rates of evapotranspiration during the dormant season. The progression of spring
is marked by increasingly warmer and drier conditions. Streamflow steadily decreases until it
reaches a minimum in June. The summer rainy season, in July and August, recharges
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depleted water levels throughout the basin. In this study, our goal is twofold. We will first
characterize spatial and temporal patterns of false-ring occurrence. Then, we will use
statistical models to identify potential drivers of observed patterns.

C.3 Methods and Materials
C.3.1 Study Area
The study area is located on the San Pedro River in southeastern Arizona (Figure C1). The
San Pedro River is a low-gradient alluvial river that flows northward from its headwaters in
Mexico to its confluence with the Gila River in Arizona, USA. Our study sites were located
within the San Pedro Riparian National Conservation Area (SPRNCA). Established in 1988,
the SPRNCA covers a 50 km stretch of the river that supports a narrow ribbon of
cottonwood-willow (Populus-Salix) riparian forest. The largest urban areas in the basin and
adjacent to the SPRNCA are the city of Sierra Vista and the military post of Fort Huachuca.
The US portion of the upper basin (i.e., the Sierra Vista sub-watershed) is home to
approximately 66,000 people. Groundwater is a primary source of water for the human
population in the basin and it is also essential for the maintenance of the perennial flow and
riparian ecosystem within the SPRNCA. Some groundwater modeling studies show that
groundwater pumping has already reduced water availability in the San Pedro River
floodplain (Pool and Dickinson 2007).

C.3.2 Climate
The climate in the upper basin along the river is semiarid with a mean annual total
precipitation of around 350 mm and a mean annual average temperature of 17.5 °C (Figure
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C2). Precipitation is typically concentrated in two parts of the year. The summer season,
spanning roughly July to September generates around 60% of annual total precipitation. The
winter season, spanning roughly December through March, accounts for much of the
remaining portion of the annual total. Perhaps the most predictable part of the annual cycle
is the dry fore-summer or pre-monsoon season from around April to July. May and June are
particularly dry, averaging 5.3 and 12.7 mm, respectively. June is also one of the hottest
months of the year averaging 25.7 °C.

C.3.3 Hydrology
The San Pedro River is an “interrupted perennial stream,” meaning that there are alternating
reaches of perennial and intermittent streamflow (Leenhouts and others 2006). Flow is
largely governed by the characteristics of the floodplain aquifer. Perennial flow generally
occurs where the volume and carrying capacity of the floodplain aquifer is low relative to
volume of discharged groundwater; reaches where this occurs are called gaining reaches.
Conversely, intermittent reaches tend to occur where the volume and carrying capacity of
the floodplain aquifer is high relative to volume of discharged groundwater; reaches where
this occurs are called losing reaches. Using isotopic analyses of surface and groundwater,
Baillie et al (2007) presented compelling evidence that streamflow in gaining reaches is
dominated by basin groundwater whereas streamflow in losing reaches is dominated by
summer floodwater recharge.

There are three primary flood seasons that influence streamflow in the San Pedro River
Basin (Hirschboeck In Press). July and August are the most active months of the year for
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flooding, generating about 70% of annual maximum flood peaks between 1950 and 1985.
Storms and floods during this time of the year are generated by intense summer convective
rainfall. September and October, or fall, floods tend to be generated by convective rainfall,
and occasionally, by tropical storms. Winter floods are primarily generated by Pacific frontal
storms and account for only 10% of the annual maximum flood peaks in the San Pedro
River Basin. In contrast to summer floods, these floods tend to be less flashy but because
they last longer, can contribute similar, if not larger, flow volumes compared to summer
floods.

The longest-term streamflow gage on the San Pedro River is located at Charleston (Figure
C1). The record begins in 1904 but it was not until 1942 that the station was relocated to its
present site (Mac Nish and others In Press). Due to the geologic configuration of the reach
above the gage, a relatively large proportion of groundwater discharges into the stream
channel. Recent isotope studies estimate that basin groundwater currently constitutes about
half (45 ± 19%) of summer baseflow at the Charleston gaging station (Baillie et al 2007).
Analysis of streamflow data from the Charleston gage indicate that annual streamflow
decreased by 66% between 1913 and 2002 (Thomas and Pool 2006). Seasonal patterns of
streamflow indicate the largest decreases in summer (July – August) streamflow, at about
85%; whereas, winter (November – March) streamflow has only decreased about 13%.

C.3.4 Study Sites
We sampled Fremont cottonwood (Populus fremontii) in three sites along a hydrological
gradient (Figure C1). The first site, Below Charleston Gage (BCG) is located approximately
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2.0 km downstream from the Charleston gage in a reach with perennial streamflow. The
second site, Charleston Mesquite (CHM) is located on an intermittent reach and is situated
approximately 4.5 km downstream of the Charleston gage. The third site, Fairbank (FRB) is
also located on an intermittent reach and is situated approximately 11 km downstream from
the Charleston gage. During the drier parts of the year, flow decreases from BCG to CHM
to FRB (Leenhouts and others 2006).

C.3.4 Sampling and Sample Preparation
At each site, we aimed to sample at least 20 trees. We focused on trees greater than 25 cm in
diameter. Sites contained multiple cohorts, identified by similar diameters and spatial
distribution, either in linear or clustered groups. At least five trees from each cohort were
cored two to three times at heights ranging between 0.4 and 1.8 m.

Cores were transported back to the lab, air-dried, then glued into wooden core mounts.
Cores were surfaced using only a razor blade. We did not use sandpaper as we observed it
to “smear” some of the finer anatomical features of the cottonwood tree ring. False rings
were identified according to Morino and others (In review). False rings tended to have: 1) a
less clear ring boundary, manifesting as a duller and/or less sharp boundary; 2) a lower
number of vessel elements in contact with the boundary feature; and/or 3) an apparent
lower density of vessel elements following the false ring. The expression of false rings was
variable around the circumference of the tree. If a false ring was observed on any one core
for a single tree during a particular year, that year was denoted as a false-ring year.
C.3.5 Data Analysis
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C.3.5.1 Response Variable
In this study, the presence/absence of a false ring was the primary variable of interest.
Sample size over the period of record in each of the three sites increased over time (Figure
C3). To make comparisons both within and between sites, these data were converted to the
proportion of trees recording a false ring for a given year (Pi). The period of analysis within
each site was defined as that range of time when the number of trees in the sample set was at
least 5. Using logistic regression, the resultant chronologies of false-ring occurrence for each
site were compared to a set of potential explanatory variables.

C.3.5.2 Potential Explanatory Variables
In total, we compared false-ring data to six hydrological variables. We used streamflow data
(from the Charleston streamflow gage; USGS gage # 09471000) as a proxy for groundwater
data due to the paucity of groundwater data and the strong surface-groundwater connections
generally observed in semiarid floodplains. We limited our use of hydrological data to the
period after 1942 when the gage was re-located to its present location. We identified three
hydrological seasons based on flood occurrence: previous summer (July and August),
previous fall (September and October) and winter (previous November through March). We
also summarized data on an annual basis (previous July through June). These four variables
represent mechanisms for the provision of water at the onset and beginning of the growing
season. We found that log-transformed data provided the required linear relationship with
the response variable; therefore, mean daily streamflow was log-transformed and averaged
over the period defined by each of the four hydrological periods.
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Seasonal drought was quantified by summing the number of days below a specified
streamflow threshold (Q<0.15 cms) during May, June and July. We theorized that the
duration of low-flow at Charleston would be related to formation of false rings in
cottonwood by indicating the period of time that streamside trees might be exposed to
drought stress prior to the onset of the summer rains. Recovery from drought was not
specifically represented in our models but is implicit in our seasonal drought variable: the
end of the observed low flow period is determined by the onset of the summer rainy season.

The sixth and final hydrological variable we compared to false-ring data was a residual mass
curve of annual streamflow. Hydrological series exhibit stronger and smoother cyclic
activity with increasing storage (Klemes 2000). Thus, a streamflow series will show higher
levels of cyclic behaviour than a precipitation series; the same applies when a groundwater
and streamflow series are compared. The physical process of storage can be represented
mathematically by summation (Salas 1992, Klemes 2000). The residual mass curve is a
running total of departures from the mean of a series and represents a storage function for
that series. In this study, we derived the residual mass curve of annual streamflow to
represent the storage dynamics of floodplain groundwater.

In addition to using hydrological variables to explain false-ring occurrence on the San Pedro
River, we also explored the role of spring temperature. Warmer springtime (average January,
February and March) temperatures since at least 1950 have been documented throughout
the western United States (Barnett and others 2008). One of the potential implications of an
earlier onset of growth for riparian vegetation is that the period of water use prior to the
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summer rainy season is extended. Thus, plants may deplete limited water resources earlier in
the growing season thereby entering into seasonal drought earlier. A lengthened drought
would likely increase the potential for false-ring formation. Our spring temperature variable
was computed by taking the average minimum temperature for March and April.
Temperature data are from Tombstone climate station (Western Regional Climate Center
station #028619, elevation 1405 m) over the period, 1899 to 2004.

C.3.5.3 Logistic Regression Analysis
Logistic regression is a type of General Linear Model where the response variable is
measured in proportions and has a binomial distribution. The response variable is related to
a linear combination of explanatory variables using a logit (log of the odds) link. Goodnessof-fit for a logistic regression model is evaluated using ‘deviance,’ a statistic analogous to the
sum of the squared error (SSE) in regular linear regression. In a well-fit model, the ratio of
deviance to degrees of freedom, called the dispersion coefficient, will be around unity
(Collett 2003). Ratios much larger than unity indicate overdispersion.

Logistic regression models were developed in MATLAB (Version 7.3.0, The Mathworks,
Inc., Natick, MA) using a stepwise procedure (Collett 2003). As a first filter of potential
explanatory variables, a model was fit to each variable. Variables with significant regression
coefficients (p<.10) were retained and grouped to create a full model. Full models were
reduced to final models by eliminating, one at a time, variables without significant regression
coefficients (p<.05). Correlation amongst potential explanatory variables, called
multicolinearity, can make it difficult to evaluate both the influence and significance of
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individual variables. To avoid multicolinearity, only explanatory variables without significant
inter-correlations were grouped. High levels of correlation amongst explanatory variables
(Table C1) resulted in the formation of multiple full models for each site, where groups of 24 variables were each developed into a final model. Two final models were selected for
each site based on the lowest dispersion coefficients.

C.4 Results
C.4.1 False-ring Chronologies
The longest false-ring chronology was BCG and began in 1936 (Figure C3). Hydrological
data, however, limited the period of analysis in BCG to 1942 to 2005. False-ring
chronologies for CHM and FRB were analyzed over periods of 1967 to 2004 and 1953 to
2005, respectively. BCG exhibited the lowest and FRB exhibited the highest median falsering proportions among the three sites, 0.08 and 0.35, respectively. CHM had the highest
maximum proportion of false rings at 0.89 in 1996 and 1997. For “strong” false-ring years
(when at least 50% of trees exhibit a false ring), the earliest event occurred in the early 1960’s
at FRB, while in BCG, the first strong false-ring year was not recorded until 2001.

In all three sites, the proportion of trees showing false rings (P) over time appears to suggest
elements of quasi-periodic behaviour. BCG shows two prominent peaks ca. 1970 and ca.
2000, and perhaps one in ca. 1980. The strongest representation of periodicity occurs in
FRB, where false-ring occurrence peaks roughly every seven years. In CHM, the early part
of the analysis period (1967 to ca. 1980) indicates relatively low levels of false-ring
occurrence. Beginning ca. 1980, however, P at CHM rapidly increases and begins to exhibit a
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quasi-periodic character similar to FRB. Since 1980, there are four synchronous pulses of
false-ring formation in CHM and FRB. The last two pulses (ca. 1996 and ca. 2003) exhibit at
least three strong false-ring years with maximum P peaking around 90% (Figure C4).

Underlying the quasi-periodic character of P is a trend of increasing false-ring occurrence
over time in two of the three sites. The trend line in P for BCG appears to be highly
influenced by the low rate of false-ring occurrence at the beginning of the record and the
peak year of false-ring occurrence in 2001 at the end of the record (Figure C4). In fact, at
BCG false-ring frequency was on average higher in the 1970s compared to ca. 2000. For
CHM and FRB, false-ring frequency increases at a rate of 17.5% and 5% per decade,
respectively. After ca. 1980, there is a difference in the manner of false-ring frequency
increase for each site. In CHM, the increase in false-ring frequency is primarily manifested
as an increase in false-ring occurrence during episodic false-ring maxima (Figure C4). In
FRB, large fluctuations in false-ring frequency, ranging between about 10% and 75%,
characterize the false-ring record prior to ca. 1980. After ca. 1980, maximum false-ring
occurrence increases only slightly. A more substantial increase appears in the record of
minimum false-ring occurrence, yielding in the last decade a range in false-ring frequency
between about 25% and 80%.

C.4.2 Logistic Regression Models
C.4.2.1 False-ring Chronologies and Explanatory Variables
There was strong evidence suggesting a significant relationship between hydrological
variables and false-ring chronologies for two of three sites in all but one case. CHM and
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FRB were significantly correlated to each of the seasonal streamflow variables and the
annual streamflow variable but not the mass curve for annual streamflow (Figure C5). BCG
showed very low correlations with all variables. Correlations between logit-transformed P
and potential explanatory variables indicated a weak relationship between spring temperature
and false-ring formation (Figure C5).

C.4.2.2 Final Models
Logistic regression models were developed for only two of three sites. In BCG, no
explanatory variable was found to have a significant regression coefficient. For CHM and
FRB, seven and four models were tested, respectively, but only the two models with the
lowest dispersion coefficient are reported here. All four models exhibited high levels of
overdispersion but the lower dispersion coefficient for the FRB models indicated relatively
better fits (Table C2). Models including seasonal streamflow variables performed relatively
poorly for both FRB and CHM (data not shown). In contrast, annual streamflow variables,
ANN (mean annual streamflow) and MASS (mass curve of annual streamflow), contributed
to the best fit models for each site. Also prominent is the variable representing seasonal
drought (DRY). In all cases, annual streamflow variables showed negative relationships with
P; whereas, seasonal drought showed a positive relationship.

The best model for FRB included only annual streamflow (ANN; Table C2). High
frequency (year to year) fluctuations are captured relatively well with model FRB-I, as is the
general increase in false-ring frequency after ca. 1980 (Figure C6). The mass curve of mean
annual streamflow (MASS), on its own showed a very poor fit to the data, but when
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combined with seasonal drought, provided a reasonable model for P (Table C2, FRB-II). In
model FRB-II, high-frequency fluctuations are tracked only moderately well. In the early
1980s and 1990s, actual and predicted peak false-ring proportions tend to be offset by a year,
both preceding and post-dating the actual peak (Figure C6).

The best model for CHM included DRY and MASS (Table C2, CHM-I). High-frequency
variability is tracked moderately well, and, as was observed in model FRB-II, peak P’s in the
early 1990s are offset. Both CHM-I and CHM-II contain the variable, DRY, indicating it is
a key factor in modeling P at CHM. DRY appears to be important for capturing the
somewhat abrupt shift from low P before ca. 1980 to high but variable P after ca. 1980
(Figure C7). For comparison, we also present results from a model fit with ANN (Figure
C7). In contrast to models CHM-I and CHM-II, this model tracks high-frequency
fluctuations after ca. 1980 very well. Prior to ca. 1980, model goodness-of-fit is extremely
poor.

C.5 Discussion
Analyses of cottonwood tree rings at three sites along the San Pedro River indicate an
increasing intensity of seasonal drought over approximately the last five decades at one site
(FRB) and over the last two decades at another site (CHM). The extent and manner of
drought regime intensification varied along the hydrological gradient. Evidence of the
intensification of the drought regime at BCG, located along a reach with perennial flow, is
weak. In CHM and FRB, however, increases in false-ring frequency over the period of
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analysis ranged between 5 and 17.5% per decade. Moreover, patterns of false-ring
occurrence suggest a regime shift ca. 1980 to drier conditions.

The shift to drier conditions ca. 1980 is expressed differently in each of the intermittent sites.
Both sites have false-ring records where false-ring occurrence alternates between maxima
and minima, suggesting a quasi-periodic behaviour of drought. In CHM, however, this
apparent periodicity begins to manifest only after ca. 1980. The high but variable occurrence
of false rings after ca. 1980 in combination with the relatively low frequency of false rings
prior to ca. 1980 produces a step-like pattern of change in false-ring occurrence. In contrast,
in FRB, there is quasi-periodicity in false-ring expression throughout the period of analysis.
Beginning ca. 1980, however, the percentage of trees producing false rings during episodes of
false-ring minima begins to increase. The intensification of the drought regime ca. 1980 is
not only indicated by the respective increases in false-ring frequencies in each of the
intermittent sites, but is also underscored by the synchronization of the high phases of falsering occurrence between the two sites.

We used logistic regression to identify potential factors underlying the observed false-ring
frequency patterns and thereby gain insight regarding the potential hydrological drivers of
drought on the San Pedro River. One of the challenges in modeling riparian tree growth is
the paucity of groundwater data. In natural settings, many riparian tree species respond
primarily to fluctuations in groundwater. Even cottonwood, which uses soil moisture when
it is available (Snyder and Williams 2000), becomes dependent on shallow groundwater
during seasonal drought, when groundwater is the most reliable and abundant source of
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water. Indeed, we suspect that the quasi-periodic behavior of false-ring occurrence may
reflect groundwater dynamics as they affect fluctuations in water availability to riparian trees.
The appearance of cyclic behavior has been previously noted in hydrological time series
where storage processes are operating, such as in floodplain aquifers (Klemeš 2000).

In the absence of groundwater data, there are two approaches that have been used for
estimating the impact of water availability on tree growth. The first is to use simulated
groundwater data and compare it to tree-ring data. For example, Antonic and others (2001)
generated groundwater data from a mathematical model using the finite element method
then compared these data to basal area increments of floodplain oak (Q. robur L.) trees.
Another approach is to use streamflow data as a proxy for floodplain water table levels.
Along river reaches where the hydrological connection between surface and groundwater
levels are strong and water availability is limiting, as it can be in semiarid regions, streamflow
has proven to be an effective predictor of tree growth (eg., Stromberg and Patten 1996). In
this study, we used surface water variables but we also explored the use of a derived variable,
the residual mass curve of annual streamflow, to theoretically capture potentially important
groundwater dynamics (Klemeš 2000) that may influence riparian tree growth.

For BCG, a perennial site, no model could be fit to false-ring data, indicating that
streamflow at the Charleston gage was not representative of local water table fluctuations.
Subsurface geologic configurations can be highly complex over relatively short distances,
leading to high variability in water holding and transport characteristics within portions of
the floodplain aquifer. For example, Horton and others (2003) attributed inconsistencies
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between plant water relations measurements and nearby groundwater monitoring wells to
high variability of substrate composition and structure.

For CHM and FRB, the intermittent sites, neither flood season variables (previous summer,
pSUM; previous fall, pFALL; and winter, WIN) nor springtime minimum temperature
entered into any of the final models, suggesting that observed changes in seasonal
streamflow on the San Pedro River (Thomas and Pool 2006) and an earlier onset of the
growing season (Barnett and others 2008) do not appear to be related to the observed
increase in drought frequency and magnitude. The three factors entering into the bestperforming final models included: log-transformed annual streamflow (ANN), the residual
mass curve of log-transformed annual streamflow (MASS), and the number of low-flow days
in May, June and July (DRY).

Despite statistically significant regression coefficients, goodness-of-fit for final models was
poor. However, relatively lower dispersion coefficients for FRB models, compared to CHM
models, suggest that streamflow at Charleston may be a better indicator of local water
availability at FRB than at CHM. Alternatively, differences in model goodness-of-fit may be
related to differences in tree response to drought at the two sites. Prior to ca. 1980, the
proportion of trees with false rings at CHM was relatively low, suggesting that water
availability was not limiting. Riparian trees establishing under conditions of unlimiting water
supply are likely to be more impacted by declines in the water table elevation than trees
establishing and developing under conditions of a limiting water supply (Albertson and
Weaver 1945, Shafroth and others 2000). In other words, the occurrence of drought at a site
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where there had previously been none might elicit a greater response from trees than would
be predicted based on changes in water availability alone.

Even though model goodness-of-fit was low for CHM and FRB, final models provided
insight into potential hydrological factors influencing false-ring formation in cottonwood.
For instance, there is an interesting contrast in the single-variable models for CHM and
FRB. In the wetter site, CHM, length of the low-flow period (DRY) was found to be
significant; in the drier site, FRB, average level of annual streamflow prior to the onset of
seasonal drought (ANN; Table C2) was found to be significant. These two variables
represent different processes influencing groundwater fluctuations. The length of the lowflow period (DRY) is constructed from streamflow levels during a period of the year when
runoff is minimal and discharge processes, for example, transpiration and groundwater
pumping, dominate. As a result, both streamflow and groundwater levels decrease. In
contrast, the annual streamflow variable, ANN, represents recharge processes leading to
increases in streamflow and groundwater levels. ANN was constructed to capture the major
flood seasons of the San Pedro River basin. If we hypothesize that there exists a critical
depth to groundwater (Dc), where if exceeded for a long enough period of time drought
stress occurs in streamside trees, then on this stretch of the San Pedro River false-ring
formation in trees from a wetter site appears to be more related to factors influencing the
water table decline, or discharge; whereas false-ring formation in trees from drier sites
appears to be more related to factors influencing water table increase, or recharge.
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One of the findings of this research is an apparent increase in drought, beginning ca. 1980.
The three explanatory variables in our final models all indicate a hydrological shift in the
1980s (Figure C8). The most striking change can be observed in the residual mass curve for
annual streamflow. The steep decline beginning in the mid-1980s reflects how apparently
small declines in annual streamflow might be manifested as larger reductions in groundwater
storage. Models including the mass curve of annual flow appear to perform slightly better in
the last decade compared to models using annual streamflow as an explanatory variable for
false-ring occurrence. The shift in low flow ca. 1980 is also apparent when the distribution
of low-flow days in May, June and July is plotted over the period of analysis (Figure C9).
Since 1980, there have been many more occurrences of low flow beginning in early May;
moreover, since the mid-1990s, there have been instances of low flow beginning in April.
The duration of the low-flow period has also been extended on the back end. After ca. 1980,
low-flow periods are more likely to extend into late July.

Decreases in streamflow and a shift towards drier conditions have previously been
documented for the San Pedro River. Most recently, Thomas and Pool (2006) have
conducted extensive hydrological analyses and have described changes in the hydrological
regime at the Charleston stream gage. They found significant decreases in annual and
seasonal (except winter) streamflow between 1913 and 2002. Other hydrological decreases
included spring (April-June) and summer (July-August) low flow, decreasing by 42 and 67%,
respectively. Of all the decreases noted, however, only Fall (September-October) and July
streamflow show possible inflection points of increasing rates of decline ca. 1980 (Thomas
and Pool 2006, Figures 1&13).
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The primary causes of streamflow decline on the San Pedro River have widely been
recognized as some combination of groundwater pumping and vegetation change (Lite and
Stromberg 2005, Thomas and Pool 2006). The drought history revealed by false-ring
chronologies highlights some intriguing associations between periods of low water
availability, as it affects streamside trees, and temporal patterns of groundwater pumping and
vegetation change. In the San Pedro River basin, groundwater serves as a primary water
source for agricultural, industrial and municipal purposes. The impact of groundwater
pumping on streamflow is related in part to the proximity of pumping activities to the
floodplain aquifer. Agricultural activities within the San Pedro River basin are generally
located in or near the floodplain and thus would be expected to have an immediate impact
on streamflow levels. Increases in groundwater extraction for agricultural purposes show
two periods of increase since ca. 1950 (Thomas and Pool 2006). The first occurred in the
mid-1960s; the second began in the early 1970s, peaked by the late 1970s and lasted until the
mid-1980s. The former overlaps closely with an early period of extended seasonal drought
observed in this study (Figures C8&C9). The timing and duration of the latter period of
high agricultural activity, however, fit less well with the shift to drier conditions ca. 1980.
Two additional, or alternative, factors may account for increased levels of seasonal drought
since 1980. First, Mexican mining activities peaked in the late 1990s (Thomas and Pool
2006). Cananea is a large copper mine located in the headwaters of the San Pedro River.
And second, between 1973 and 1986 there was an approximately 500% increase in mesquite
cover (Prosopis velutina) in the Upper San Pedro watershed (Kepner and others 2000).
Mesquite trees establish on the upper terraces of the floodplain. The deeper roots of a
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mesquite tree could reduce streamflow by intercepting groundwater flowing into the stream
and/or by depleting groundwater levels in the floodplain aquifer. It is also possible that
recent decreases in streamflow on the San Pedro are due to decreases in the movement of
groundwater from the regional to the floodplain aquifer due to groundwater pumping for
municipal and industrial purposes (see Thomas and Pool 2006, Table 25).

C.6 Summary and Conclusions
In this study, false rings in cottonwood were used to highlight changes in the hydrological
regime. False-ring chronologies indicate that drought severity has been increasing along
some segments of the San Pedro River over the last 40 to 50 years. In addition to the
upward trend, drought severity at all three sites shows a pattern of quasi-periodicity with a
possible shift to drier conditions ca. 1980. Possible hydrological drivers of this shift include
groundwater pumping activities on or near the floodplain and changes in vegetation during
the last half of the twentieth century. The hydrological factors influencing false-ring
occurrence appear to depend on relative water availability. For drier sites, recharge appears
to be important; for wetter sites, length of drought appears to be important.

There are two related advantages of using tree-ring data to evaluate riparian ecosystems.
First, it is possible to reconstruct the hydrological regime during an earlier period. In this
study, for example, false-ring data suggest that prior to ca. 1980 water availability was not
limiting in CHM but was highly variable in FRB, suggesting that dry conditions have
episodically prevailed along some portions of the San Pedro River over the last half century.
And second, false rings provide information of water availability at a spatial scale that is
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rarely afforded by instrumental data. Evidence from this study indicates that CHM and FRB
have been impacted by decreases in water availability whereas BCG has not. Being able to
identify which areas might be more susceptible to drought could facilitate a more efficient
realization of management actions.

One of the challenges for resources manager is to identify variables that are indicative of the
state of the ecosystem. Overstory riparian trees regulate many ecosystem processes in
semiarid regions; therefore, monitoring this functional group could be a source of important
information. This study has demonstrated that tree-ring analyses enable the detection of low
to moderately severe changes in hydrological regimes on riparian ecosystems prior to their
ecological expression. The effect of gradual increases in drought intensity will first be
manifested in tree growth. Increasing intensity will result in tree death and ultimately
changes in community composition. Having knowledge of the progression and stage of
drought, as well as the variability of ecosystem response and susceptibility over space, can
contribute to the development of management plans. For this reason, we believe that falsering analysis can be used to augment and compliment current efforts aimed at the
conservation of riparian ecosystems in semiarid regions.
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Table C1: Pearson correlation coefficients for pair-wise comparisons amongst explanatory variables.
Correlation coefficients are adjusted for the presence of autocorrelation. Bold numbers represent significant
correlations at p<.05.

pSUM*
pFALL
WIN
ANN
MASS
DRY
pFALL
0.44
WIN
0.16
0.58
ANN
0.66
0.82
0.80
MASS
-0.13
0.23
0.49
0.26
DRY
-0.43
-0.39
-0.31
-0.57
0.17
SPRtemp
-0.05
0.17
0.06
0.02
0.20
0.07
* pSUM is previous July and August; pFALL is previous September and October; WIN is
previous November through March; ANN is previous July through June; MASS is the
residual mass curve of ANN; DRY is number of days in May, June and July when
streamflow was below 0.15 cms.
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Table C2. Logistic regression models for BCG, CHM and FRB. In each case, the logit of false-ring
proportions was modeled. Explanatory variables are described in Table 1. The dispersion coefficient (deviance
statistic/degrees of freedom) is also reported for each model.

Site
BCG
CHM

FRB

Model
none
I: -3.79 + 0.07(DRY) – 0.18(MASS)
II: -4.66 + 0.07(DRY)
III: -3.07 +- 4.91(ANN)
I: -1.92 – 3.22(ANN)
II: -1.46 + 0.03(DRY) – 0.157(MASS)

Disp. Coef
n/a
4.75
5.14
5.68
1.89
1.96
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FRB

CHM
BCG

S

Figure C1. Study area and site locations. The San Pedro River is located in southeastern Arizona and flows
north from it’s headwaters in Sonora, Mexico. Our study sites are situated downstream from the Charleston
stream gage (black circle; USGS gage #09471000) in the following order: Below Charleston Gage (BCG),
Charleston Mesquite (CHM), and Fairbank (FRB).
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Figure C2. Hydroclimatology of the study area. Streamflow data are from the Charleston gage (USGS gage
#09471000). Monthly averages and associated standard errors were computed using data from 1913 to 2003.
Temperature and precipitation data are from Tombstone climate station (Western Regional Climate Center
station #028619, elevation 1405 m). For precipitation data, monthly averages and standard errors are shown;
for temperature data, monthly averages, minima and maxima are shown. These summary statistics were
computed using data from 1899 to 2004. Conditions during late spring, when water availability is low and
temperatures are increasing, play an important role in false-ring formation.
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Figure C3. Raw false-ring chronologies for each site: BCG, CHM, and FRB. Bars show number of trees
recording a false ring; line indicates sample depth over time. In all three sites, sample depth changes over time.
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Figure C4. Adjusted false-ring chronologies for each site: BCG, CHM, and FRB. To account for differences
in sample depth within and between sites, the number of trees recording a false ring was converted to
proportion of trees recording a false ring. Only the portion of the chronology when sample depth was greater
than five is shown. Chronologies were smoothed using an 11-year binomial filter (solid line). For reference, a
trend line was also computed (dashed line). All three sites show an increasing trend in false-ring occurrence, as
well as quasi-periodic behavior in proportion of false rings.
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Figure C5. Pearson correlation coefficients between the response variable (logit(P), where P is the proportion
of false rings) and each of the potential explanatory variables: pSUM is average of log-transformed daily
streamflow during previous July and August; pFALL is average of log-transformed daily streamflow during
previous September and October; WIN is average of log-transformed daily streamflow during previous
November through current March; MASS is the residual mass curve of ANN; DRY is the number of days
when streamflow was less than 0.15 cms during May, June and July of the current year; and SPR_T is the
average minimum temperature during April and May of the current year. Symbols (*) indicate statistically
significant correlations (p<.05). Streamflow and false-ring formation are negatively correlated; whereas,
duration of low-flow period and false-ring formation are positively correlated.
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FRB-I (ANN)

FRB-II (DRY & MASS)

Figure C6. Logistic regression models for FRB. Predicted P with 95% confidence interval for the top two
final models for FRB. Predictor variables are in parentheses (see Table 2 for model coefficients). The
predictor ANN (FRB-I) tends to perform better in capturing peak false-ring years compared to DRY and
MASS (FRB-II).
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Figure C7. Logistic regression results for CHM. Predicted P with 95% confidence interval for the top two
final models for CHM. Predictor variables are in parentheses (see Table 2 for model coeffcients). For
reference, P predicted from a model based only on ANN is also shown (C; see Table 2 for model coefficients).
The predictor variable, DRY plays a critical role in capturing the increase of false-ring occurrence ca. 1980.
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Figure C8. Temporal patterns of ANN, MASS, and DRY over the period of record. All three explanatory
variables show a shift towards drier conditions ca. 1980.
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Figure C9. Number of low-flow days during May, June and July over the period of record. After ca. 1980,
there are more occurrences of an extended period of low-flow. This period is lengthened by both an earlier
onset and later termination of drier conditions.
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C.9 Figure Captions
Figure C1. Study area and site locations. The San Pedro River is located in southeastern
Arizona and flows north from it’s headwaters in Sonora, Mexico. Our study sites are
situated downstream from the Charleston stream gage (black circle; USGS gage #09471000)
in the following order: Below Charleston Gage (BCG), Charleston Mesquite (CHM), and
Fairbank (FRB).

Figure C2. Hydroclimatology of the study area. Streamflow data are from the Charleston
gage (USGS gage #09471000). Monthly averages and associated standard errors were
computed using data from 1913 to 2003. Temperature and precipitation data are from
Tombstone climate station (Western Regional Climate Center station #028619, elevation
1405 m). For precipitation data, monthly averages and standard errors are shown; for
temperature data, monthly averages, minima and maxima are shown. These summary
statistics were computed using data from 1899 to 2004. Conditions during late spring, when
water availability is low and temperatures are increasing, play an important role in false-ring
formation.

Figure C3. Raw false-ring chronologies for each site: BCG, CHM, and FRB. Bars show
number of trees recording a false ring; line indicates sample depth over time. In all three
sites, sample depth changes over time.

Figure C4. Adjusted false-ring chronologies for each site: BCG, CHM, and FRB. To
account for differences in sample depth within and between sites, the number of trees
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recording a false ring was converted to proportion of trees recording a false ring. Only the
portion of the chronology when sample depth was greater than five is shown. Chronologies
were smoothed using an 11-year binomial filter (solid line). For reference, a trend line was
also computed (dashed line). All three sites show an increasing trend in false-ring
occurrence, as well as quasi-periodic behavior in proportion of false rings.

Figure C5. Pearson correlation coefficients between the response variable (logit(P), where P
is the proportion of false rings) and each of the potential explanatory variables: pSUM is
average of log-transformed daily streamflow during previous July and August; pFALL is
average of log-transformed daily streamflow during previous September and October; WIN
is average of log-transformed daily streamflow during previous November through current
March; MASS is the residual mass curve of ANN; DRY is the number of days when
streamflow was less than 0.15 cms during May, June and July of the current year; and SPR_T
is the average minimum temperature during April and May of the current year. Symbols (*)
indicate statistically significant correlations (p<.05). Streamflow and false-ring formation are
negatively correlated; whereas, duration of low-flow period and false-ring formation are
positively correlated.

Figure C6. Logistic regression models for FRB. Predicted P with 95% confidence interval
for the top two final models for FRB. Predictor variables are in parentheses (see Table 2 for
model coefficients). The predictor ANN (FRB-I) tends to perform better in capturing peak
false-ring years compared to DRY and MASS (FRB-II).
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Figure C7. Logistic regression results for CHM. Predicted P with 95% confidence interval
for the top two final models for CHM. Predictor variables are in parentheses (see Table 2
for model coeffcients). For reference, P predicted from a model based only on ANN is also
shown (C; see Table 2 for model coefficients). The predictor variable, DRY plays a critical
role in capturing the increase of false-ring occurrence ca. 1980.

Figure C8. Temporal patterns of ANN, MASS, and DRY over the period of record. All
three explanatory variables show a shift towards drier conditions ca. 1980.

Figure C9. Number of low-flow days during May, June and July over the period of record.
After ca. 1980, there are more occurrences of an extended period of low-flow. This period is
lengthened by both an earlier onset and later termination of drier conditions.

