Review of
“Climate and Hydrology of the Upper Gila River Basin”
by G. Garfin, H.-I. Chang and M. Switanek
Chapter 3 of Gila River Flow Needs Assessment

David S. Gutzler, Ph.D.

Submitted to New Mexico Interstate Stream Commission

October 10, 2014

1. Purpose and Scope of the Chapter and this Review
This review summarizes and assesses the findings of Chapter 3 in the The Nature
Conservancy's recent volume entitled Gila River Flow Needs Assessment (Gori et al. 2014). The volume
presents a series of assessments of possible ecological impacts that would be associated with
diverting flow from the upper Gila River in southwestern New Mexico, as is authorized under the
Arizona Water Settlements Act of 2004.
Chapter 3 in Gori et al. (2014), “Climate and Hydrology of the Upper Gila River Basin”
(Garfin et al. 2014, hereafter referred to simply as Garfin), describes research undertaken by scientists
at the University of Arizona to project future flows in the San Francisco and upper Gila Rivers. The
authors assess the current climatic conditions in the upper Gila watershed, and carry out an analysis
of average flows measured at several gages operated by the Natural Resources Conservation Service
(NRCS), including gages on the Gila River near Gila NM (the "Gila gage"); a gage farther
downstream near Virden NM; and a gage on the San Francisco River near Clifton AZ. This
introduction is followed by a detailed analysis of projected future trends in climate in the upper Gila
basin and streamflow at these three gage sites on the Gila and San Francisco Rivers. Trends are
defined in terms of projected climate and flows averaged over the period 2041-2070, intended to
complement the impacts assessments described in other chapters of Gori et al. (2014).
In this review of Garfin, I will summarize the principal methods and conclusions reached,
including an assessment of strengths and weaknesses of the approach to hydroclimatic projection
used by the authors. I will explicitly and specifically compare several of the principal results of
Garfin's analysis with my own analysis of projected streamflow at the Gila gage (Gutzler 2013). These
two analyses are not exactly comparable in all respects, although their overarching purposes
(hydroclimatic projection of future flows on the upper Gila) are essentially the same. The two
analyses reach a common fundamental qualitative conclusion: average streamflow on the upper Gila
River system is projected to decrease in future decades as the result of climate change. However
there are quantitative differences in the results of these analyses that will be explored in this review.
2. Methods and Assumptions
Garfin's assessment is carried out in three parts. In the first part, a summary overview of
observed climate and streamflow in the upper Gila basin is presented, using historical data. The
analysis points out major pertinent features of climate variability in southwestern New Mexico and
upper Gila streamflow. The major climatic points include the importance of winter snowpack for
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providing Spring season snowmelt runoff; the large interannual and decadal natural variability of
snowpack and runoff, associated with shifts in the average winter storm track driven by Pacific
Ocean temperature fluctuations; the seasonal maximum in precipitation associated with the summer
monsoon; and the pronounced increase in temperature observed over the last half century, which
climate models project will continue through the 21st Century. Hydrographs in the upper Gila basin
reflect the importance of snowpack runoff in the Spring, followed by decreasing flow during the
Spring dry season and a secondary seasonal peak in runoff associated with monsoonal precipitation.
These are all well-known, uncontroversial observed features of regional hydroclimate and
streamflow in southwestern New Mexico.
The second part of the analysis describes atmospheric modeling used to simulate future
climate change over the rather small and topographically complex upper Gila watershed. The
approach to climate change projection taken by Garfin involves two separate steps, summarized
below.
1) In the first step, several climate change simulations done by other groups using large-scale
climate models are selected. Each of these simulations is carried out with a coupled climate model,
in which a dynamical ocean model is coupled to a dynamical atmospheric model, with external
forcing specified by prescribing "boundary conditions" for the coupled model system. Each of the
large-scale simulations used here employs boundary conditions agreed upon as part of the CMIP3
international modeling project (Meehl et al. 2007). The boundary conditions include prescribed
temporal changes in well-mixed atmospheric greenhouse gases (principally carbon dioxide, CO2, and
methane, CH4). Other forcings that could affect global climate, such as solar variability or
intermittent volcanic eruptions, are crudely prescribed. The basic assumption underlying the
projections is that increasing greenhouse gas concentration represents the most important forcing
that is likely to change climate over the next century. This framework, rightly or wrongly -- I believe
rightly -- is a widely used basis for projecting likely future climate change through the 21st Century.
Coupled global climate models provide the simulated response to increasing greenhouse gases
calculated over a coarse resolution grid (with horizontal resolutions of roughly 100 km or greater).
For the purpose of projecting future climate, global models must accomplish two objectives:
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(a) Global models are designed to reproduce the large-scale spatial and temporal variability
observed in the current climate, such as the development of the summer monsoon
circulation, and interannual-decadal shifts in winter storm tracks associated with natural
ocean temperature variations;
(b) Global models are designed to simulate climate feedbacks that can amplify or diminish
the effects of prescribed climate forcings, and shift large-scale atmospheric circulation
patterns in an appropriate way, thereby providing estimates of future surface
temperature, precipitation, and other atmospheric variables.
However some large-scale models seem to do a better job than others in simulating the
regional hydroclimate across southwestern North America. As a first step in Garfin's analysis, two
large-scale models from the CMIP3 archive, among many choices, are selected that generate both a
realistic ENSO (El Niño-Southern Oscillation) pattern in the tropical Pacific Ocean, and a
reasonable seasonal cycle of precipitation in the upper Gila basin. An assumption here is that these
metrics are sufficient and appropriate for determining the best large-scale models, among many
available IPCC-class models in the CMIP3 (Meehl et al. 2007) or newer CMIP5 (Taylor et al. 2012)
output archives, to use for assessment of future change in the upper Gila basin.
As I will discuss in more detail in Section 3 of this review, I am not overly confident that this
procedure guarantees choosing the "best" models. Essentially these metrics are designed to select
models that perform well on the first objection of global change modeling, i.e. objective (a) at the
top of this page, using just two of many possible metrics to assess the quality of regional climate
simulation. But there is no indication of how well the chosen models will carry out aspect (b). The
IPCC carried out an extended internal debate in the early stages of its Fifth Assessment Report
(IPCC 2013) and decided against trying to rate the performance of different climate models,
choosing instead to just use unweighted ensemble averages of many models as best estimates of
future temperature and precipitation change. Reclamation (2011a,b) also used this approach instead
of trying to select or rank different global climate models.
2) The second step in Garfin's climate change projection methodology is to "downscale" the
large-scale coupled model simulations to a finer resolution more suited to making streamflow
projections. Recognizing that the coarse resolution of the IPCC-class climate models is not sufficient
for simulating local precipitation variability, output from the large-scale models is used to drive
much higher resolution regional weather models, a process called dynamical downscaling. Garfin
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does this in two ways. First, they take advantage of a set of regional simulations already carried out
by the climate research community, the NARCCAP project (Mesinger et al. 2006). Second, they take
several large-scale climate model simulations and perform their own in-house dynamical
downscaling using a well-utilized regional atmospheric model, the Weather Research and
Forecasting (WRF) model.
An essential component in the downscaling process is "bias correction", whereby systematic
biases in regional model output are multiplied by a correction factor to fit local data. Obviously this
step is undesirable; model output would be more credible if systematic bias were not present.
However it is recognized that atmospheric models do not include sufficient physics to properly
simulate local and regional climate. Vegetation and topography, for example, are crudely represented
even in "high resolution" atmospheric models, and differences in surface roughness, soils,
vegetation, etc. between the upper Gila basin and other parts of the continent are also very crudely
included. Bias correction essentially compensates for the lack of local "tuning" of model physics to
local conditions in a widely applied atmospheric model. The use of bias correction is recognized
within the modeling community as a standard, necessary step if dynamical model output is to be
compared directly to observed data.
There is no single bias correction technique that is universally considered to represent best
practice. Garfin describes at some length the procedure used for the UA regional climate models.
This is a somewhat different procedure compared to the bias correction utilized for VIC by
Reclamation (2011b). The need for bias correction, and the effect of bias correction to align the
output from an atmospheric model to the input of a streamflow model, are illustrated in Fig. 14.
The bias correction procedure does work to fit the model simulation to observations of current
climate, making absolute values of model output more comparable to observations. However bias
correction neither improves nor diminishes the model's ability to simulate future climate change.
The third part of Garfin's analysis describes the generation of streamflow projections, using the
dynamically downscaled atmospheric output as input for a surface hydrology model, VIC (Variable
Infiltration Capacity model). VIC takes as input atmospheric variables (temperature, precipitation,
wind) and generates surface hydrology output (soil moisture and runoff). Streamflow is calculated by
routing the simulated runoff over a digital elevation model that describes the upper Gila watershed.
"Pour points" within the watershed that correspond geographically to the locations of gages on the
Gila and San Francisco Rivers are used to assess streamflow, and changes in streamflow, associated
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with the simulated climate. VIC has been used for this purpose by numerous investigators; it has
become almost a de facto standard within the U.S. research community for simulating and
projecting streamflow on the scale of large river basins.
Following the time slices used for the NARCCAP project, Garfin assesses climate and
streamflow changes by comparing two thirty-year periods: current climate simulations for the period
1971-2000 (denoted the "Overlapping Time Period" or OLTP in Garfin), and future climate
simulations for the period 2041-2070 (denoted the "Projected Time Period" or PJTP). Percentage
changes in precipitation or streamflow quoted by Garfin should be interpreted as occurring over a
70-year interval (2055 - 1985 = 70 years, the difference between the centroids of the OLTP and the
PJTP).
3. Strengths and Weaknesses of the Research
Part 1 of the assessment, the description of observed historical variability (seasonal and
interannual), is straightforward and appropriately sets the stage for the dynamical projection of
hydroclimate and streamflow to follow.
Part 2, describing atmospheric modeling and downscaling, points out several differences with
previous studies. The selection of "best" large-scale coupled models to use represents both a
potential strength of the analysis, and also a profound weakness. While it seems intuitively obvious
that one should prefer large-scale models that do the best job in reproducing the current climate,
making such a selection is not easy. It is far from certain that the best models for simulating future
climate change are those that exhibit the best regional precipitation patterns in simulations of the
current climate.
Furthermore, using just a few simulations as the basis for estimating future flows sets up a
huge statistical weakness in the analysis, because model-to-model variations matter much more in an
analysis based on just a few simulations, instead of one based on many simulations. The Bureau of
Reclamation's West Wide Water Assessment (Reclamation 2011a,b), whose dynamical simulations
are analyzed by Gutzler (2013), included 112 separate simulations derived from 16 different climate
modeling systems, forced by multiple climate forcing scenarios. (The analysis presented by Gutzler
(2013) used the subset of 39 Reclamation simulations that were forced by the A1B scenario.)
Model-to-model differences are not so pronounced in terms of temperature change, as is
clearly illustrated by the high agreement among model-simulated temperature change shown in Figs.
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17 and 19. For regional precipitation changes on the scale of the upper Gila basin, however, modelto-model differences can be huge, as shown in Figs. 16 and 18. Precipitation is inherently more
uncertain in climate model simulations, and future projections, compared to temperature.
The regional modeling in Garfin's analysis is done carefully and thoroughly, a clear strength of
the analysis. But it is always true that the fidelity of simulations using nested regional atmospheric
models is no better than the large-scale boundary conditions provided by the global climate models.
If the global model results are uncertain, then those uncertainties and simulation errors will be
propagated downscale into the the regional model output. Bias correction, which is also carried out
carefully in Garfin's analysis, is necessary to generate simulated values comparable to data. But the
bias correction will not correct any deficiencies in the simulation of large scale climate change using
global models.
There is considerable ongoing debate over the fraction of climate simulation uncertainty that
might be improved with higher resolution model physics and surface details, versus the fraction of
uncertainty that is still inherent in large-scale dynamics (hence not subject to improvement via highresolution regional models). The University of Arizona group is a strong proponent of the added
value of high-resolution nested models (Castro et al. 2012) for simulation and projection of summer
precipitation. They make a strong case, but in my opinion the large-scale modeling uncertainties are
still very significant and should not be underestimated relative to the potential benefits of highresolution dynamical downscaling.
Part 3 of the analysis is the use of regional model data to drive the VIC surface hydrologic
model. VIC must be calibrated to the watershed in question in order to reduce systematic bias in
simulated streamflow relative to observations. The upper Gila watershed is probably barely large
enough to support enough climate model and VIC grid cells to generate a robust direct simulation
of streamflow. The use by Garfin of VIC, driven by familiar large-scale climate models and widelyutilized regional atmospheric models, is a strength of the analysis because the component models are
well-developed and the results can be compared with previous studies, including the Reclamation
(2011a,b) projections of flow at the Gila gage.
4. Assessment of Findings in the Context of Key Cited Studies
The principal conclusions of Garfin regarding projected temperature, precipitation and
streamflow are as follows, as summarized on pages 68-71 of Garfin et al. (2014). In this section
these findings are assessed, using several other studies cited by Garfin and by Gutzler (2013) as
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comparative references. Among these is the recent assessment by Reclamation (2011a,b), utilized by
Gutzler (2013), that should be directly comparable to Garfin's results for the Gila gage.
[1] Temperature in the upper Gila basin is projected to increase approximately 2 to 3°C
between 1971-2000 and 2041-2070. This change corresponds to an average rate of increase
of roughly 3.5°C/century over 70 years.
The temperature change quoted above is close to many previous estimates of projected
warming in this region (e.g. Gutzler 2013, who quoted projected warming of approximately
7ºF/century derived from a larger ensemble average of CMIP3 climate models). Gutzler and
Robbins (2011) also noted the seasonal emphasis on summer warming as listed in Table 4. Figure 17
shows that projected warming trends yielded by high resolution regional models are almost the same
at all elevations, so the details of the downscaling procedure do not seem to affect future
temperature estimates. The same set of large-scale climate model projections, from CMIP3, have
been used by Garfin and many other investigators (including NM OSE 2006, Gutzler and Robbins
2011, and Gutzler 2013) so it is not surprising that temperature change estimates tend to be very
consistent from one study to another. The fact that the projected future rate of temperature increase
is roughly consistent with observations over the past several decades adds confidence to the modelsimulated projections.
[2] Precipitation in the upper Gila basin is projected to decrease in the upper Gila basin.
However, unlike temperature, there are large differences in the overall precipitation trend
and in the seasonal variability of projected precipitation changes from model to model.
Simulated precipitation change decreases when averaged over all the models considered (Table
4), with decreases projected for every season. These results almost certainly mask a large range in
simulated results across different seasons and different models. Table 4 shows that precipitation
decreases most in Spring and Summer seasons. I consider this result to be highly uncertain
compared to other aspects of the analysis, given the difficulties of simulating convective
precipitation that have been widely documented in the literature (including several of my own papers
regarding summer precipitation). Total precipitation change for each individual model is not
provided in Garfin's assessment, but the even more detailed breakdown for El Niño and La Niña
years in Table 5 shows dramatic differences (in sign as well as in magnitude) from one model
simulation to another. Such huge differences between models are arguably the primary reason to use
the average of as many simulations as possible as an overall estimate of likely change. In my opinion
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using just 5 simulations based on 3 different models to estimate future warm season precipitation
change is not likely to provide robust projections, due to the magnitude of model-to-model
differences in the simulation of warm season precipitation.
In the projection I published for southwestern New Mexico (Gutzler and Robbins 2011, used
for the statistical regression model for streamflow projection in Gutzler 2013) spring and summer
precipitation shows a very small decreasing long term trend. (Statewide-averaged future projections
from this same time series appeared in a report on which I collaborated with Dr. Garfin some years
ago: NM OSE 2006. That particular scenario was derived by averaging 18 simulations which
individually vary considerably from one model to another.)
Similarly, a recent study by Cook and Seager (2013) showed very little overall change in
summer precipitation, averaged over 11 models in more recent CMIP5 simulations. The principal
climate change signal that they identified was a shift in peak precipitation toward late summer -- later
monsoon onset, less early summer precipitation and more late summer precipitation -- but not much
overall change in warm season precipitation change. So I am somewhat skeptical of the large
percentage decreases in future in total Spring and Summer precipitation documented by Garfin in
Table 4.
[3] Streamflow in the upper Gila basin is projected to decrease in the upper Gila and its major
tributary, the San Francisco River. Estimated decreases in average annual flows between
1971-2000 and 2041-2070 at the three gage sites range from 6% to 19%. The range in values
occurs because both mean and median decreases are estimated. Projections of mean flow
decrease less than median flow, because extreme high flows are projected to increase, rather
than decrease, associated with the increase in extreme precipitation quoted above. Flows on
the San Francisco River are projected to decrease somewhat more than flows on the
mainstem of the upper Gila River.
Qualitatively, decreasing annual average streamflow is entirely consistent with many previous
studies, as cited by Garfin. The projection of overall streamflow change deserves closer quantitative
scrutiny. Garfin projects that, "on average, the Gila near Gila is projected to have a 6% decrease in
water quantity (with a 15% decrease in the median streamflow) ... contrasted to Gutzler (2013),
which stated an anticipated median flow decrease of 8%." The difference between 15% and 8%
decrease in median streamflow at the same projection point seems like a very significant discrepancy.

	
  

8	
  

One source of discrepancy between Garfin and Gutzler (2013) involves the periods of record
used in these two studies to define the beginning and the end of the analyzed streamflow trend.
Gutzler (2013) used a historical baseline period of 1951-2012, and assesses changes from that period
to a future period defined as 2021-2050. Garfin uses a shorter baseline period (1971-2000), and
assesses changes out to a more distant future time period, 2041-2070. The differences in starting and
ending periods both affect the quantitative answers yielded by these analyses.
With regard to the initial period, Gutzler (2013) discusses in some detail the importance of
using a long baseline period that includes both drought and pluvial periods, for assessment of longterm trends using observed data. The most recent 30-year "climate normal" averaging period was
anything but "normal" in the upper Gila watershed; that period was extraordinarily wet. If Gutzler
(2013) had used the 1981-2000 period as its baseline for assessing future trends, then the median
flow at the Gila gage would be projected to change by 2021-2050 by -21%, instead of -8%. In other
words, just the selection of the initial baseline period is enough to change the magnitude of
projected streamflow trends by much more than all the other differences in analysis procedures. But
most of the projected "downward trend" from a 30-year initial period in the late 20th Century would
be associated with natural decadal precipitation variability, not with any long-term climate change, as
the Gila hydroclimatic system shifts out of an extraordinarily wet period.
Having said this, it is important to recall that Garfin's analysis is carried out exclusively on
simulated results, not observed data. There is no reason for large-scale coupled climate models to
reproduce a pluvial period at exactly the same time as was produced by nature; the best we can
expect from even a "perfect" model is to reproduce the long-term statistics of droughts and pluvials.
Nevertheless, one must beware that Garfin's projected decreases in average streamflow cannot be
related directly to observed streamflow decreases over the same periods, because the initial baseline
period chosen for the Garfin analysis is a standard 3-decade long "climate normal" averaging period
but is not representative of longer-term average flow conditions.
With regard to the ending periods, it is important to keep in mind that the ending period for
Garfin's analysis is 20 years farther into the future than Gutzler's (2013) analysis. If streamflow is
trending downward in the 21st Century, then obviously it will decrease more the farther into the
future one projects, accounting for about 1/3 to 1/2 of the percentage difference in median
streamflow decline between the two studies. A more direct comparative metric would be average
decrease per decade.
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A second source of discrepancy involves summer season streamflows. The statistical
regression model developed by Gutzler (2013), relating observed temperature and precipitation to
observed streamflow was for the December-June streamflow only. This limitation was motivated by
the large uncertainty in simulating summer precipitation for either the current climate or projected
future climate, as discussed above.
Garfin's projection shows streamflow at all three sites considered in the analysis (Fig. 21) to
decrease during two periods of the annual hydrograph: the Spring runoff period (April and May,
plus March at two of the sites), and following a month of no change in June, another period of
decreasing flow subsequently occurs in Summer and early Fall (July-October). Projections of
declining streamflow during the Spring runoff period are common to both the Garfin and Gutzler
(2013) analysis, as well as many other analyses of projected streamflow in southwestern rivers in the
21st Century (e.g. Hurd and Coonrod 2012 for the Rio Grande in New Mexico). The Spring season
decreases in projected streamflow noted in Fig. 21 seem consistent with the temperature increases
shown in Fig. 17, and consistent with other studies of declining streamflow in snow-fed rivers in the
Southwest.
The June hiatus in the seasonality of decreasing streamflow shown in Fig. 21 is difficult to
understand in terms of climate forcing. If projections indicate future decreases in both snowmelt
runoff in earlier months, and thunderstorm-generated flows later in the year, why should June flows
stay the same? June is the minimum flow period in the climatological hydrographs of these rivers;
perhaps VIC maintains a minimal base flow during this period that is not sensitive to increasing
temperature or decreasing precipitation. Alternatively the difference between no-change in June, and
decreasing flow in surrounding months, could simply be a manifestation of statistical uncertainty in a
small sample of projections that vary considerably from each other.
I regard Garfin's projections of July-October declining flow to be considerably less certain than
the projection of decreasing Spring runoff, in association with the large uncertainty in projected
decreases in summer precipitation (as discussed above). A broader sample of climate model
simulations might yield a significantly different answer, especially for the summer and autumn
period. We have access to such a broader sample, from Reclamation (2011a), which are the
simulations that Gutzler (2013) used for the dynamical estimate of Gila gage streamflow change in
that study. For this review I examined the difference in streamflow at the Gila gage pour point from
Reclamation (2011a), between 1971-2010 and 2041-2070 (current and future periods considered by
Garfin), for all A1B simulations, and for Reclamation's estimated changes yielded by the large-scale
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climate model projections considered by Garfin. Results are shown in Table 1 on the next page.
Averaged over all the A1B simulations, median annual flow changes by 14 kaf, which is a decrease
of 8% below the 1971-2000 median flow. Flow in Dec-Jun decreases by 18 kaf (-16%) over 7
decades, or 2.4% decrease per decade, very close to the decrease in flow quoted by Gutzler (2013).
Averaged over all 39 simulations, Jul-Nov flows decrease but much less (-3 kaf, a 4% decrease).
==================================================
TABLE 1
Median streamflow change at the Gila gage pour point calculated by Reclamation
(2011b). Values shown are differences in median annual flow (kaf/year) between two
30-year periods, 70 years apart: 1971-2000 and 2041-2070. Flows are derived from
the VIC hydrology model driven by large-scale global climate models forced by the
A1B greenhouse gas scenario. Median flows are calculated : (a) annually (b) over the
Dec-Jun peak flow season emphasized by Gutzler (2013) (c) July-Nov summerautumn season, which is the portion of the year not included in the peak flow
season. Because these are median (not mean) flow values, Annual changes are not
arithmetically constrained to be the sum of Dec-Jun and Jul-Nov changes.
a) Annual (WY)

b) Dec-Jun

c) Jul-Nov

All 39 A1B-forced simulations
(as used by Gutzler 2013)

-14

-18

-3

HADCM3 (1 simulation)

-6

-33

+2

ECHAM3 (3 simulations)

-17
-42
-32

-6
-14
-21

-1
+1
-1

CGCM3 (5 simulations)

-20
-21
-40
+1
-28

-28
-23
-31
-4
-24

-1
-5
-19
-16
-12

==================================================
Individual model simulations in the Reclamation (2011) archive listed above show big
differences, like the individual simulations in Garfin. Each of these individual simulations exhibits a
decrease in median flow in the Dec-Jun season, although the quantitative decreases range from 4%
to 33%. The majority of Jul-Nov differences are close to zero, as is the median of all 39 simulations
	
  

11	
  

generated by Reclamation (2011b) that were considered by Gutzler (2013). Three of the five
CGCM3-driven simulations listed in Table 1 exhibit significant decreases in Jul-Nov median flow.
Although there is no Table in Garfin quite analogous to Table 1, I strongly suspect that those
results exhibit ranges in values that are analogous to the Reclamation simulations. The explicit
illustration of how variable individual model simulations can be in the Garfin assessment is a strength
of the analysis.
Nevertheless it is important to emphasize the aspects of streamflow projection that emerge
from random variability when simulations are average. Based on the evidence in Reclamation (2011)
and the Garfin results, I would reiterate that the most robust estimate of future precipitation and
streamflow change will be for the winter and spring, largely driven by temperature change with a
secondary contribution from declining winter precipitation. These are the months emphasized in
the Supplemental figures at the end of the Garfin analysis. I think that projections of convective
precipitation in the warm season, and the streamflow variations associated with convective
precipitation in summer and autumn, are much more uncertain.
Finally, Garfin projects that extreme flows (both floods and extreme low flows) will increase in
magnitude and frequency. The prospect of more extreme low flows follows from the general
decrease in streamflow, such that the negative tail of the distribution of overall flows is shifted
toward lower values. This result is entirely consistent with many previous hydrologic assessments
and seems entirely plausible.
The finding of more extreme flows in the positive tail of the flow distribution (more frequent
and more intense floods) was not addressed in Gutzler's (2013) assessment, which considered just
monthly mean climate and streamflow. Increased probability of flooding is also a plausible and wellsupported conclusion. As illustrated by Garfin, and consistent with previous modeling assessments
(e.g. IPCC 2013 and Garfin et al. 2013), a warmer climate is expected to support higher-energy
storms, due both to increased humidity and increased atmospheric instability (these two variables are
linked). Even if time-averaged precipitation decreases in a future warmer climate, theory and
dynamical models project that the most intense precipitation events will increase in severity and
frequency, leading to similar shifts in the probability of severe short-term flooding events. Garfin's
discussion that makes this point explicitly is a strength of the analysis.
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5. Closing Remarks
Despite the significant uncertainties discussed above, there are important similarities between
Garfin's conclusions and those of similar studies of projected average flow changes in southwestern
snow-fed rivers, including Gutzler's (2013) analysis of the upper Gila River. In addition, Garfin's
modeling approach yields plausible higher-frequency results that are useful for planning future flow
management on the upper Gila. The principal results are:
•

Significant decreases are projected in annual average streamflow in coming decades,
consistent with every major regional study carried out in recent years.

•

Significant decreases are projected to occur in late winter and spring months,
associated with a weakened snowmelt runoff peak that occurs earlier in the year.

•

Extreme flows in both tails of the streamflow distribution are projected to intensify,
i.e. episodic strong flooding events and low-flow events both become more
pronounced in a warmer climate.

Garfin projects somewhat more pronounced decreases in streamflow in summer and early
autumn months compared to a larger ensemble average of climate projections produced by
Reclamation (2011), and these warm season decreases in precipitation and streamflow lead to
somewhat more dramatic annual flow decreases compared to the projections produced by Gutzler
(2013). In my opinion the long-term projected trends in average warm season streamflow, not
directly associated with snowmelt runoff, remain difficult to constrain.
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Introduction
This memorandum provides review and discussion of selected data, analyses and conclusions
provided in Chapter 5 of the report, Gila River Flow Needs Assessment, July 2014, prepared by
The Nature Conservancy. Chapter 5, Evaluation of Hydrologic Impacts to the Gila River from
the Consumptive Use and Forbearance Act (CUFA) Diversion and Climate Change, was
authored by Jeanmarie Haney, Steve Bassett, and Dale Lyons.
Chapter 5 characterizes hydrologic impacts of four “scenarios” using the TNC Indicators of
Hydrologic Alteration (IHA) software 1 to extract statistical comparisons to the unaltered
historical hydrograph for the Gila near Gila gage. The scenarios evaluated are:
Scenario 1: CUFA diversions and a 150 cfs bypass criterion.
Scenario 2: CUFA diversions and no bypass criterion.
Scenario 3: Climate change models - Dry (UA WRF-MPI), Wet (CRCM-CGCM3),
Intermediate (UA-HADCM3)
Scenario 4: Climate change models with CUFA diversion
Scenario 1, analogous to that evaluated by SSPA in the report Hydrologic Alteration Analysis of
Gila River under Potential CUFA Conditions (October 2013), is the focus of this review.
Scenario 2 is not reviewed, primarily due to lack of relevance. The NMISC has adopted a
bypass criterion of 150 cfs and Scenario 2 does not capture this constraint. Scenarios 3 and 4
involve climate change assumptions. SSPA has not conducted IHA analysis of climate changegenerated streamflow scenarios or superimposed CUFA diversions on these alternate flow sets.
Comments regarding the applicability of the climate change assumptions are not included in this
review, although limited comment on Scenario 4 methods are noted.

1

TNC attributes this software to a 2005 reference accessed online in December 2013. A later software version
(2009) was acquired by SSPA for similar analyses (SSPA, 2013). It is not clear from information provided which
version of the software was used by TNC for their analysis.
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IHA Scenario 1 Analysis
SSPA did not have complete output from TNC’s IHA analysis available for this review nor were
summary IHA tables provided in the report (i.e., similar to Tables 1 and 2 in SSPA, 2013, which
provide direct IHA results). Historical and daily modified flows used for TNC’s IHA input
became available late in our review and were briefly examined. Based on this material and on
analogous evaluation of CUFA flows (SSPA, 2013), the following comments are provided.
Differences between the SSPA analysis and the TNC analysis include:
•

•

•

CUFA Diversion Model: CUFA diversions are developed through a spreadsheet model.
The SSPA analysis used a spreadsheet prepared by the NMISC (March 2013); the TNC
model uses a spreadsheet developed independently by TNC. Over the full historical
period of analysis, differences in total CUFA diversions are small with no obvious bias.
Some events reflect a difference in method, for example, see 1993, 1998, 2008, 2010.
Investigation of differences in the CUFA Diversion Model is not included in this
analysis. Nevertheless, differences noticed in review include percentage applied for the
“NM Excess” (0.75 in TNC model, 0.70 in NMISC model) and a difference in Gila gage
flow for 2/12/05 (15,150 in TNC model, 1,550 in NMISC model). NMISC has indicated
to SSPA that the NM Excess multiplier has been updated in subsequent versions of their
model to 0.75, and, that the gage flow value for 2/12/05 required correction. However,
neither of these differences exerts a significant impact on general statistics nor explains
the event differences noted above.
Structure of IHA Analysis: SSPA specified environmental flow components (EFC
groups, i.e., large floods, small floods, high flow pulses, low flows, extreme low flows)
using IHA default assumptions; it is not clear which EFC groups were defined in the
TNC analysis, though TNC states that they focused their analysis on the 400 – 4,000 flow
range. While this range captures much of the high flow pulse (134 to 1,300 cfs) and small
flood (1,300 to 8,646 cfs) EFC components evaluated in the SSPA analysis, because
SSPA’s results are based on different flow ranges, we were unable to check the statistics
generated by TNC for this flow range through comparison to results in SSPA, 2013.
Significance of 400 to 4,000 cfs Flow Range: On p. 106, a target streamflow range of
400 to 4,000 cfs is identified for reason of ecological significance. General ecological
functions are identified, but not specifically associated with particular flow reductions nor
are citations provided to address specific concerns associated with impacts to flows in
this range. A reference to Chapter 7 (also p.106) is over-stated and non-specific.

Despite the differences noted above, one would expect general correspondence between
conclusions drawn from the two separate IHA analyses. Some comparative statistics are shown
below:
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Monthly median flow: SSPA calculates a March reduction in median flow of
approximately 15%, other months are unaffected; TNC cites an April reduction in median
flow of 14% (p. 96), but a March reduction of 14% (p. 103). Perhaps a typo with the
April statement?
Maximum streamflows (of monthly medians): Differences of 2-7% for months February,
March, April and September.
7-, 30-, and 90-day maximum streamflows (medians): SSPA calculates CUFA reduction
of 24%, 15% and 14%, respectively; TNC reports 12%, 14% and 14%.
Comparison of Fall Rates: SSPA calculates an overall decrease in Fall Rates under
CUFA conditions. TNC does not provide results with respect to change in Fall Rate.

Differences are likely due to alternate input values for modified flows.
Discussion of Results, Scenario 1
TNC states that one impact of CUFA diversions is to remove some of the variability that exists
in flood magnitude. The flow duration curve (Figure 3, p. 104) is referenced with magnification
of the portion of the curve wherein change is most evident. Figure 4, p. 104, shows the annual
hydrograph, providing long-term context for illustrating the magnitude of diversions and impact
on flow variability. As shown on Figure 4, the CUFA-impacted hydrograph maintains seasonal
variability; this result is consistent with the multiple limitations imposed by CUFA which
preserves the natural hydrograph in many respects while diverting a limited quantity of water.
The chapter continues with tabular and graphical statistics. Because of differences in SSPA and
TNC’s input data for modified flows and the handling of EFC groups in the IHA analysis, review
of the accuracy of these materials through direct comparison of results was not possible. Recalculation of results from TNC’s data set was not performed. Assuming the calculations and
presentations are correct, more problematic are conclusions in the text, for example, p. 106:
“when small or moderate flow pulses are diverted, flows will no longer occupy secondary
channels, with corresponding impacts on groundwater (Chapter 7, this report)”. This statement
is not accurate because many events of the altered flow regime will continue to involve
“secondary” channels; the wetting of secondary channels is gradational and not an “on-off”
phenomenon. Furthermore, the effects of CUFA diversions on groundwater conditions are overstated due to limitations of the methods described in Chapter 7. These limitations are discussed
in SSPA’s separate review memorandum relating to Chapter 7 of the TNC Flow Assessment
Report.
Some discussion elements are unclear. For example, p. 106: “Reduction in magnitude of natural
streamflow in the 400 to 4,000 cfs range would range from 7 to 27%”. Without also including
the number of days to which this statement applies and the number of days in which flows in this
range are not modified, one might misunderstand the overall impacts of CUFA diversions.
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The rationale for presenting information on Figure 6 on logarithmic scale is not clear. This
presentation makes it more difficult to put diversions at all flow levels in perspective and
amplifies conditions in the low to moderate flow ranges.
Other Comments
•

•

Chapter 5 offers a statistical analysis comparing flow characteristics with and without
CUFA diversions. Objective results from this analysis are a useful contribution; although
some of the accompanying opinion regarding ecological significance seems out-of-place
in this chapter. For example, discussion of Scenario 2 (p. 109) identifies a number of
zero flow days that might occur under the scenario assumptions; then, states it would be
“likely that reduced floodplain inundation (Chapter 6, this report) would diminish alluvial
groundwater recharge.” It is not clear why the topic of floodplain inundation is raised in
this context, as a “zero flow” day would not, absent CUFA diversions under Scenario 2,
be more than a flow of 350 cfs and would be insufficient to cause floodplain inundation
in any case. Furthermore, comments on changes to groundwater recharge in this chapter
lack credible foundation. These points are carried forward into the chapter summary and
extended to statements regarding base streamflow in summer months; these conclusions
are not supported by the chapter analysis.
Scenario 3 – The period 1971 – 2000 was a very wet period; it is not clear if this was
factored into the analysis.

References
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Stream Commission, October 2013.
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INTRODUCTION: The purpose of this document is to provide review and comment on Chapter 6 of the
Gila River Flow Needs Assessment (The Nature Conservancy [TNC] 2014) to the New Mexico Interstate
Stream Commission.
The chapter describes hydrodynamic modeling and ecohydraulic relationships and was written by Dr.
Mark Stone and Dr. Ryan Morrison of the University of New Mexico Department of Civil Engineering.
The comments provided in this document relate to the hydrodynamic model development and
assumptions. A subsequent June 2014 version of Chapter 6 was also reviewed but no major changes were
noted between the June 2014 and July 2014 versions.
The New Mexico Interstate Stream Commission staff attempted to obtain more model documentation
from both TNC and Dr. Stone but was unsuccessful.
The hydrodynamic model solver used for the study was SRH2D which was developed by United States
Bureau of Reclamation. Five sub-reaches of the Gila River were modeled, and ten different flow rates
were simulated. The hydrodynamic results were connected to inundation frequency on an annual basis,
and changes to the frequency were then presented.

COMMENTS AND DISCUSSION: The following are comments regarding the SRH2D model,
methodology, and assumptions as they are explained in Chapter 6 (TNC 2014).
1. There is no vertical accuracy specified or description of the challenging LiDAR collection
conditions.
Typically a vertical accuracy is referenced so the reader can understand to what degree the
elevation of the channel bed and floodplain is known. Additionally, the LiDAR was collected
during an unsually high flow flow period. The type of LiDAR used doesn’t penetrate water, so
the subaqueous bathymetry at the time of LiDAR collection is not known.
The text states that techniques (p. 141) were applied to correct inferior LiDAR data, and
presumeably create subaqueous bathymetry, but there is no description of exactly what these
techniques were or how the authors applied them. A sound understanding of the uncertainty
associated with the ground elevations is paramount. If the channel was adjusted to compensate
for lack of subaqueous LiDAR information, by incorporating subaqueous bathymetry using
engineering judgment, there could be much error in the modeled channel conveyance. This could
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impact the results. No attempt to quantify this was made, which calls all of the results into
question.
2. There is no description of the computational mesh, no grid dependence study, and no
qualification of the mesh resolution being appropriate for the study.
One of the key issues that isn’t described is a quantification of how the spatial resolution of the
computational mesh compares to the LiDAR resoultion, areas of complex bathymetry, and high
velocity gradients. Without this quanitification, it is difficult to put the hydraulic results in
context. If the mesh elements are large compared to changes in bathymetry, the resulting
modeled surface will be smoothed out. Large mesh elements can also dampen velocity gradients.
This can lead to an underestimate of velocities and bed shear stress and thus lead to an
underestimate of impacts. A simple plot of the modeled elevations compared to LiDAR
elevations in the floodplains and in the channel can provide this context for the reader and the
evaluator.
3. The chapter does not give any meaningful information on the boundary conditions.
A document showing the origin of the boundary conditions, their development, and the conditions
for which they were developed should be referenced. At a minimum, a table of boundary
conditions would be helpful. A description of the model (or source) of the boundary conditions
provides context for the current SRH2D model results. A description of the calibration process
also informs the reader on the applicable range of the source of boundary conditions. For
example, if the model that provided the boundary conditions has only been calibrated for flows
above 3,000 cfs the SRH2D model results for flows exhibiting the most reduction in inundation,
recruitment, and incipient motion have highly suspect boundaries.
4. There is no attempt to show a comparison with measured physical data, or at the very least, the
calibrated HEC-RAS model that feeds the boundaries to SRH2D.
There is no documentation of the SRH2D model calibration or validation process. Therefore, the
accuracy of results cannot be placed into context. To properly understand the current results it
would be helpful to have an idea of how much variability is present in the predicted stages. It is
possible that the model performs well for the 10 percent and 1 percent annual chance peak flow
events but poorly for lower flow events such as the ones important in this effort. Again, lack of
documentation on model calibration calls all of the results into question.
5. The documentation of bed shear stress is lacking.
The bed shear stress from SRH2D is based on a manning’s roughness coefficient and to be most
accurate, requires conditions that are appropriate for Manning’s roughness coeficients (i.e.,
uniform flow, gradually varying, and wide channels with shallow depth). The equation for bed
shear stress that is used in this work was not referenced or listed. Given the variable flow
conditions in the Gila River, there is a good chance that the model will over/underpredict bed
shear stress in many areas. There was no attempt to quantify the types and numbers of areas that
will be overpredicted or underpredicted soley because of the assumptions that go into the SRH2D
bed shear stress equation.
Also, using the critical bed shear stress for incipient motion from a numerical 2D model is not the
same as using a critical shear stress for incipient motion as it was derived from physical model
data (i.e., Shields Diagram). 2D model results will not have the turbulent fluctuations in them
(i.e., as used in the physical model data) that cause incipient motion. Velocities in the 2D model
are representitve of the average mean column. This means that the SRH2D model will
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overpredict the velocity (critical bed shear stress) at which incipient motion occurs for an
equivalent grain size.
6. Steady-State Models used for bed shear stress will underpredict velocity in channel/floodplain.
Because of the natural hysteresis of a flood event for one discharge, the rising limb of a flood is
responsible for the highest velocities in a river reach and the falling limb is responsible for the
highest depths. Running a model to steady-state and then evaluating the velocity and depths will
result in will dampened peak velocities and underpredict depths. Based upon the document, there
appears to be no attempt to quantify the appropriateness of using steady-state results. There is no
documentation of individual events being simulated to see the impacts on an individaul event
basis. An individual event with a real hydrograph run as an unsteady model would help with
determining the validity of using only steady-state results to conduct the analysis. This could be
important to the overall conclusions.
7. Applicability of the steady-state results linked to an annual frequency or annual percentage.
It isn’t clear how the 10 different modeled flow rates correspond to an average annual hydrograph
on the Gila River in the areas of interest. Figure 10 serves as the baseline for inundation
frequency, but there is no desription of how the SRH2D model was used to to create it.
Figure 10 indicates that over 50% of the floodplain is inundated for less than 0.2 percent of the
year, which equates to 18 total hours per year. The hydrodynamic results were then interpreted
within the context of change to inundation frequency. The change in frequency is on the order of
10% and may peak at 50% based on the different scenarios. The time scale of the inundation
frequency changes, then, is on order of two to nine total hours in a year.
Similarly, the changes in incipient motion annually are on the order of two to nine total hours per
year. Thus, the change to recrutiment potential may also be on the order of two to nine hours in a
year. Two to nine hours may or may not be significant.
8. Assuming that the models and model results can be validated, there is no quanification of
whether or not two to nine hours less inundation annually is a critical threshold for sediment
transport and recruitment.
There is no discussion on the importance of time scales for both sediment transport and
recruitment, especially as they are connected to the hydrology of the Gila River. The two to nine
hours annually could be spread across more than ten events, further lessening the impacts, or they
could be concentrated into one event, which may have a greater impact.
9. The areas just outside of the primary channel show the greatest decrease in vegetation
recruitment, incipient motion threshold reduction, and inundation.
The chapter does not document any attempt to connect the uncertainty of the channel bathymetry
(i.e., a general lack of in-channel topography and as mentioned above, uncertanty with the
LiDAR collection due to unusually high stream flows), to uncertainty in changes to inundation
frequencies.
CONCLUSION: Overall, Chapter 6 attempts to connect changes in hydrology to channel/floodplain
hydraulics and therefore to channel/floodplain inundation, vegetation recruitment, and sediment transport.
In general, it is carried out in a systematic method and results are presented with respect to what could be
expected outcomes from different hydrologic scenarios.
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However, there are serious shortcomings in model development documentation and assumptions. This
lack of transparency undermines confidence in reported results and assumptions which were used to
develop the conclusions of Chapter 6. Many of the real or perceived model shortcomings could be
cleared up with a comprehensive model development report.
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SUMMARY
This memorandum provides review and discussion of selected data, analyses and conclusions
provided in Chapter 7 of the report, Gila River Flow Needs Assessment, July 2014, prepared by
The Nature Conservancy. Chapter 7, Groundwater and Surface Water Interaction in the GilaCliff Valley, NM, was prepared by Ellen Soles and Martha Cooper. While this review is
primarily directed towards Chapter 7, additional review is provided of study conclusions
(Chapter 15) that are founded on material developed in Chapter 7.
Chapter 7 reviews data collection and compilation efforts, provides statistical characterizations
of data, and seeks to characterize and evaluate relationships between surface water, groundwater
and vegetation/habitat conditions. Drawing from data pertaining to the Gila-Cliff Valley and
considering studies reported in the literature for other river settings, the authors seek to articulate
relationships that might be applicable or informative regarding the potential impacts of CUFA
diversions on groundwater and riparian vegetation. While this ambitious undertaking provides
significant data, observations and interesting analyses, the chapter lacks sufficient quantitative
basis for addressing some of the claims or concerns regarding the impacts of CUFA diversions
on groundwater or riparian vegetation.
Key findings of this review with relevance to study conclusions are:
Changes in Streamflow and Groundwater Rates of Recession:
Concern: TNC discusses potential impacts to riparian vegetation recruitment and establishment,
anticipating increased groundwater rates of recession with CUFA flow reductions of 350 cfs.
SSPA Analysis:
a) Analysis of natural and CUFA-modified flow conditions indicates that on average, “fall
rates”, or rate of declines in surface water flow, will be lessened under CUFA conditions.
Without increased fall rates under CUFA, increased rates of decline of groundwater
elevations (rates of recession) will not ensue.
b) Exceptions to the above point can occur in a limited number of situations due to timing of
diversion if initiated on the falling limb of the hydrograph; in these cases, the increase in
fall rate will be offset in reductions in subsequent days with no net change in rate of
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groundwater recession. Analysis of the historical record, with and without CUFA
diversions, suggests that in such cases, the duration of increased fall rate would be one
day.
c) The TNC method used to analyze groundwater rates of recession associated with a flow
decline of 350 cfs does not consider significant lagged impacts and over-estimates rates
of recession for 4 of 6 calculated results (Table 8, p. 167).
SSPA Finding:
In general, groundwater rates of recession will not be increased with CUFA diversions and
riparian vegetation will not be subject to this risk beyond that which would occur with the
existing unaltered hydrograph. In limited cases, increased groundwater rate of recession can
occur; analysis suggests this would occur over a period of one day. Based on the only
analysis presented by TNC that is not problematic (due to method limitations in handling of
transient impacts), the rate of groundwater recession associated with a decline of 350 cfs
would be in the range of 1 to 2 cm/day. Based on the literature cited by TNC, a rate of
recession in this range would not result in an adverse impact to riparian vegetation.
Impact of CUFA diversions on Groundwater Recharge
Concern: TNC expresses concern that reductions in flow under CUFA will reduce flow in
secondary channels, reduce seepage and recharge opportunities and reduce alluvial groundwater
storage. Accordingly, TNC expresses concern that groundwater levels will decline substantially
from CUFA diversions with consequent impacts to riparian vegetation.
SSPA Analysis:
a) Reductions in flow under CUFA, being limited in magnitude and duration, will have
limited impacts on groundwater storage and depth to water.
b) Impacts of CUFA diversions on depth to groundwater have been simulated with a
groundwater flow model that integrates multiple influences of stream flow, irrigation
diversion, detailed topographic conditions including low areas and secondary channels,
and aquifer dynamics including lagged response times. Simulated differences 1 in
groundwater levels seldom exceed one foot due to CUFA diversions; changes in aquifer
storage that occur during periods of diversion dissipate rapidly following cessation of
diversion.

1

Differences may occur on rising or falling hydrographs. Because diversions tend to occur under higher flow
regimes, groundwater levels may continue to rise through diversion periods, in these cases, the rate of groundwater
rise is decreased under CUFA. Similarly, differences in aquifer storage may be lower rates of increases in storage.
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c) Analyses of the 2010-2013 period of record are consistent with the simulation results:
significant groundwater recharge occurs under low flow regimes (<100 cfs) and
low/moderate flow regimes (<400 cfs).
d) Under existing conditions, severe groundwater declines occur with extreme low flow
regimes when channel drying is likely to occur; modest increases in precipitation/flow are
sufficient to reverse these trends.
e) High flow pulses and floods increase recharge opportunities, but appear to be less
important than sustained low flow conditions above a critical threshold for reversing
steep groundwater declines that occur under existing conditions and for maintaining
groundwater levels.
SSPA Finding:
Avoidance of extreme low flow and channel drying conditions is critical to maintaining
groundwater levels. Impacts of periodic reductions of high flow pulses and floods on
groundwater recharge and groundwater levels would be limited in magnitude and duration.
Summary and Recommendation
Conclusions presented in Chapter 7 that relate to impacts of CUFA diversions on alluvial
groundwater levels, volumes of recharge or rates of groundwater recession are not supported by
the analyses offered. Our analysis (SSPA, 2013, 2014) quantifies impacts of CUFA diversions
on alluvial groundwater levels, volumes of recharge and rates of groundwater recession using
methods that integrate multiple hydrologic influences and that offer more accurate handling of
transient impacts important to quantifying aquifer-stream interactions. It is recommended that
statements regarding ecological impacts associated with groundwater levels, volumes of recharge
or rates of groundwater recession be based on the simulated model results rather than on the
methods provided in Chapter 7.
INTRODUCTION
An outline of the chapter is provided below, showing primary and secondary section headings.
Review comments are subsequently provided using the same organizational structure.
•
•
•

Introduction
Methods (Data compilation/collection: surface water, groundwater and vegetation
surveys)
Results
o Surface Flow Summary 2008-2012
o General Surface Water-Groundwater Interactions
o Other Factors in Groundwater Response
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o Groundwater Rates of Recession
o Floodplain Topography and Habitat
Discussion
o Inundation of Complex Floodplains
o Biochemical Implications of the Variable River “Flow Pulse”
o Floodplain Vegetation
o Variability and Potential Diversion Effects

This review focuses on TNC’s analyses presented in support of opinions stated in the Discussion
section, and on work leading to conclusions regarding impacts involving surface water and
groundwater interactions that are cited in Chapter 15. Little comment is offered on the
Introduction and Methods sections other than, as further elaborated in the “other comments”
section below, some data analyses that are non-customary and may obscure or miss information
with respect to groundwater dynamics. For example, the averaging of depth-to-groundwater
across cross-sections may obscure important elements of topography and result in bias in
interpretation; calculation of 2-point hydraulic gradients may miss key elements of the flow
regime, and mixed discussion of groundwater depth and groundwater heads leads to some
confusion. In general, the chapter does a good job of describing a large amount of data collected
in the Gila-Cliff Valley, but lacks depth in the analysis of groundwater dynamics as might apply
to evaluation of groundwater impacts of CUFA diversions. These topics are further addressed
below, following the chapter organization within the Results and Discussion sections.
REVIEW OF CHAPTER 7 RESULTS
Surface Water Flow Summary – This section summarizes flow conditions from 2008-2012.
General Surface Water-Groundwater Interactions – This section provides generalized
characteristics of groundwater responses and averaged conditions. General influences of surface
water flow on groundwater conditions are noted.
Other Factors in Groundwater Response – This section describes 2 analyses:
1) Regression analysis of log-transformed adjusted Gila gage flow and groundwater levels concludes that fits are poor and other factors beyond concurrent surface water flow is
involved;
2) A second regression analysis of data for two separate time periods (March – November
2010 or EM, and February to October 2011, or SP) finds better fits when data are
grouped according to these periods. It is concluded that antecedent conditions play a role
in establishing a range of groundwater levels for a given period of time. (i.e., Table 7,
Figure 8, 9). In other words, groundwater levels tend to be higher in periods following
extended higher flows.
TNC’s conclusions drawn from the analyses are:
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The seasonal flow regime (antecedent conditions) has influence on groundwater levels.
From the SP high/low values, “a small, isolated flood event provides at least short-term
groundwater recharge”.
Greatest declines in groundwater are in locations below existing irrigation diversions.

All three conclusions are acknowledged, though to maintain perspective and credibly extend
these observations to altered conditions, one must also consider other factors.
Regarding influence of prior flow conditions on the flow-groundwater relationship, the degree of
influence depends on volume of inflow to the aquifer (i.e., channel seepage), aquifer storage
capacity, aquifer hydraulic conductivity and the hydraulic gradient from channel inflow locations
and to outflow locations; and, relative influence of other inflow/outflow components such as
canal seepage, irrigation seepage and evapotranspiration. The combination of these factors
influences not only general groundwater conditions, but also the relative impact of a shortduration stress such as a flow pulse. Key to the application of these principles to evaluation of
impacts of CUFA diversions is identifying the results of the combination of impacts, which vary
in time and space. Elements of these inter-relationships can be gleaned from analysis of
historical data sets, but projection of impacts under altered future conditions are difficult without
specification and representation of all influencing hydrologic factors. While generalizations
based on a set of observations are useful as a starting point, the extension of generalizations to
altered hydrologic conditions may miss other important processes impacting outcomes. In
summary, this section probes into the data and provides interesting results, but significant
caution is required in drawing from the specific observations to other conditions.
The important topic of groundwater recharge is woven into this chapter section, but key
questions on dominant drivers of recharge and the maintenance of elevated groundwater
conditions are not answered. Additional discussion of this topic, drawing from the observation
data presented, is provided in Attachment A to this memorandum. Our analyses in Attachment
A suggest that recharge of groundwater and recovery of water levels are associated with the
maintenance of threshold “low flows”, as opposed to the occurrence of “extreme low flows”
and/or channel drying. While brief high flow pulses and extended periods of high flows also
contribute recharge and increase groundwater levels, it is not clear that these bear the degree of
sensitivity in terms of potential impacts to riparian ecology under CUFA as do low flows of a
magnitude sufficient for establishing and maintaining a threshold seepage contribution.
Groundwater Rates of Recession
This section describes analyses of data over recent years to identify groundwater rates of
recession associated with a drop in surface water flow of 350 cfs, equivalent to a full CUFA
diversion. The authors state that rates of groundwater declines following elevated flows have
important repercussions for persistence and vigor of wetland and riparian vegetation, and for
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survival of riparian seedlings. For the analysis, they examine average rates of groundwater
decline from piezometers along transects for three periods of groundwater recession, with two of
the periods further sub-divided into smaller time increments. The analysis is summarized on
Table 8, p. 167.
The first two periods occur in January and April/May 2010. The April/May period is
characterized as “EM”, or extended moderate; the January period, though termed “D” for dry,
assesses the tail of a 7,000 cfs pulse following a previous dry period; the third period occurs in
August 2011 in the lower flow period characterized as “SP”.
The conceptual basis for the analysis is unclear and ignores important elements. The identified
groundwater recession rate is not clearly associated with a single drop of 350 cfs, rather, with an
extended period of decline. The analyses for the January 2010 and August 2011 periods fail to
recognize transient impacts of the immediately preceding recession from the peak of the
hydrograph; associated lagged groundwater declines fall within the evaluation period resulting in
overestimation of the average daily rate of recession. Handling of timeframes for the evaluation
is also unclear. The timeframes for calculation of groundwater decline are not uniformly
selected (some match the period of surface water decline, others don’t).
Finally, evaluation of flow changes occurring over a period of less than one day may not yield
the best proxy for identifying rates of decline relevant to vegetation concerns; rather, evaluation
of rates of recession based on daily flow averages and over a period of several days may yield
rates of change on a temporal scale better suited to a determination of plant growth and survival.
These and related topics are further discussed in Attachment B.
Aside from questions on the calculated rates of groundwater decline associated with a reduction
in surface water flow of 350 cfs, a more fundamental question arises over the concern for
groundwater rates of recession in the context of evaluation of CUFA impacts. CUFA diversions
would occur when a set of defined conditions are met, taking a portion of flow from the
hydrograph. Our analysis suggests that conditions for CUFA diversions will not be abrupt and
isolated, but rather, typically occur over a period of days or longer, including the rising and
falling limb of flow events on the hydrograph. While the flow is rising, the initial day of CUFA
diversion will decrease the “rise rate”. Following the initiation of the CUFA diversion, and after
flow exceeds 500 cfs, in many cases, the CUFA diversion will have no impact on the rise or the
fall rate, as each daily flow is simply a fixed increment below or above that of the prior. When
the CUFA diversion ceases, if on the receding limb of the hydrograph, the fall rate will decrease
from that of the unaltered flow and lessen the impact of groundwater rates of recession.
Attachment B provides additional analysis of this comparison.
IHA results for the unaltered versus the CUFA diversion flows indicate that fall rate statistics
improve under CUFA conditions (SSPA, 2013, Table 1). Further evaluation of fall rates by
month indicates the number of days in which fall rates are lessened, not impacted, or increased.
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These results also support our finding that the overall impact of CUFA diversions will not
exacerbate fall rates. Correspondingly, increased rates of groundwater recession following
elevated flows will occur less often under CUFA than with the unaltered flow regime. Increased
rates of groundwater recession resulting from CUFA diversions will not be an issue if operations
are such that CUFA diversions occur in similar fashion as is calculated in the NMISC CUFA
diversion model.
Floodplain Topography and Habitat
This section describes mapping of riparian vegetation habitat bands across study transects,
illustrates topography in relation to habitat bands (Figures 13-19), provides statistical summaries
of groundwater depth in habitat bands and over seasons from the recent record (Tables 9, 10).
Some of the data analysis merits further examination, e.g., the calculation of average depths to
groundwater across bands from the limited piezometer data. Some statistical presentations are
less than intuitively clear, for example, presentation of means and standard deviations of
medians, mixing parametric and non-parametric approaches. Nevertheless, the presentation
provides a general depiction of depth ranges for various vegetative classes including annual and
seasonal variability. Overall, the characterization of location of vegetative classes and range of
groundwater conditions provides useful context.
Several observations are drawn from the analysis, most of which relate to general seasonal or
annual differences. Specific interpretations offered at the end of the section (p. 176) are not
entirely consistent with data, for example, TNC’s characterization of the impact of the single
peak flow event of 2011 and discussion of conditions in 2012. Our analysis of the timing of
rises in groundwater elevations with respect to low flow levels above and below a threshold
(Attachment A) indicates that groundwater levels are very sensitive to the occurrence of a low
flow level at which seepage is capable of causing recharge over an extended duration. The
influence of a longer duration low flow above a threshold level appears to be of greater
significance than is recognized here, and conversely, the effects of the isolated single peaks of
short duration dissipate over a matter of days or weeks.
REVIEW OF CHAPTER 7 DISCUSSION
Inundation of Complex Floodplains
This is a general, descriptive section, noting that the “floodplain” of the Gila-Cliff Valley is
variably inundated in topographic lows and “secondary channels” at different flow levels less
than “bankfull”. Literature describing this type of river system elsewhere is cited, and some of
the physical processes for floodplain wetting are described. The term “complex” appears
synonymous with variable topography, a condition well-documented with LiDAR data.
Extensive literature is cited not only in this chapter, but elsewhere in the Flow Assessment to
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establish that the Gila River does not meet the “classic” definition of a single channel river that
only floods when bankful. This concept is familiar to those who have worked with the LiDAR
data for the Gila-Cliff Valley.
Biochemical Implications of the Variable River “Flow Pulse”
This section identifies findings on this topic reported in the literature. SSPA has obtained the
cited references as full text or abstract and are providing them in a document library folder. No
primary research or analysis is presented in this section.
Floodplain Vegetation
This section references the literature to summarize the importance of floodplain vegetation,
including vegetation effects on geomorphology and vice versa, and general relationships between
alluvial groundwater levels and recruitment and survival of riparian vegetation.
Variability and Potential Diversion Effects
This final section of Chapter 7 draws from earlier sections in an effort to identify impacts of
potential CUFA diversions on groundwater and riparian vegetation. Our review of this work
highlights limitations of some of the chapter analyses, where fundamental aspects of
groundwater dynamics have been over-simplified or not fully addressed. Groundwater flow
dynamics have not been adequately represented in the characterization of groundwater rates of
recession and in assessment of the role of high flow pulses on recharge. Not sufficiently
addressed is the significance of low flow regimes over long durations in sustaining groundwater
levels. In part due to method limitations, interpretations from this chapter will not transfer well
to the assessment of impacts of potential diversion effects. Specific elements from the
discussion of potential impacts of diversions to groundwater are addressed below.
Relationship of periods of elevated flow and attenuation of groundwater declines, p. 184, 3rd
bullet – Our analysis indicates that while elevated flow plays a role in attenuation or reversal of
groundwater declines, of greatest importance is the occurrence of extended periods of low flows
above a critical threshold. While this threshold varies somewhat by season, year and location,
inspection of groundwater and flow data indicates that the threshold is below 150 cfs
(Attachment A). High flow pulses, small floods and large floods are an integral part of the
floodplain hydrology for a variety of reasons, but their relative contribution to attenuation of
groundwater declines is over-emphasized in this chapter (Attachment A).
Abrupt vs. gradual reductions in flow and impact on groundwater, p. 185, 1st bullet - The authors
describe the rate of groundwater level decline as a function of rate of surface water stage decline.
However, our analysis of the potential impacts of CUFA diversion on rise and fall rates suggests
that CUFA diversions will not cause an increase in the intensity or frequency of fall rates
(Attachment B). Rather, with diversions initiating during periods of increasing flow, the
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occurrence of CUFA diversion tends to reduce the rise rate, and, correspondingly, during the
recession period, when CUFA diversions cease, the fall rate is decreased, not increased.
In a very limited number of days, a single-day increase in fall rate is associated with a CUFA
diversion initiated at the peak or on the falling limb of hydrograph. Typically in these cases,
following the single-day flow reduction, the rate of groundwater recession parallels the nonaltered case, or, is decreased with the result that over a multi-day period, there is no net change
in rate of groundwater recession (Attachment B). This analysis suggests that CUFA diversions
would not change groundwater rates of recession that would impact recruitment or survival of
riparian vegetation. The possible exception would be where sensitivity over a timeframe of
hours vs. days is identified, but we are not aware of situations where this would be an issue.
The rate of groundwater level recession associated with specific river discharge fall rates is overestimated (Table 8). Of the periods evaluated, only the April-May 2010 period is preceded by a
quasi-steady-state condition for discharge, allowing a ballpark calculation of corresponding
groundwater rates of recession. The January 2010 and August 2011 calculations lump additional
impacts of the preceding period of recession, and thus over-estimate the groundwater rates of
recession attributed to a drop in flow of 350 cfs (Attachment B).
Streamflow reductions will reduce infiltration and exchange potential, p. 185, 5th bullet - The
TNC analysis does not provide credible quantification of this impact. Attachment A to this
review suggests that the maintenance of low flows above a critical threshold is of greater
importance to aquifer recharge than the occurrence of short duration higher flows. Modeling
analysis is also useful for quantifying the potential differences of flow regimes on groundwater
conditions (SSPA, 2014). The advantage of the groundwater model is the ability to represent
the integration of multiple physical processes into the analysis. The model simulated change in
groundwater elevations under selected hydrographs reflects the relative impacts of infiltration
and other exchanges on aquifer storage.
Contribution to groundwater storage, p. 185, 6th bullet – TNC conducted a simple volumetric
analysis based on reduction of flow volume of 7,000 acre-feet (reduction of 10 days at 500 cfs to
10 days at 150 cfs) is presented as potentially resulting in a decline of more than one foot of
vertical storage over the valley bottom acreage. The analysis is flawed in that it assumes that the
“total volume of water that enters the valley affects the volume of groundwater stored”. Rather,
it is the total volume of water that infiltrates into the groundwater system that affects the volume
of groundwater stored (along with other factors including aquifer properties and the hydraulic
gradients to/from surface water discharge/recharge features). Thus, while true that the stated
volume would represent such a depth over the assumed acreage, it is unreasonable to consider
that the entire CUFA diversion would infiltrate into the subsurface were it not diverted.
TNC’s example would require seepage in the amount of 350 cfs throughout the example 10-day
period, or, at a rate of about 16 cfs/mile through the entire 21-mile reach for the 10-day period, in
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addition to the base seepage value from the non-diverted flow quantity. As a general matter, it is
not realistic to assume that all of a given flow increment would seep into the subsurface in any
condition; this would preclude conveyance of any of the flow increment downstream. Aside
from the physical improbability of all of a given flow increment being lost to channel/flood plain
seepage, seepage run data do not support infiltration rates of this magnitude, nor does model
analysis of moderate flood events (SSPA, 2014). While seepage run data are limited to May and
December 2010, which were periods of spring flow recession and stable winter flows,
respectively, and are not entirely analogous to the example set forth, the flow model is calibrated
to river and shallow groundwater conditions over a multi-year period including flood and
drought events. Model analysis of seepage rates from moderate flow events with and without
CUFA diversions indicates that the TNC inferred differential seepage rates are far beyond a
plausible range (SSPA, 2014).
In summary, while some of the diverted quantity will result in groundwater storage, the amount
is much smaller than inferred by TNC 2 and consequently, the impact of CUFA diversions on
groundwater in storage and associated elevations is much smaller than inferred by TNC. A more
realistic assessment, and one consistent with the observed data, is shown through the modeling
analysis of moderate flood events with and without CUFA diversions (SSPA, 2014).
Rates of groundwater decline and impact to cottonwood-willow recruitment: Significant concern
is expressed throughout the TNC report for cottonwood-willow recruitment and the sensitivity of
such recruitment to groundwater declines. The occurrence of declines with and without CUFA is
summarized above. Chapter 14 (p. 384) offers a guideline for acceptability of groundwater
declines as less than 4 cm/day. In that the success or failure of seed growth is likely not a
function of change over time periods of less than one day, daily average flow and day-to-day
declines is a reasonable metric.
Analysis of groundwater declines for the recent period, 2010 to 2013, shows that sustained
periods of groundwater decline are associated with summer low flows and in some areas,
channel drying associated with diversion and seepage of low flows. Evaluations of declines
during these periods indicates that a rate of decline on the order of 1.5 cm/day has occurred in
multi-day dry periods in June, August and September 2010, May-June and October 2011, MayJuly and August-October 2012 and June-July 2013. Declines in these extended dry periods
dominate the hydrograph. Data analysis suggests that the greatest declines over extended multiday periods occur during the summer low flow season when flows are very low. While these
rates of declines are within the literature-based guideline noted above, declines during extended

2
TNC notes in this comment that they have neglected the effect of pore space – while this is a significant factor in
translating volumetric storage to a corresponding groundwater depth, the inclusion of this factor would not offset the
greatly over-estimated magnitude of seepage supporting their concern.
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periods of extreme low flow may result in excessive depth to groundwater. Such declines raise
concerns for the survival of established vegetation; however, this concern relates to existing
conditions rather than potential CUFA diversions.
Cottonwood-willow seedlings and poles/saplings are noted as sensitive to rates of groundwater
declines during the spring months. Our analysis does not support the calculated rates of
groundwater recession for several of the evaluation periods presented in Chapter 7; in any case,
several factors should be considered in evaluating whether decline rates are problematic,
including whether the rate of decline is sustained for more than a few hours or days and the
general depth range over which the decline occurs. While high rates of recession are infrequently
noted in the natural hydrograph, analysis shows that these will be less frequent under CUFA
conditions (Attachment B).
Other SSPA Commentsp. 145 – Poole (2006) is referenced for a statement regarding the direction and speed of
groundwater movement: that these processes are particularly controlled by the “local
permeability of floodplain substrate”. The statement would be better referenced to Darcy (1856)
who first articulated what has come to be known as Darcy’s Law -- the direction and rate of
groundwater flux is a function of permeability and hydraulic gradient. To understand
groundwater dynamics in the floodplain or any other hydrogeologic environment, it is critical
that the influence of the hydraulic gradient is recognized along with that of permeability.
p. 150 – Calculation of average depths to water across transects: This process is described as
part of a preliminary evaluation. Nevertheless, due to the significant topographic variation
across transects, and the limited number of monitoring locations within each transect, the
averaging of depths will yield a value that may bias interpretation in subsequent analysis.
Additionally, the averaging process will tend to lose information associated with hydraulic
gradients across transects, which may be very informative with respect to understanding
subsurface flow dynamics. Caution is advised in working with these averages.
p. 153 – Formula for Qnet6 as shown here appears reasonable for a ballpark magnitude; note that
formula for the same quantity expressed on p. 443 is inconsistent in sign for the second term and
is incorrect based on logic described.
p. 153 – The reference to a 2011 draft report by S.S. Papadopulos & Associates, Inc. should be
removed. The referenced calibration was preliminary and based on a short period of record. The
model was significantly updated based on the longer record through mid-2013 and is described
in the SSPA 2014 report, which replaces the 2011 draft.
p. 156 – Habitat-Groundwater Relationships – The authors acknowledge the potential error
associated with the two-point gradient method. It is not clear whether TNC’s checks are
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sufficient to overcome this error and whether the author’s conclusion that the error is less than 2
cm is sufficient to assume validity for all locations and seasons.
p. 489 – The rate of groundwater velocity stated here is unrealistic given hydraulic conductivity
estimates for the valley. It appears that TNC may have inadvertently assumed that hydraulic
conductivity is equivalent to groundwater velocity, neglecting the hydraulic gradient. In any
case, this value overestimates the rate of groundwater movement by orders of magnitude.
ADDITIONAL COMMENTS, CHAPTER 15, WORKSHOP OUTCOMES
Scenario 1 of Chapter 15 is reviewed to identify points referenced back to Chapter 5 and 7.
Scenario 2 shares many attributes of Scenario 1 (for flows above 150 cfs) and for these flows,
comments as noted for Scenario 1 apply. Comments regarding diversion of flows below 150 cfs
are not provided as NMISC has stated that diversion of flows below 150 cfs would not be
implemented. Scenario 3, examining conditions under climate change assumptions, identifies
concerns associated with decreased magnitude and frequency of events in the 400 to 4,000 range
and changes in timing, stemming from one of the climate change models. In that specificity is
lacking within the TNC analysis to associate the surface water changes to groundwater
conditions and dependent ecological functions, additional comments are not provided for
Scenario 3. Where the TNC evaluation defers to workshop opinion or qualitative concerns, a
number of the comments noted for Scenario 1, provided below, are relevant also to Scenario 3.
Hydrology and Riparian Vegetation
•

•
•

•

p. 396 – flows >400-500 cfs cause a temporal shift from a losing to a gaining reach
o Incorrect, over-simplified, characterization of river as losing below 400 cfs –
whether river is gaining or losing depends on multiple factors which vary by subreach. For example, many reaches gain at flows significantly below 400 cfs, see
seepage run results May and December 2010 (SSPA, 2014)
p. 396 – long list of vague generalizations
o Difficult to comment due to lack of specificity, basis unclear
p. 397 – CUFA diversion will threaten survival of cottonwood and willow seedlings due
to rates of streamflow and groundwater decline
o See discussion of Chapter 7 analysis of impacts of declines of 350 cfs in surface
water flow, Attachment B.
o IHA statistics indicate that the CUFA impact on surface water rates of decline is a
reduction of fall rates
o Conclusion is based on mis-interpretation of data
p. 397-398 – “high degree of confidence” in decreased structural diversity, based on
presumed groundwater declines below a critical depth-to-groundwater level causing
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mortality of saplings, poles and mature trees – though declines are not quantified and the
critical depth to groundwater is not quantified.
o Not stated how this conclusion is reached from inundation frequency/magnitude,
without quantification of associated groundwater conditions.
o Following paragraphs identify “cascading” impacts stemming from the above
opinion that has not been clearly established as relevant or correct.
p. 398 – groundwater levels between 1-50 cm required for wetland herbaceous vegetation
o Reference for depth range not provided
o The limited extent of this vegetation type is noted for the Gila Valley; one such
area is that maintained at Cooper wetlands near Lichty Center, this area receives
surface and subsurface inflow from adjacent irrigation activities and is not
substantially impacted by CUFA (SSPA, 2014).
P. 398 – reductions in frequency of floodplain inundation would result in reduced
hydration of off-channel wetlands, reduced aquifer recharge, more rapid declines in
groundwater levels, etc.
o As noted above, the quantification of groundwater impacts associated with
reductions in frequency of floodplain inundation as would be associated with
CUFA is lacking. Modeling analyses (SSPA 2014) suggest that differences in
groundwater levels are on the order of less than one foot for periods of less than
one to two weeks. The TNC chapter lacks specificity to support the impacts
noted.
P. 399 – TNC states that a bypass flow of 150 cfs may not be sufficient to protect
seasonal variability
o CUFA diversions allow for maintenance of significant seasonal variability,
independent of the establishment of the bypass flow. This concern suggests a
lack of understanding of CUFA diversion limits.

Aquatic Invertebrates, Fish, Amphibians and Reptiles
p. 399 – slower rates of decline are associated with more gradual temperature increase and
nursery habitats that persist for longer rates of time – see notes above regarding CUFA impacts
on rates of decline, that suggest this impact will not be associated with CUFA
p. 399 – concern for lack of scour and unfavorable deposition dynamics with abrupt drop from
500 to 150 cfs – CUFA model does not support increased frequency/magnitude with respect to
fall rates (abrupt drops).
p. 400 – discussion of autumn density and reproductive success of loach minnow spikedace and
desert sucker – text suggests that 185 cfs is a critical flow threshold that would be passed more
often under CUFA. The establishment and reliability of such a critical flow threshold is not
clearly established by the data presented in Chapter 10.
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p. 401 – concern for temperature changes and losing/gaining characteristics of surface flow
based on presumed reduction of subsurface inflow lacks quantification. CUFA diversions are
limited in magnitude/frequency – associated water budget impacts as suggested not
demonstrated.
p. 401 – concerns for snake, turtle and amphibian populations stem from stated concerns over
impacts of CUFA diversion on groundwater and resulting impact to riparian vegetation.
Groundwater impacts from CUFA are poorly quantified from methods in Chapter 7; this review
suggests that groundwater impacts from CUFA are not of the magnitude/duration stated.
Groundwater modeling analyses (SSPA 2014) quantify potential groundwater changes associated
with CUFA to be typically on order of less than one foot.
Birds and Mammals
p. 403 – cascading impacts are described that stem from the concern over “reduced aquifer
recharge and greater and more rapid declines in groundwater levels” and presumed consequential
impacts to vegetation. As noted above, hydrologic changes are not anticipated that would result
in groundwater declines exceeding approximately a half to one foot for brief periods. Whether
groundwater declines of this order of magnitude would adversely impact riparian and aquatic
habitats, and, associated impacts to birds or mammals has not been addressed by the Gila River
Flow Needs Assessment Report. Finally, analysis of CUFA modified flows indicates that more
rapid declines in groundwater levels do not occur, rather, rates of declines tend to be softened
under CUFA conditions (Attachment B).
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Attachment A
Groundwater Recharge and Surface Water Flow Conditions
This attachment examines groundwater recharge associated with increases in Gila River flows
through review of groundwater hydrographs and review of groundwater model scenario
simulations. Groundwater hydrographs are reviewed to identify streamflow conditions
associated with: (a) groundwater recharge sufficient to maintain stable groundwater elevations,
and, (b) groundwater recharge sufficient for reversal of groundwater elevation trends from
decreasing to increasing. As a second step in gaining insight into the respective role of
low/moderate flows and high flows in groundwater recharge, data are examined to determine
when recharge is occurring with respect to low/moderate vs. high flow regimes. These exercises,
while qualitative, highlight the importance recharge that occurs during low flow regimes in
maintaining or increasing groundwater levels. Finally, groundwater model scenario results were
examined with respect to the occurrence of recharge. Model scenarios examining changes in
groundwater recharge associated with CUFA conditions using the Gila-Cliff groundwater flow
model were reviewed. These results underscore the importance of low and moderate flows in
maintaining groundwater levels and illustrate the limited impacts on recharge and groundwater
storage associated with diversions under potential CUFA scenarios.
Groundwater Elevation Trends and Threshold Surface Flows
Figure A-1 provides an overview of Gila flows and a sampling of groundwater responses for
most of the period of record. Observations from this period show the importance of low flow
regimes above a “threshold value, approximately, in the range of 50 to 100 cfs, in generating
subsurface recharge sufficient to maintain stable groundwater elevations or to reverse declining
groundwater trends. Relatively stable groundwater levels were maintained from October 2010
through mid-May 2011 with flow in the range of 60 cfs. Lower flows also play a role in
groundwater recharge during other seasons and other conditions, as are examined in more detail
with Figures A-2, A-3 and A-4. The figures show the water levels in the piezometer TNC-1S for
three different periods of time with flow as follows:
QGM = Gila near Gila + Mogollon, if Mogollon > 15 cfs
QNet5 = QGM – Upper Gila and Ft. West diversions
TNC-1S is selected for illustrative purposes; it is possible to present analogous results using
other piezometers.
Figure A-2 examines flows in the summer of 2011. From mid-May through June 2011, flow
decreases and is generally in the range of 20 to 60 cfs at the Gila gage. Under these conditions,
below the upper irrigation diversions, little to no flow would remain in the channel until surface
or subsurface irrigation return flows are intercepted. Groundwater responses at all wells decline
during this period, with sharp declines below the irrigation diversions. This declining trend
reverses towards the end of July when flow levels begin to rise, suggesting a threshold value in
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the range of 40 to 50 cfs beyond which noticeable groundwater recharge begins to occur. The
relatively modest flow increases during this period are associated with precipitation in the
watershed. Depending on location and timing, the concurrent precipitation events may also
influence local groundwater recharge. While the combination of these and other influences limits
precise identification of threshold flow levels for groundwater recovery, review of ranges of flow
thresholds associated with significant groundwater level recovery provides general insight into
system processes.
Over the period from late July through mid-August, a dramatic increase in groundwater
elevations occurs with flows increasing towards 50 cfs, then peaking briefly at 115 cfs and
returning to around 60 cfs. At 115 cfs, on 8/2/2011, groundwater levels recovered about twothirds of the declines incurred during the prior three months. The ensuing 1,120 cfs pulse on
8/14/2011 provides an additional increment of recharge, though not proportional to the 10-fold
increase in flow. Groundwater responses during this period illustrate the relative contributions of
recharge during low flow and higher flow periods, and the significant absence of recharge during
periods of extreme low flows (approx., 40 cfs).
Figure A-3 illustrates gage flow and groundwater conditions in October-November 2011.
Similar to responses discussed above, threshold flow levels trigger groundwater declines and
reversals. In this event, the threshold flow appears to be in the range of 50 to 60 cfs. A 1.5 foot
rise in groundwater elevations occurs as flow increases after 11/1/2022 from 50 cfs to about 65
cfs. The subsequent high flow pulse causes an additional increment of recharge, but not as
pronounced as occurred from the preceding transition from extreme low flow to low flows.
Figure A-4 illustrates the period from April to mid-August 2012. In early July, a reversal of
groundwater decline occurs with a 3 foot rise, with flows increasing from 20 cfs to 90 cfs,
followed by flows in the 40 to 120 cfs range.
In each of the illustrated cases, the groundwater system demonstrates a strong recharge/recovery
process concurrent with small increases in flows and limited precipitation events. The onset of a
rise in flow, from either a low stable flow level, or from falling flow levels, provides significant
amounts of recharge comparable to or greater than many of the high flow events.
Contributions of Low/Moderate and High Flows to Groundwater Recharge
The tendency for significant increases in Cliff-Gila Valley storage to occur under low and
moderate flow regimes is further examined by accumulating the positive change in water levels
associated with flows in two flow classes. Evaluation of the period of record for the available
data, roughly 1/2010 – 9/2013, shows relative contributions of surface-flow induced recharge to
the subsurface for Gila River flows below and above 400 cfs (Figure A-5). The value of 400 cfs
is arbitrary and selected solely for illustrative purposes to examine how flows below this level
may be important to recharge, in addition to the importance of recharge from higher flow levels.
For all locations except T2 BMW, the flows below 400 cfs have a greater contribution to
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increasing water levels than the flows above 400 cfs. This illustration is qualitative in nature as
there are other factors impacting the daily association of flow and groundwater response.
Nevertheless, because all days of the record are considered, lag time influences associated with
rise/fall reversals will not be dominated by one process or the other; in aggregate, the association
provides some insight.

Simulated Storage Depletion
To assess the impacts of CUFA diversions on the physical system, especially recharge through
inundation or bank seepage, the four scenario simulations (SSPA, 2014) were repeated with
additional processing to examine the occurrence and persistence of changes in groundwater
storage. The scenario simulations were performed using the Gila flows and the Gila minus
CUFA flows, as discussed in SSP&A (2014).
The simulation results were processed to extract storage changes during each time step of each
simulation. Cumulative simulated storage volume from each pair of simulations, Gila and Gila
minus CUFA, for the four scenarios were compared. Consistent with water level changes shown
in SSPA (2014), storage effects occurred during periods of CUFA diversions, but minimal
effects beyond the period of diversion were noted. The lack of continuing effect was noted
through a range of hydrologic conditions, including subsequent dry conditions. Finally, the
change in storage resulting from CUFA diversions is over-shadowed by seasonal changes in
storage resulting from the base hydrograph under each scenario.
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Figure A-1. Overview of groundwater elevation changes and flow at the Gila near Gila gauge.

Figure A-2. Groundwater elevation response to flow transitioning from QGM < 20cfs to QGM <
115, prior to additional response associated with a QGM = 1120 cfs pulse.
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Figure A-3. Groundwater elevation response to flow transitioning from QGM ~ 50 cfs to QGM <
100, prior to additional response associated with a QGM ~ 500 cfs pulse.

Figure A-4. Significant groundwater elevation recovery associated with to QGM transitioning from
~ 20 cfs to a series of small pulses < 120 cfs.
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Figure A-5. Accumulated recovery from flows below and above 400 cfs. Recovery from flows less
than 400 cfs is greater for all locations, as indicated by water elevation changes, except at T2 BMW.
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Attachment B
Fall Rates in Surface Flow and Groundwater Rates of Recession
This attachment describes daily rates of change in surface water flow under conditions of
decreasing flows at the Gila gage, or “fall rates”, both with and without CUFA diversions, and
relates the fall rates to groundwater rates of recession. This exercise is provided to improve
understanding of groundwater conditions that may be relevant to the establishment and
maintenance of wetland or riparian vegetation.
Summary of Fall Rates at Gila Gage, with and without CUFA Diversion
Daily rates of change in discharge for the period from 1937 through 2012 were calculated for the
historical flow at the Gila River near Gila gage (09430500) and for the CUFA-altered flow (Gila
River near Gila minus CUFA diversions from March 2013 NMISC spreadsheet model) as the
difference between consecutive daily values (current day minus previous day). The negative
rates of change in discharge are identified as “fall rates”. Table B-1 provides a summary of fall
rate statistics over the 76-year period for the Gila, with and without CUFA diversions.
Consistent with statistics provided in the IHA analysis (SSPA, 2013), fall rates tend to be
reduced (less rapid flow reductions) under conditions of CUFA diversions. The median of daily
fall rates for all days in the 1937-2012 period for modified flow decreases by about 10% (from 4.0 to -3.6 cfs/day) 1, while the more extreme fall rates (as represented by the 10th percentile)
decrease by about 27% (from -41 to -30 cfs/day). These statistics suggest that adverse impacts to
riparian vegetation recruitment and survival based on fall rates would not be associated with
CUFA diversions. These data were also reviewed on a monthly scale to better understand
conditions relevant to riparian vegetation.
Monthly Distribution of Fall Rates
Median fall rates were examined for the historical period by month, as shown in the second and
third columns of Table B-2, for historical conditions (Gila) and for CUFA-altered flows. The
most notable changes in fall rate occur in the spring, for example, in March and April, when
median historical fall rates of -11 and -6 cfs/day, respectively, shift to -4.9 and -4.4 cfs/day
(Table B-2). The fourth, fifth and sixth columns of Table B-2 summarize the frequency of
changes in fall rates under CUFA conditions, noting the number of days within each month in
which the change in fall rate is less than or equal to 1% or decreased/increased by more than
1%. The distribution shows that most often, CUFA diversions have little to no impact on fall
rates, either because the daily flow is a fixed increment below that of the prior, or because there
is no diversion. Of days with change greater than 1%, most represent a reduction in rate of fall
in surface water discharge. A small number of days reflect an increase in fall rate, as may occur
when the CUFA diversion is initiated on the receding limb of a flood pulse. Figure B-1 provides
an example of such a condition, when 350 cfs is diverted subsequent to the peak of a small flood
1

This result is similar to that calculated with the IHA software as the median of annual medians, which showed a
decrease in fall rate from -3.5 to -3.0 cfs/day over the period 1937-2012 (SSPA 2013, Tables 1 and 2).
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event. In this example, an increase in fall rate occurs over one day; over the next six days, the
fall rate decreases/improves until there is no difference between the two flow regimes.
Inspection of the infrequent cases in which spring season increases in fall rate would be observed
indicates that typically, the duration of the increase is one day.
Groundwater Rates of Recession
The Gila River Flow Needs Assessment (Table 8, Chapter 7, TNC, 2014) identifies rates of
groundwater recession associated with declines in surface flow in increments of 350 cfs from
selected times in the historical record, with the goal of identifying groundwater rates of recession
that can be extrapolated to potential CUFA conditions. However, the TNC method is limited in
that it neglects transient impacts of preceding flow conditions and fails to take into account
lagged impacts to groundwater associated with aquifer properties, i.e., aquifer transmissivity and
storage.
The periods evaluated by TNC (2014) are shown on Figure B-2. In the first frame, flow
conditions for January 2010 are shown. The grey-shaded area corresponds to a period over
which the rate of groundwater recession was calculated, and was presumed to be associated with
a surface flow decline from 907 to 540 cfs. Also shown on this frame is the preceding flow
event, which reached a daily average peak on the order of 7,000 cfs. Without quantification of
transient, lagged, impacts of the flood peak and recession over this very short time period, the
rate of recession cannot be accurately identified.
Similarly, the third frame of Figure B-2 shows an evaluation period following a series of
transient flow events including a small flood. The TNC method does not distinguish impacts of
the preceding period of rising and receding surface flow on groundwater rates of decline over the
evaluation period. The method neglects the role of aquifer transmissivity and storage in
propagating impacts of a transient stress to a well. For these reasons, the calculated rates of
groundwater recession for these periods, attributed to a flow decline of 350 cfs, should be
discarded.
In contrast, the surface flow declines examined in the second frame of Figure B-2 will not be as
strongly influenced by the preceding events as those conditions are somewhat more stable. In
this analysis, rates of groundwater recession on the order of 1 to 2 cm/day are calculated,
corresponding to a flow decline of 350 cfs. This estimate is subject to less error than those in the
evaluation periods shown on the first and third frame.
Summary
Increased rates of groundwater recession are not expected to occur under conditions of CUFA
diversion, primarily, because surface water fall rates will generally be lessened. When fall rates
are increased, the duration of the increase is typically one day, and subsequent days will offset
the single day increase.
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The association of groundwater rates of decline with corresponding surface water fall rates is a
problem involving the propagation of a stress through the aquifer. The groundwater rate of
recession cannot be distinguished through direct comparison of contemporaneous surface water
declines for very short time periods, as implemented in the TNC method, unless no significant
transient impacts have occurred. The January 2010 and August 2011 analyses do not meet this
condition. The April/May 2010 calculation violates this condition to a lesser degree and
provides a closer approximation of rate of recession. More accurate methods are available for
analysis of groundwater response to a surface water pulse. These methods would take into
account aquifer properties and the timing of lagged impacts of the pulse using well-established
groundwater flow equations solved with analytical or numerical techniques.
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Table B-1. Summary of Fall Rates of Gila and CUFA-altered Gila flows for the period from 1937
to 2012.
Annual

mean

Gila (cfs/day)
CUFA-altered Flows (cfs/day)

-32.85
-30.97

10th

percentile
50th 90th

-41.0
-30.0

-4.0
-3.6

-1.0
-1.0

*The fall rate median was calculated from the full record of daily records. Alternatively, it could
be calculated from the annual medians as in the IHA analysis (SSPA, 2013). Both methods show
a similar percent reduction under conditions of CUFA diversions.
Table B-2. Monthly Fall Rates of Gila and CUFA-altered Gila flows for the period from 1937 to
2012.
Gila

CUFA-altered Flows

Month

Median
(cfs/day)

Median
(cfs/day)

No. Days Change in Fall
Rate ≤1%*

No. Days Fall Rate
Reduced by >1%

No. Days Fall Rate
Increased by >1%

1
2
3
4
5
6
7
8
9
10
11
12

-4
-4
-11
-6
-4
-2
-4
-9
-5
-3
-2
-3

-3
-3
-4.9
-4.4
-3
-2
-4
-9
-5
-3
-2
-2

2049
1763
1757
1983
2263
2276
2341
2198
2162
2303
2208
2178

199
180
320
150
36
2
6
69
64
26
61
113

4
18
44
13
6
1
2
26
20
7
1
10

*The number of days that the change in fall rate decreases by 1% or less includes days when there is no
CUFA diversion.
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Figure B-1. Hydrograph of historical Gila flow and CUFA-altered flow in March, 1954.
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Figure B-2. Relative change in groundwater elevation in response to Gila discharge. Gray-shaded
columns represent the time interval over which rate of groundwater recession was calculated in
Table 8, Chapter 7, TNC Report, 2014.
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Gila River Flow Needs Assessment – Chapter 10 Review. The Nature Conservancy, 2014.

INTRODUCTION: The purpose of this memorandum is to provide a review and summary of Chapter
10 of the Nature Conservancy’s Gila River Flow Needs Assessment by Dr. David Propst and Dr. Thomas
Turner of the Department of Biology and Museum of Southwestern Biology at the University of New
Mexico. The New Mexico Interstate Stream Commission staff requested this review as part of its overall
evaluation of ecological effects that could result from construction of the proposed Southwest Regional
Water Supply System, which would divert and store Gila River water pursuant to the Arizona Water
Settlements Act of 2004 (AWSA).
SUMMARY: Although the placement of a new diversion and accompanying side-canyon reservoir
would undoubtedly have an effect on the native fish fauna of the Gila River, the magnitude of the effect is
overstated because the authors:
• Infer too much from analyses that result in limited predictive value
• Imply relationships between fish density and discharge for which no analyses are presented
• Provide contradictory statements regarding fish life history and effects of withdrawal
• Rely on data from only one site to represent fish populations for the entire Cliff-Gila reach
• Infer that the Cliff-Gila reach is presently un-altered from its “natural” state and therefore
changes would be to somewhat pristine conditions
The authors present information on, and dedicate much text to, various analyses of the relationships
between discharge and fish density. The authors focus primarily on relationships between spring mean
daily discharge and autumn fish densities. Information is summarized in Table 5.
Although some of the relationships are statistically significant (P<0.05), the coefficients of determination
(r2) are consistently low (range of 0.1976 to 0.2872 for the relationships between mean daily spring
discharge <300 cfs and autumn fish density). Such low values for r2 limit the predictive value of the
models. Only the relationship between mean daily spring discharge >300 cfs and loach minnow density
was both statistically significant (P=0.04) and reasonably predictive (r2 = 0.5965).
The authors provide summary data for regressions involving mean daily spring discharge, mean daily
spring discharge <300 cfs, and mean daily spring discharge >300 cfs. This separation at 300 cfs is
arbitrary. The authors then go on to dedicate substantial text to relationships between fish density and
flows less than and greater than 185 cfs. However, no information on statistical analyses is presented.
Contrary to what the authors state or imply, visual examination of Figure 12 (spikedace) and Figure 20
(loach minnow) indicates that the relationship between spring discharge and fish density may be negative
or non-existent at flows >185 cfs.
Contradictory statements (or implications) are a problem regarding interpretation of information
presented. For example, the authors often imply that a new obstacle to upstream migration will fragment
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fish populations. To the contrary, Figure 31 shows that for spikedace, allelic richness already decreases in
an upstream direction, indicating that upstream movement is limited.
Other contradictory statements pertain to withdrawals during the monsoon season. On page 258, the
authors state that there was no relation between monsoon flows and fish density (based on statistical
analysis), but on page 276 they subjectively claim that withdrawals during the monsoon season under the
climate change scenario would further compromise conditions for native fishes.
The authors also rely on data from one site, Riverside, for their study. However, reliance on one site to
characterize an entire reach is not prudent. This may be the only data available, but it is likely not reliable
for broad-scale implications. This problem is partially illustrated by the relative lack of adult desert and
Sonora suckers at Riverside.
Characterization of the Cliff-Gila reach as un-altered is misleading. Native fish species such as Gila chub
and roundtail chub have been extirpated, and non-native species such as smallmouth bass and channel
catfish have been introduced. The primary land use along the river is livestock grazing and irrigated
cropland, and water is seasonally diverted from the river.
SPECIFIC COMMENTS: In addition to and in support of our broad comments on general topics, we
offer the following comments on specific elements of the chapter. Each includes the page number of the
chapter for reference, as well as the subject matter or quote from the chapter in question.
Page 233 – Gila chub was extirpated from New Mexico by the 1950s and roundtail chub has not been
found in the Cliff-Gila Valley reach since 1991.
Indicates area is not pristine. Evaluation of effects should not be based on changes from a pristine
condition.
Page 234 – Use of only one site (Riverside) for annual density data and relationships of density with
discharge
Use of only one site for evaluations of fish density may not account for annual variations in
distribution within the reach. This is especially true given the annual changes in flow described,
and given the general differences in distribution of species as described near the top of page 233.
Use of one site may not adequately represent the entire reach.
Page 239 – Table 4. Abundance metrics of fishes.
Contrary to statements in text, the information in Table 4 (two sets of years) cannot be used to
describe or interpret trends. In addition, variations in density (relative to the mean), were not
higher in the low flow years of 1999-2012, except for loach minnow. The real story here is that
four of five native species have lower densities in the wetter years with higher discharges. Only
Sonora sucker differed.
Page 242 (Spikedace) – Measured as autumn density, reproductive success increases as spring mean
daily discharge increases to about 300 cfs but thereafter does not change.
The relationships described by the authors, including correlation and significance, are in part
dependent on arbitrary cutoff points for analyses. The relationship is actually negative at flows
>300 cfs, albeit with P=0.14 Correlation, though, is higher than that of the relation between
density and discharge when flow < 300 cfs. As will be stated again later, separating analyses at
185 cfs (a benchmark quoted numerous times in the chapter) might result in an interpretation that
reproduction success decreases with increasing spring discharge.
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Page 243 – Table 5. Regression analysis…
Most r2 values reported are quite low, even for those regressions with P<0.05. The P value
indicates a significant relationship. However, the very low r2 values indicate questionable
predictive value of the models.
Pages 245/246 – Figure 16. (Autumn density of spikedace…) and accompanying text
The authors use Figure 16 to indicate that there was no relationship between summer flows and
spikedace density. If logic used was consistent with that for the relationship with spring
discharge, then a positive relationship between spikedace density and summer flows up to 185 cfs
would likely be reported.
Page 248 – Figure 20. Relationship between loach minnow…
Although relationships between loach minnow density and discharge are positive for spring flows
<300 cfs and >300 cfs, separating analyses at 185 cfs (a benchmark quoted numerous times in the
chapter) might result in an interpretation that density was not related to flows >185 cfs.
Page 253 – Autumn density of desert sucker was positively related to mean daily spring discharge as well
as summer discharge.
This statement is true, but as noted previously, the r2 value is very low (0.1984), which brings
into question the predictive value of the model.
Page 255 – At Riverside, most Sonora suckers collected in autumn were age-0 individuals and adults
were uncommon.
This is another indication that one site is not adequate to characterize the entire reach and the
relationships between discharge and fish density in the reach.
Page 257 – Among the flow attributes considered, both spikedace and loach minnow responded positively
to increasing spring mean daily discharge through about 300 cfs, indicating this spring discharge level
represents a threshold.
As noted previously, this threshold is somewhat artificial. Separating analyses at 185 cfs may
yield an interpretation that spikedace and loach minnow density is not related to (or decreases
with) spring flows >185 cfs. Therefore, a threshold of 185 cfs is as defensible as a threshold of
300 cfs.
Page 257 – Over the course of our study, greatest autumn abundance of both spikedace and loach
minnow occurred in years when spring discharge was <300 cfs, but both were absent only when spring
discharge was <300 cfs.
This illustrates the lack of predictive ability of the regressions, even if they are statistically
significant (P<0.05).
Page 257 – While drift contributes to maintenance of downstream populations, it cannot be so massive
that it depopulates source reaches.
This statement and numerous others throughout the chapter indicate that spikedace, loach
minnow, and possibly desert sucker exhibit little if any upstream movement – almost all
movement is downstream. A new diversion is therefore unlikely to physically constrain up stream
movement of these species.
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Page 258 – By and large, there was no relation between monsoon or winter flows and autumn density of
Cliff-Gila Valley native fishes.
This statement directly refutes the statement on page 276 regarding monsoon withdrawals under
the climate change scenario: Because sufficient water cannot be diverted during spring, water is
also withdrawn during the monsoon season, further compromising conditions for native fishes.
Page 258 – The proposed water diversion structure on the Gila River, near Mogollon Creek, in New
Mexico would potentially fragment the upper Gila reach, separating the two surviving New Mexico
populations of spikedace as well as the two loach minnow populations.
This is overstated, especially considering what is known about lack of upstream migration, and
the genetic information for spikedace provided in Figure 31.
Page 260 – The Verde, Salt, and San Pedro rivers, and middle and lower reaches of the Gila River are
now highly fragmented and degraded due to impoundment, water diversion, and channel drying.
Throughout the chapter, the authors disregard the altered state of the Cliff-Gila Reach due to
diversions and other changes already in place. Conditions are far from pristine.
Page 262 – This result suggests that protection of a free-flowing system in the upper Gila River may
ensure persistence of multiple endangered and threatened fish species.
This statement again ignores the already altered state of the Cliff-Gila Reach.
Page 264 – For example, we observed a strong trend of increasing allelic richness (AR) at downstream
sites for longfin dace and spikedace.
This statement is therefore evidence of lack of upstream movement by these species under current
conditions.
Page 267 – This model assumes that a hypothetical focal population is continuously and uniformly
distributed in space, and then is fragmented by a barrier into two subpopulations.
This is not representative of the system or situation to which the model is being applied. The fish
populations are not uniformly distributed, and use of only one site precludes evaluation of
distribution. Based on current upstream migration (or lack thereof), a barrier would not cause
fragmentation into two subpopulations (beyond current fragmentation).
Page 271 – Scenario 1 - Historical Flows (1988-2012)
The authors state that density of each native species varied considerably over time. As noted in
the comment on Table 4, page 239, density was lower in high discharge years for 4 of 5 native
species.

Page 271 – Mean daily discharge would decline from 227 to 198 cfs and number of days spring mean
daily discharge >185 cfs declined from 13 to 11.
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As noted earlier, flow thresholds are largely artificial. Density of most species appears unrelated
to discharge, or may even have a negative relationship with discharge when mean daily spring
discharge exceeds 185 cfs (visual examination of figures 12 and 20).
Page 272 – The most likely effect of diminished spring flows under Scenario 2 would be reduction in
extent of floodplain connectivity and inundation, especially during 1991, 1993, and 2005.
Flows under CUFA 1 in 2005 would still have been higher than all but one “natural” year. Flows
in 1991 and 1993 would be higher than flows during the majority of “natural” years.
Page 272 – Autumn densities of spikedace, loach minnow, and desert sucker were quite variable in years
mean daily spring runoff was <185 cfs, and generally increased with flows greater than 185 cfs.
This is NOT TRUE for spikedace (Figure 12), or loach minnow (Figure 20), and difficult to
assess for desert sucker (no figure). Regression results were not reported for spring flows above
and below 185 cfs, but visual examination of figures 12 and 20 refutes this statement.
Page 272 – Additionally, alteration of runoff recession from a gradually attenuating pattern to an abrupt
drop near the base flow would dramatically alter sediment scour and deposition dynamics.
Examination of Table 9 reveals that recession rate and duration under Scenario 2 (historical flows
with CUFA diversion) would be unchanged from those under Scenario 1 (historical flows).
Page 273 – Most noteworthy of these, and likely most important to native fishes, were fewer years with
spring mean daily discharge >185 cfs (Projected flows 2041-2070).
Again, no analyses are shown to support this 185 cfs threshold, and visual examination of figures
12 and 20 indicate that fish density is not positively related to flows exceeding 185 cfs.
Page 274 – Table 10. Attributes of spring…
Runoff recession duration and rate are IMPROVED (longer duration, lower rate) under CUFA
flows for the climate change scenarios.
Page 276 – The most troublesome attribute of the projected flow regime with CUFA diversion is the effect
of multiple flow pulses during spawning and early ontogeny.
These pulses occur even without CUFA, as noted on page 273.
Page 276 - Because sufficient water cannot be diverted during spring, water is also withdrawn during the
monsoon season, further compromising conditions for native fishes.
As noted previously, this statement is refuted by the statement on page 258: By and large, there
was no relation between monsoon or winter flows and autumn density of Cliff-Gila Valley native
fishes.

1
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CONCLUSION: The chapter provides useful information on the status and ecology of fishes in the CliffGila Valley, and effectively describes the types of effects that a new diversion may have. However, the
authors often infer too much from analyses of limited predictive value and sometimes use artificial
discharge “thresholds” to enforce questionable points. The authors also provide contradictory statements
regarding the effects of withdrawals and rely too much on information from a single site to characterize
the entire reach. Finally, the authors imply throughout the chapter that changes resulting from a diversion
would be to a system in its “natural” state, although the river and area have undergone substantial changes
already due to existing withdrawals and land use.
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Exe c u tive S u m m a ry
The New Mexico Interstate Stream Commission (ISC) requested c(Turner and Propst, 2014).
The Turner and Propst report exists as Chapter 10 in a July 2014 publication of the Nature
Conservancy entitled Gila River Flow Needs Assessment. This publication was prepared to
inventory and characterize the water-dependent flora and fauna in the Gila River Basin of New
Mexico and to anticipate the risks to this resource by alternative water development plans in the
basin formulated in accordance with the Arizona Water Settlements Act (2004; i.e., Public Law
108-451), including provisions of the Consumptive Use and Forbearance Agreement (CUFA;
2004) and provisions to bypass a minimum flow of 150 cubic feet per second (cfs) at points of
water diversion.
Turner and Propst (2014) focus on an effects assessment of possible impacts to fish anticipated
as a consequence of proposed diversion of water from the Gila River in the Cliff-Gila Valley of
Grant County, New Mexico, in accordance with the Arizona Water Settlements Act (2004),
including CUFA and minimum flow bypass provisions. Much of the analysis of faunaenvironment interactions focus on five commonly occurring fish species in the Gila River in the
Cliff-Gila Valley, including: Agosia chrysogaster (Longfin Dace), Meda fulgida (Spikedace),
Rhinichthys (= Tiaroga) cobitis (Loach Minnow), Catostomus clarkii (Desert Sucker), and
Catostomus insignis (Sonora Sucker). This assessment is founded on evaluating historic fish
collection records and contemporaneous environmental variables for the purpose of establishing
a quantitative relationship between habitat and species of concern. Much of the Turner and
Propst (2014) analysis is intended to provide a quantitative and robust description of patterns that
are thought to be the deterministic result of fauna-environment interactions.
This report represents a critical review of findings for four principal research foci addressed by
Turner and Propst. These foci concern flow effects on (1) the fish fauna that may be evident in
count-based index expressions of community composition, (2) species-specific trends in
abundance, (3) density effects, and (4) age-specific effects. An additional research focus
concerns the effects of river fragmentation.
Underlying many of the research foci are concerns about the data that comprise the candidate
flow-based predictor variables. The Riverside fish sample site is approximately 12.1 river miles
downstream of the “Near Gila” flow gauge. Between the flow gauge and the Riverside sample
site are three out-of-channel water diversions. Without evidence to the contrary, the operation of
these irrigation diversions will greatly modify the downstream flow regime. As such, the record
of flow at the “Near Gila” gauge will not accurately reflect the flow regime at the Riverside fish
sample site without a complex accounting of the volume of water diverted, depletions of diverted
water and in-channel water in transit, and the volume of diverted water that is ultimately returned
to the Gila River upstream of the Riverside study site. Failure to account for the disparity in
flow that must exist between the gauge site and the Riverside fish sample site represents a
sampling error in the predictor variable. Statistical inference based on such data could only be
judged unjustified because of lack of fidelity between remotely measured predictor values with
conditions at the fish sampling site.
The census-based response variables studied by Turner and Propst (2014) appear poorly suited
for a hydrology-based effects analysis. This is because any census count can be the consequence
of at least three different effects: population stasis, population growth, and population decline.
The use of census data in an effects analysis demands the identification of a discrete expression
2

of an effect, perhaps including time-delayed effects, before it can be meaningfully linked to one
or more causal factors.
The following represents a brief account of highlight results from Turner and Propst (2014)
organized by research foci. Critical comments are provided where results are questioned or
equivocal.
Community Composition Effects Linked to Flow
Although it is reasonable to presume that fauna-environment interactions result in
deterministic patterns of community composition, Turner and Propst (2014) did
not find evidence of such as quantified by various indices of species diversity. The
influence of discharge on similarity and diversity indices was mixed.
Abundance Trends
Turner and Propst (2014) found no apparent trend in abundance or density of the
five commonly collected native fishes at the Riverside collection site.
Density Effects Linked to Flow
Turner and Propst (2014) present evidence of a critical threshold in the effect of
mean daily spring discharge on fish densities. Autumn Spikedace and Loach
Minnow densities varied positively with increasing spring discharge at flow as high
as 300 cfs. Furthermore, inter-annual variance in native fish density was greater
across samples collected in years when spring discharge was less than 300 cfs
compared to years when spring discharge was greater than 400 cfs.
These findings are undermined by infidelity of remotely measured flow with
conditions at the Riverside fish sample location, and failures to meet underlying
assumptions for estimation and hypothesis testing with resultant species-specific
regression models. Further, coefficients of determination (r2) for these
relationships are very low (generally between 0.2 and 0.3), indicating that only a
small proportion of the total variation in species density is explained by its linear
relationship with the individual flow attributes that were studied. The single r2
value that exceeds 0.5 for R. (= Tiaroga) cobitis indicates net productivity will tend
to be less when mean daily spring discharge is greater than 300 cfs compared to
when mean daily spring discharge is less than 300 cfs.

Age-specific Effects Linked to Flow
Determinations of fish age by Turner and Propst (2014) are founded strictly on
identification and enumeration of modes in species-specific length frequency
histograms.
This approach to age determination, without concurrent
corroborating osseochronometric-based estimates of age, provides a flawed basis
for interpreting and modeling species growth with advancing age.
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Effects of River Fragmentation
The discussion of river fragmentation and related genetic effects in Turner and
Propst (2014) is important to the conservation of aquatic species in the Gila. But,
this discussion isn’t specifically relevant to an effects assessment of possible
impacts to fishes linked to proposed alternatives for the diversion of water from the
Gila River in the Cliff-Gila Valley, New Mexico. Existing proposals for water
development linked to the Arizona Water Settlements Act (2004) include
provisions that avoid impediments to the movement of fish, avoid depletions of flow
that fragment aquatic habitats, restrict water storage facilities to off-channel
catchments, preserves the ecological functionality of disturbance regimes and
hydrological mediated geomorphic processes, and preserves the river continuum.
Nonetheless, the material in this section of the Turner and Propst (2014) report is
considered important and generally relevant to the management of all natural
resources in the Gila River Basin that may directly or indirectly affect aquatic
habitats in the Gila River Basin. Certainly this section of the report is relevant to
endangered species recovery planning and the formulation of management policy.
The complexity of ecosystems and the underlying biological and physical systems promotes a
reductionist approach to research and management. The problems that natural resource managers
face primarily involve systems of interconnected components that are problematic, the effective
resolution of which demands systems-level analysis and systems-level intervention. The
complexity of such systems, along with uncertain strength of cause and effect linkages associated
with various determinants of fish species community composition and species-specific
demography, is what has lured researchers, advocacy groups and policymakers to promote
management policies and intervention strategies focused on a subset of apparent problems. Turner
and Propst (2014) adopt this reductionist approach to research, narrowly focusing on
identification and quantification of hydrologic-based causes for observed responses in the Gila
fish fauna. Even at this narrow focus of investigation, understanding of fauna-environment
interactions is hampered by a tedious array of problems linked to survey protocol and analytic
procedures, prominently including: failure to identify a discrete expression of a biologically
meaningful effect linked to the flow regime, infidelity of remotely measured water discharge with
hydrologic conditions at the single fish sampling site, small biased biological samples, improper
merging of dichotomous numeric domains in regression analysis, and nonconformity to statistical test
assumptions.
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In tro d u c tio n
The New Mexico Interstate Stream Commission (ISC) requested a review of the report entitled
“Effects of Altered Flow Regimes and Habitat Fragmentation on Gila Fishes” by Thomas F. Turner
and David L. Propst of the Department of Biology and Museum of Southwestern Biology,
University of New Mexico (Turner and Propst, 2014). This report exists as Chapter 10 in a July
2014 publication of the Nature Conservancy entitled Gila River Flow Needs Assessment. The full
publication is available online at: http://nmconservation.org/Gila/GilaFlowNeedsAssessment.pdf.
Turner and Propst (2014) begin with a review of historic and contemporary fish collection records
that, in the context of the geomorphic evolution of the Lower Colorado Basin, aid in the search for
factors that have operated over time to limit membership of the fish species community of the Gila
River in the Cliff-Gila Valley of Grant County, New Mexico. Distributional, evolutionary, and
environmental information are combined with knowledge of life history traits, presumably to assess
how fish communities differ from random expectations to reveal ecological relatedness over a range
of temporal, ecological, and geographic scales. A chronology of faunal change together with
knowledge of the determinants of change can provide a context within which environmental,
ecological, and other factors can be weighed against one another to determine their relative
importance in preventing species extinction and for formulating management strategies and goals.
The most obvious and compelling feature of the historic record of fish faunal change in the Gila
Basin is the declining trend of the number of extant native species. This trend contrasts with a
concurrent increasing number of established nonnative species (Sublette et al. 1990). Although no
native fish species of the Gila Basin have become extirpated since the 1970’s, the longer-term
historic record reveals that past conditions have generally inadequately provided for system
resilience, i.e., the ability of a system to persist despite disruptions within the realm of historic
precedence, and the ability to regenerate and maintain existing ecological organization. Furthermore,
it suggests that we generally cannot assume that future environmental conditions will resemble those
of the past or that our past experience provides an adequate basis to plan for the future. Instead, it
reveals a system in flux – a condition that will challenge efforts to maintain or restore habitats to a
desired functional condition. Although ecological equilibria do exist, multiple stable or quasistable states may exist as a consequence of successional processes following periodic
disturbance.
Turner and Propst (2014) review numerous case histories of impacts that have resulted from large
water development projects outside the Gila Basin in New Mexico. Whereas this review can be
generally instructive to decision makers and planners, much of the presentation is not relevant to
current proposed plans to develop water resources in the Gila River Basin. Current plans, developed
in accordance with the Arizona Water Settlements Act (2004), avoids many of the problems cited
by Turner and Propst (2014) commonly associated with water development projects outside of the
Gila River Basin in New Mexico. Current proposed water development plans for the Gila River
Basin in New Mexico avoid impediments to the movement of fish, avoid depletions of flow that
fragment aquatic habitats, restrict water storage to off-channel catchments, preserve the ecological
functionality of disturbance regimes and hydrological mediated geomorphic processes, and preserve
the river continuum 1 (Vannote et al. 1980). Ideally, Turner and Propst would have tailored their
study specifically to the details of the current proposed alternatives for water resource development
1

The phrase “river continuum” refers to gradual changes in the biological community of a river as energy sources and
physical conditions change from headwaters to lowlands.
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in the Gila River Basin. Such a presentation would provide much needed realism and objectivity to
their analysis of impacts related to alternatives for water resource development in the Gila River
Basin.
Turner and Propst (2014) focus on an effects assessment of possible impacts to fish as a consequence
of proposed diversion of water from the Gila River in the Cliff-Gila Valley of Grant County, New
Mexico, in accordance with the Arizona Water Settlements Act (2004), including provisions of
the Consumptive Use and Forbearance Agreement (CUFA). Much of the analysis of faunaenvironment interactions focus on five commonly occurring fish species in the Gila River in the
Cliff-Gila Valley, including: Agosia chrysogaster (Longfin Dace), Meda fulgida (Spikedace),
Rhinichthys (= Tiaroga) cobitis (Loach Minnow), Catostomus clarkii (Desert Sucker), and
Catostomus insignis (Sonora Sucker). This review employs species nomenclature and usage rules as
specified by the American Fisheries Society (Page et al. 2013). Turner and Propst (2014) employ
older nomenclature and rules of use. Where the systems differ, the older nomenclature is included
parenthetically.
Turner and Propst (2014) address four hydrologic scenarios for their anticipated impacts to fishes,
including:
1)
2)
3)
4)

The historical flow regime for 1988-2012,
The historical 1988-2012 flow regime with water diversion under terms of CUFA, with
an added provision to bypass a minimum flow of 150 cfs at points of water diversion,
Projected flow regime for 2041-2070 with no water diversion, and
Projected flow regime for 2041-2070 with water diversion under terms of CUFA, with an
added provision to bypass a minimum flow of 150 cfs at points of water diversion.

Scenarios 1 and 2
Scenarios 1 and 2 involve an investigative approach founded on evaluating historic fish collection
records and contemporaneous environmental variables for the purpose of establishing a
quantitative relationship between habitat and species of concern. Much of the analysis is
intended to provide a quantitative and robust description of patterns that are thought to be the
deterministic result of fauna-environment interactions. Whereas descriptive studies are a crucial
part of the scientific process, they are not the basis for prediction testing (i.e., involving research
hypotheses). Such inherent limitations in the study will constrain the strength and generality of
the study’s findings and predictions. The study does, nonetheless, provide the logical basis for
framing important questions to refine future research protocol, including research efforts that
may attempt to validate and explain the author’s observations.
Selection of dependent (response) and independent (predictor) variables are important sampling
regime considerations for questions associated with Scenarios 1 and 2. These questions focus on
flow effects on the fish fauna that may be evident in count-based index expressions of
community composition, species-specific trends in abundance, density, and age-specific effects.
Each of these foci is individually reviewed in detail later in this review. For each topic, a
synopsis of study findings is presented. Likewise, research methods are evaluated and revisions
to investigative protocol and data analysis are recommended where results are judged equivocal.
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Fish collection records obtained each October for the period 1988-2012 from the Gila River near
Riverside, Grant County (Figure 1) constitute the source of the count-based response variables
studied by Turner and Propst (2014). It’s surprising that Turner and Propst did not include data
from a wider range of sites in the Gila River Basin of New Mexico, especially considering that such
data already existed (Stefferud et al., 2011), and considering the broad scope implied by the title of
their paper. Certainly there are compelling reasons to include data from additional sites representing
a broader range of environmental conditions. Relationships between environmental and response
variables may only be valid over the range of values of the environmental conditions found in the
surveyed sites. If this range of values is small, sampling variation may preclude detection of a
relationship between environmental and response variables. More importantly, it is not clear
whether the survey results can be applied to sites or times with environmental values lying
outside the surveyed range.
The census-based response variables studied by Turner and Propst (2014) appear poorly suited
for a hydrology-based effects analysis. This is because any census count can be the consequence
of at least three different effects: population stasis, population growth, and population decline.
The use of census data in an effects analysis demands the identification of a discrete expression
of an effect, perhaps including time-delayed effects, before it can be meaningfully linked to one
or more causal factors.
Instead of the census-based response variables used by Turner and Propst (2014), wildlife
demographers often employ index expressions of rates of population growth as an attractive
response variable that might be linked to various hydrologic causal factors. Population growth is
a statistic that is reflective of trends in population density or abundance that is integrative of the
environmental effects on the primary processes responsible for changes in population size, i.e.,
birth, death, immigration, and emigration. Population growth rate describes the per capita rate
by which population size increases per year, conventionally expressed as λ = 𝑁𝑡+1 /𝑁𝑡 (i.e.,
lambda [λ] is the annual population multiplication rate, expressing population size [N] in year
t+1 as a multiple of the preceding year’s number, Nt). Population growth rate is important in the
identification of factors that regulate population abundance and density, notably including
response rates to environmental stressors. Estimates of population growth rate are important to
management because they enable qualified projection of future population sizes and provide
insight into how managers can most effectively intervene to leverage critical biological processes
to have the desired impact on the population.
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Figure 1. Vicinity map of the Gila River in the Cliff-Gila Valley of Grant County, New Mexico.
The map shows the locations of the U. S. Geological Survey flow gauge site “Near Gila”
(USGS site 9430500), the Riverside fish sample site, and three irrigation diversion
sites. The Riverside fish sample site is approximately 12.1 river miles downstream of
the “Near Gila” flow gauge.
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Candidate predictor variables such as stream depth, velocity and substrate are often perceived as
independent variables when in fact they covary. In many fisheries studies, “available habitat” is
quantified with the implicit assumption that fish abundance is regulated by habitat availability.
Yet, many examples exist in which year-to-year variation in fish abundance is large even though
available habitat is held constant (e.g., Moyle and Blatz, 1985). At times of high abundance, fish
are often found in apparently marginal habitats from which they would otherwise be missing.
Other evidence suggests that short-term changes in flow, excluding events of total channel
drying, either natural or experimental, cause changes in the distribution rather than the
abundance of fish.
Exploratory data analysis is usually necessary to distinguish predictor variables that are
biologically meaningful (i.e., that would account for a significant amount of variation in the
response variable) and that enable researchers/managers to discriminate among competing
hypotheses about system behavior. Turner and Propst (2014) restrict this exploratory process to
hydrologic variables derived from records of measured flow for the period 1988-2012 from the
U. S. Geological Survey (USGS) flow gauge site “Near Gila” (USGS site 9430500; Figure 1).
The variables investigated include:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Spring (February – April) mean daily discharge,
Spring (February – April) mean daily discharge < 300 cfs,
Spring (February – April) mean daily discharge > 300 cfs,
Summer (June – July) mean daily discharge,
Monsoon season (August – September) mean daily discharge,
Winter (November – January) mean daily discharge,
Annual mean daily discharge (October – September),
Number of days mean daily discharge ≤ 30 cfs,
Number of days mean daily discharge ≤ 50 cfs
Number of days mean daily discharge > 3 times median annual daily discharge for 19882012,
Number of days mean daily discharge < 50% annual median discharge,
Number of days spring (February-April) mean daily discharge < 300 cfs,
Number of days spring (February-April) mean daily discharge > 750 cfs,
Number of days mean daily spring (February-April) discharge > study period (1988-2012)
mean spring (February-April) discharge, and
Number of days spring (February-April) mean daily discharge > study period (1988-2012)
median discharge.

The selection of these candidate hydrologic variables for analysis was informed by Richter et al.
(1996) and Olden and Poff (2002). From this review, Turner and Propst (2014) emphasize
hydrological variables that are averaged over various temporal subsets of data, ranging from a year to
a season (representing multiple months), and subsets of data partitioned on the basis of flow
magnitude and duration.
As analyzed by Turner and Propst (2014), the candidate hydrologic variables (listed above) are not
always intended to represent discrete strata of the hydrologic data. For example, one might assume
that hydrologic variable number 8 (i.e., “Number days mean daily discharge≤ 30 cfs ”) implies day
counts when the mean daily discharge was ≤ 30 cfs. However, Figure 27 in Turner and Propst
(2014) reveals that only positive values for “Days” are representative of conditions in which flow
was ≤ 30 cfs (note: “< 30 cfs” is presumed to mean “≤ 30 cfs”); all “zero” day density values for C.

9

clarkii are for days in which the mean daily discharge was not ≤ 30 cfs (i.e., it was actually > 30 cfs).
Positive values for “Days” exist as a continuous variable, while “zero” counts exist as a categorical
variable. The resultant regression over these dichotomous numeric domains amounts to an analytic
contrivance that serves only to confuse the reader and frustrate any hope of advancing knowledge of
the effects of flow ≤ 30 cfs (or > 30 cfs) on C. clarkii density. In this instance, most of the density
estimates associated with unknown flows > 30 cfs are extreme in the context of density estimates for
day counts of mean daily discharge ≤ 30 cfs, especially considering the values are plotted on the log
scale (note: “< 30 cfs” is presumed to mean “≤ 30 cfs”). As such, density estimates representative of
conditions in which flow was > 30 cfs will have a disproportionate leveraging influence on
regression results.
In a recent publication that addresses the topic of stream flow effects on aquatic fauna, Lytle and Poff
(2004) emphasize the importance of the predictability of extreme hydrologic events (floods and
droughts) as important factors that operate to limit membership of a local fish species community.
Conservation biologists have long appreciated that species adaptation occurs as a response to the
combined effects of the frequency, duration, magnitude, and predictability of mortality-causing
events. In the case of the Gila River Basin and its endemic fauna, there is a question if any of the
“averaged” hydrologic variables investigated by Turner and Propst (2014) accurately or adequately
represent the regional environmental extremes that, together with biogeographic dispersal
constraints, have operated to limit membership of the fish species community and to impart fitness
characteristics that have enabled much of the historic fish fauna to persist.

Figure 2 characterizes the long-term monthly average flow in the Gila River at the U. S. Geological
Survey (USGS) flow gauge site “Near Gila” (USGS site 9430500). The seasons that Turner and
Propst use to partition the hydrograph to generate hydrologic predictor data for analysis are
indicated on this graph. As should be evident, averaging flow records over multiple months will
tend to disguise the existence of environmental extremes. Figures 3 and 4 provide a better idea how
the average flow regime has varied over the decades of record at USGS site 9430500 for the months
of high flow (March; Figure 3) and low flow (June; Figure 4). From these graphs, we also learn that
the Turner and Propst (2014) analysis that include records from the 1980’s and 1990’s are from a
wetter than normal period. Whereas the records from the 2000’s are more typical of the long-term
modal flow, they include outlier monthly high flow values that are atypical for the site. The
importance of this is that relationships between environmental and response variables may only be
valid over the range of values of the environmental conditions found at the surveyed site. As
such, there is doubt that the results of the Turner and Propst (2014) study can be replicated under
conditions more representative of long-term hydrologic conditions.
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Gila River near Gila
Long-term Average Flow
Long-term Average Flow (cfs) by Month
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Figure 2. Long-term monthly average flow in the Gila River for the U. S. Geological Survey flow gauge
site “Near Gila” (USGS site 9430500). The seasons that Turner and Propst (2014) use to partition
the hydrograph to generate hydrologic predictor data for analysis are indicated on this graph.
Gila River near Gila, New Mexico - March Average Flow
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Figure 3. Box plots of average flow (cfs) for March, analyzed by decade, for the Gila River at the U. S.
Geological Survey flow gauge site “Near Gila” (USGS site 9430500). March is the month of
highest long-term average monthly flow at this gauge site. The boundary of the box closest to zero
indicates the 25th percentile. The line within the box marks the median, and the boundary of the
box farthest from zero indicates the 75th percentile. Error bars above and below the box indicate
the 90th and 10th percentiles, respectively. The circle symbols represent outlying points. Sample
size is given parenthetically beneath the respective decade.
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Gila River near Gila, New Mexico - June Average Flow

Average Flow (cfs) for June

300

250

200

150

100

50

0
1930

1940

1950

(10)

(10)

(10)

1960

1970

1980

1990

(7)

(10)

(10)

(10)

2000

2010

(10)

(3)

Decade

Figure 4. Box plots of average flow (cfs) for June, analyzed by decade, in the Gila River at the
U. S. Geological Survey flow gauge site “Near Gila” (USGS site 9430500). June is the
month of lowest long-term average monthly flow at this gauge site. The boundary of
the box closest to zero indicates the 25th percentile. The line within the box marks the
median, and the boundary of the box farthest from zero indicates the 75th percentile.
Error bars above and below the box indicate the 90th and 10th percentiles, respectively.
The circle symbols represent outlying points. Sample size is given parenthetically
beneath the respective decade.
Beyond the forgoing concerns about the hydrological variables investigated by Turner and Propst
(2014) is the concern that the record of flow at the USGS site 9430500 (“Near Gila”) does not
provide an accurate representation of the flow regime at the Riverside fish sample site. The
Riverside fish sample site is approximately 12.1 river miles downstream of the “Near Gila” flow
gauge. More importantly, three out-of-channel water diversions exist between the flow gauge
and the Riverside sample site (Figure 1). The diversion of water from the Gila River at these
points will greatly modify the flow regime between the flow gauge and the Riverside sample site.
As such, the record of flow at the “Near Gila” gauge will not accurately reflect that at the
Riverside fish sample site without a complex accounting of the volume of water diverted,
depletions of diverted water and in-channel water in transit, and the volume of diverted water
that is ultimately returned to the Gila River upstream of the Riverside study site. This flaw in the
hydrologic data used as a predictor variable by Turner and Propst (2014) will seriously
compromise the validity of reported relationships between hydrologic and response variables.
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Scenarios 3 and 4
Scenarios 3 and 4 involve a predicted (computer simulated) hydrograph for 2041-2070, based on
unspecified data inputs, unspecified considerations of anticipated climate change, and other
unspecified assumptions. The effect analysis for scenarios 3 and 4 compares the recent historic
and anticipated hydrograph for 2041-2070. Impacts of the anticipated future hydrograph,
specifically the impacts of hydrological deviation from contemporary conditions, are conducted
at a larger geographic scale (i.e., “reach-wide” and “basin-wide”) than that examined for
scenarios 1 and 2. The effect analysis for scenarios 3 and 4 is not empirical in the traditional
sense of affirming or falsifying predictions about fauna-environment interactions. Instead,
Turner and Propst (2014) follow a logical path of inductive reasoning, in which ecological theory
and principals of conservation genetics frame a discussion of possible impacts to the fish fauna
that might accompany a modified hydrograph as a consequence of extractive use of water and
climate change, including impacts of spatial subdivisions of populations that can arise from
barriers to dispersal, habitat fragmentation, or from geographic distance greater than the scale of
individual dispersal.
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Co m m u n ity Co m p o s itio n Effe c ts Lin ke d to Flo w
Synopsis of Findings
Although it is reasonable to presume that fauna-environment interactions result in deterministic
patterns of community composition, Turner and Propst (2014) did not find evidence of such as
quantified by various indices of species diversity (i.e., Shannon’s Diversity Index, Jaccard’s
Coefficient of Similarity, and Morisita’s Index). Certainly, the influence of discharge on similarity
and diversity indices was mixed. Turner and Propst (2014) report:
“The lowest Jaccard’s Index value (0.40) was for the 1997-1998 comparison when
flow was quite similar between years. In contrast, high similarity
≥ 0.80) (
comparisons included high versus low mean daily discharge years as well as years
with similar discharge. Results of comparisons using Morisita’s Index were more
consistent in that years of low similarity (≤ 0.30) were always years of low-high flow
contrasts. Flow comparisons were more variable for high IM value years. Low
Shannon Diversity Index values≤( 1.20) occurred in years of comparatively high
(> 300 cfs) and low (< 110 cfs) mean daily discharge, but three of four high H′ value
(≥ 1.75) years occurred in comparatively high mean daily discharge
≥
( 170 cfs,
annual mean daily discharge for period of study) years.”

Given these mixed results, we cannot fully appreciate the relative determinative roles of the
examined flow attributes in shaping the fish community of this portion of the Gila River.
However, because fish were collected from each mesohabitat present at the Riverside sample site
in rough proportion to its availability, the fish community is reflective of multiple confounded
effects, prominently including as an artifact of the sampling protocol, changing mesohabitat
composition. Mesohabitat composition is more likely influenced by the high-flow disturbance
regime (Figure 5), perhaps involving time delay effects on the fauna, compared to the flow
attributes studied by Turner and Propst (2014). Likewise, because of the limited scope of
candidate predictor variables studied by Turner and Propst (2014), it is not possible to discern if
other factors might represent dominant factors in structuring the fish community of the Gila
River near Riverside.
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Gila River near Gila Flow events Greater Than 300 cfs
(ie., greater than the approximate long-term average flow for March)
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Figure 5. Periodicity and magnitude of flow events greater than 300 cfs in the Gila River at the U.
S. Geological Survey flow gauge site “Near Gila” (USGS site 9430500). Flow greater
than 300 cfs was chosen as indicative of disturbance regime because it exceeds the
highest monthly long-term flow (March) for the site (see Figure 2).
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Critique of Investigative Approach of Community Composition
The ability to objectively identify the determinative roles of the examined flow attributes in shaping
the fish community is dependent on fish samples that are representative of the community.
Nonparametric bootstrap analysis is often employed as an objective evaluator of sampling bias and
precision2 in estimating species richness in Riverside fish samples. It is important to recognize the
biases inherent in inter annual measures of community similarity and dissimilarity to discriminate
properly among plausible hypotheses regarding system behavior.
Nonparametric bootstrap routines requires fewer assumptions about the population compared to a
parametric bootstrap, as it assumes only that the observed sample is representative of the population,
which is generally a reasonable assumption except in instances involving very small samples
(Davison and Hinkley 1997). A common approach to bootstrap analysis involves standardizing the
sample to 1,000 total fish, taking random samples of data (with replacement), calculating species
richness, repeating the process 1,000 times for a reasonable array of prospective sample sizes (e.g.,
10, 20, 25, seine hauls), and then estimating the mean and standard deviation of species richness for
the replicate bootstrap estimates. Among the factors that will govern needed sample size to
adequately represent community composition is the flow at the time of sampling. Capture
probability will tend to go down as flow increases, as pools deepen, debris accumulates, as turbidity
increases, and the size increases.
Rank of species relative abundance can be insightful in the analysis of community composition.
Rank abundance avoids many problems associated with heterogeneity in sampling methods, effort,
and scale differences in area sampled (Schluter and Rickleffs 1993). It also reduces bias in overrepresentation of abundant species and under-representation of rare species (Cowley et al. 2007).
With this approach, each species is assigned a rank abundance value based on its relative
abundance. The most abundant species is assigned a value of “1.” Tied scores are assigned the
mean of the ranks that would be available to them. Comparisons among similarity coefficients
might reveal meaningful associations with the flow attributes studied by Turner and Propst (2014).

Ab u n d a n ce Tren ds
Synopsis of Findings
Turner and Propst (2014) found no apparent trend in abundance or density of the five commonly
collected native fishes at the Riverside collection site from 1988 to 2012, including A. chrysogaster,
M. fulgida, R. (= Tiaroga) cobitis, C. clarkii, and C. insignis. They also did not find a consistent
response of any native species to high or low flow years. A partial explanation for this is that the
authors failed to perform a formal analysis of census data over time to detect such patterns. It would
appear that the authors discounted, a priori, the existence of temporal trends in abundance, or
consistent links of population counts to hydrologic extremes. Instead, their findings seem to be based

2

Bias and precision are separate components of accuracy (Zar 1999). Bias refers to the difference between the
population value and the average of the sampling distribution. Precision depends on the variability in the sampling
distribution.
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on a casual examination of bivariate plots for apparent patterns that might be biologically
meaningful.

Critique of Investigative Approach for Detecting Trends in Census Data
The objective detection or rejection of multiple-year trends in census counts would normally involve
regression analysis or more complex analytic methods. While trend data can be analyzed in other
ways (e.g., Thomas 1996) linear regression is one of the most commonly used and easily
interpretable methods, and has the added benefit of well-developed methods for power analysis
(Gibbs 1995; Gerrodette 1987, 1993).
Validity in linear regression models requires that model assumptions are met. An assumption of
prominent concern inherent with linear regression analysis involving a time series of census data
(i.e., repeated measurements on sampling units) concerns independence between successive
observations. The assumption in regression analysis is that the Y-values and error terms are
independent of each other, i.e., that the Y-value for any xi does not influence the Y-values for any
other xi. A common occurrence in wildlife census data is a positive relationship between error terms
from adjacent observations through time (i.e., the data are “autocorrelated”). The degree of
autocorrelation is the correlation coefficient between successive error terms. Positive autocorrelation
can result in underestimation of the true residual variance and seriously inflated Type I error rates
(i.e., the probability of falsely rejecting the null hypothesis, Ho) for hypotheses tests on regression
parameters.
With regression analysis, the slope of the regression line reflects the trend the population has
experienced over the period of monitoring, and the coefficient of correlation (r2) estimates how much
of the population changes can be explained by the least squares regression line.
Statisticians often recommend log-transforming survey counts for many trend analyses (Hayes and
Steidl 1997; Gotelli and Ellison 2004; Zar 1999), for three main reasons: First, the slope of a
regression of log-counts vs. time represents an estimate of percent population change per time period.
Second, many population surveys show variances that are positively correlated with abundance (e.g.,
the more fish you catch the more variable those catch numbers are), which can complicate statistical
analyses. Log-transforming such data helps solve this problem by equalizing variances. Third, survey
data often fit a log-normal distribution. Log-transforming such data produces an approximately
normal distribution. Since many statistical analyses assume normally-distributed data, this
transformation can help survey data meet model assumptions.
When transforming data to a log scale, zero counts have no log value and therefore appear as missing
data in the log scale. Adding one to each count before log-transforming them prevents loss of this
data (Sokal and Rohlf 1995; Gotelli and Ellison 2004). The original zero counts then become zeroes
on the log scale.
Census data are often scaled by sample effort to transform raw counts into an index of counts per unit
of sample effort. This scaling is common among count-based fish studies and reflects the fact that
changing the area sampled typically changes the number of fish caught. Counts per square meter
sampled can be inappropriate for use with log transformation because dividing counts into such small
units makes each unit's numbers fairly low. Adding a small constant to each of these before logtransforming the data changes these counts relatively more than adding the same adjustment factor to
larger counts. As such, it is often appropriate to use counts per 50 m2 when log-transforming data.
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A regression analysis gives an estimate of change through time, but does not indicate how confident
one should be in that estimate, nor whether the study is likely to have missed an important trend. The
width of the confidence interval around the regression line, which expands at the limits of the
observed range of data, reflects precision. The confidence interval itself represents a bracketed
estimate of the amount of change observed. Confidence intervals that include a zero slope (no
change) indicate the trend is not statistically significant at the stated alpha level. Finally, the
estimated amount of change observed can be compared directly to the amount of change thought to
be biologically meaningful. Confidence intervals that include zero but also reaches the biologically
meaningful threshold indicate the study may have missed an important trend. Similarly, if the study
did find a significant trend but the confidence interval did not reach the biologically meaningful
threshold, one can conclude that the amount of change observed is probably not important to the
species (Hayes and Steidl 1997).

De ns ity Effec ts Linke d to Flow
Synopsis of Findings
Turner and Propst (2014) explore the prospect of a mechanical link between hydrologic causal
factors and fall fish density based on samples obtained from a single long-term monitoring site in the
Gila River near Riverside. Turner and Propst (2014) review Richter et al. (1996) and Olden and Poff
(2002) for a list of prospective hydrologic factors that might be useful in understanding the
relationships of stream flow on fall density.
Regression analysis was used to evaluate the relationship (α = 0.05) between each flow attribute and
autumn density of select native fish species. Validity in linear regression models is contingent on
conformance with regression model assumptions. In the instance of the Turner and Propst (2014)
study, an additional concern pertains to the fidelity3 of remotely measured predictor values (i.e., flow
at the “Near Gila” gauge site) with conditions at the location where the response variable is measured
(i.e., Riverside).
As previously discussed, the Riverside fish sample site is approximately 12.1 river miles downstream
of the “Near Gila” flow gauge. Between the flow gauge and the Riverside sample site are three outof-channel water diversions (Figure 1). Without evidence to the contrary, the operation of these
irrigation diversions will greatly modify the downstream flow regime. As such, the record of flow at
the “Near Gila” gauge will not accurately reflect the flow regime at the Riverside fish sample site
without a complex accounting of the volume of water diverted, depletions of diverted water and inchannel water in transit, and the volume of diverted water that is ultimately returned to the Gila River
upstream of the Riverside study site. Failure to account for the disparity in flow that must exist
between the gauge site and the Riverside fish sample site represents a sampling error in the predictor
variable. Statistical inference based on such data could only be judged to be unjustified because of
infidelity of remotely measured predictor values with conditions at the fish sampling site.
An assumption of prominent concern inherent with linear regression analysis involving time series of
census data (i.e., repeated measurements on sampling units) concerns independence between
successive observations. The assumption in regression analysis is that the Y-values and error terms
3

As used “fidelity” refers to the degree to which something matches or copies something else.
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are independent of each other, i.e., that the Y-value for any xi does not influence the Y-values for any
other xi. Unfortunately, a common occurrence in wildlife census data in general is a positive
relationship between error terms and census values from adjacent samples through time (i.e., the data
are “autocorrelated”). The degree of autocorrelation is the correlation coefficient between successive
error terms. It would have been informative if Turner and Propst (2014) had examined their data for
evidence of positive autocorrelation, which can result in underestimation of the true residual variance
and seriously inflate Type I error rates (i.e., the probability of falsely rejecting the null hypothesis) for
hypotheses tests on regression parameters.
Significant relationships of stream flow on fall density are claimed by Turner and Propst (2014) for
M. fulgida, R. (= Tiaroga) cobitis, C. clarkii, and C. insignis. Unfortunately, these claims are
undermined by infidelity of remotely measured flow with conditions at the Riverside sample
location, and failures to meet underlying assumptions for estimation and hypothesis testing with
resultant species-specific regression models. Further, coefficients of determination (r2) for these
relationships are very low (generally between 0.2 and 0.3), indicating that only a small proportion of
the total variation in species density is explained by its linear relationship with the individual flow
attributes that were studied.4 The single r2 value that exceeds 0.5 indicates net productivity will tend to
be less when mean daily spring discharge is greater than 300 cfs compared to when mean daily spring
discharge is less than 300 cfs.
There is reason to suspect that small biased samples in the Turner and Propst (2014) sometimes
unevenly represent the ranges of response or covariate variables, which can lead to biased regression
results. In such cases, apparent outlier values should be evaluated in terms of whether they exert
undue influence on estimated parameters. An example of a small biased sample that unevenly
represents the ranges of response or covariate variables is found in Figure 16 of Turner and Propst
(2014), where M. fulgida density is modeled as a function of mean daily monsoon (AugustSeptember) flow, with nearly all observations made when discharge was less than 300 cfs and with
only two discharge values in excess of about 825 cfs. In general, this is not an ideal sampling design
because discharge values ranging from 300 to 825 cfs are inadequately sampled. In this case, the
observations at flow greater than 825 cfs will profoundly change the nature of the regression analysis
used to model flow effects on species density.
Turner and Propst (2014) claim their data establish the existence of a steep positive linear
relationship between density for M. fulgida and R. (= Tiaroga) cobitis and mean daily spring flow
≤ 300 cfs (which coincidentally approximates the highest long-term average flow for March, the
month of highest average discharge at the “Near Gila” gauge site). Furthermore, Turner and Propst
(2014) report that inter-annual variance in fish 5 density was greater across samples from the
Riverside site in years where mean daily spring flow was less than 300 cfs. However, the
4

A question exists about the practice of adding a small number (i.e., 0.001) to the density values in the specific
instance when a particular species was not observed. The selective addition of 0.001 to zero values will bias
regression results.

5

In a temporally varying environment such as the Gila River, the long-run population growth rate governs the
vulnerability of a population to extinction. This concept is expressed mathematically as r – Ve / 2, where r is the intrinsic
rate of population growth and Ve is the between-generation variance of population growth rate (National Research Council
1995). When Ve / 2 > r, the population will decline toward extinction deterministically. The expected time to extinction
will vary with population size, depending on the ratio of the mean to the variance of the rate of population growth: ~ r / Ve
(National Research Council 1995).
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assumptions of regression analysis have not been met in their analysis, which undermines the validity
of this claim.
Certainly questions about the claimed relationships between flow and autumn density of select native
fish species at Riverside site seem justified. Beyond this, the geographic generality of this
relationship is also questioned. Contrasting evidence of the relationship of mean annual discharge
and species density is reported from other fish sampling sites located in the major forks of the Gila
River, New Mexico (Stefferud et al., 2011). These authors describe the relationship of mean annual
discharge and density of R. (= Tiaroga) cobitis to be a “poor fit” with a coefficient of correlation (r2)
less than 0.15. Stefferud et al. (2011) also found mixed responses (negative and positive responses)
of M. fulgida and R. osculus density with increasing mean annual discharge. Additionally, Stefferud
et al. (2011) did not find the dichotomous relationship of mean annual discharge and species density
in the Gila Forks sample sites that is claimed for the Riverside site.
Finally, SWCA recently (June, 2012) conducted multiple-pass depletion (or removal) samples for
R. cobitis (= Tiaroga cobitis) in Whitewater Creek (McMillan and Timmons, 2012) with density
results that appear to depart from the fauna-environment relationship reported by Turner and Propst
(2014). Sampling involved six near-equal effort electrofishing passes from a sample space (0.31
acre; 0.13 hectare) in which the conditions of a closed population experiment were met. The
maximum likelihood estimate of R. cobitis (= Tiaroga cobitis) abundance was 486 fish (0.374 per
m2). This “summer” density estimate does not appear to exceed the largest “autumn” density
estimate for the species reported by Turner and Propst (2014) or Stefferud et al. (2011), but it is
certainly among the largest reported density estimates for the species in the Gila/San Francisco basins
of New Mexico. What distinguishes this estimate from those of Turner and Propst (2014) and
Stefferud et al. (2011) is the relatively low prevailing flow associated with the estimate. The nearest
downstream USGS gauge to Whitewater Creek is in the San Francisco River near Glenwood (USGS
944400). The average 2012 spring flow (February – April) in the San Francisco River at that site
was 31.8 cfs. Considering Whitewater Creek is a tributary of the San Francisco River near
Glenwood, the sample site at Whitewater Creek would only carry a fraction, perhaps one-third, of the
average spring flow indicated for the Glenwood San Francisco gauge. Clearly, a density estimate for
R. cobitis (= Tiaroga cobitis) of 0.374 fish per m2 with an associated average spring flow of about
10.6 cfs would represent an outlier value in the context of the Turner and Propst (2014) results.
Furthermore, the Whitewater Creek result is cause to question the generality of flow effects on R.
cobitis (= Tiaroga cobitis) density as reported by Turner and Propst (2014).

Critique of Investigative Approach of Density Effects Linked to Flow
Whereas the Turner and Propst study is directed, in part, at density effects attributable to flow, it
should be acknowledged that density dynamics may vary as a power function of perennial habitat
area (i.e., log-log bivariate plots of counts and habitat area result in a straight line). Likewise, density
dynamics may vary directly as a function between population growth rate and density.
Considering the possibility that density alone may affect population growth, management of
declining fragmented fish populations in the Gila River Basin might advocate protecting or restoring
drought refugia to increase carrying capacity (K). In times of drought and spatial subdivision of the
population, species persistence can be dependent on maintaining the minimum area of suitable
habitat that can sustain an isolated population in the face of random individual dispersal into
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surrounding regions of intermittent suitability. Future researchers should consider exploring the role
of asymptotic scaling of mean time to extinction as a function of K for different stochastic factors
operating alone, including hydrologic-based stressors.
At best, the Turner and Propst (2014) results indicate that variation in population growth must
involve factors in addition to the hydrologic variables studied. Multiple regression models enable the
development of descriptive and predictive models between response variables and multiple predictor
variables. The relative importance of each predictor variable in multiple regression models is
revealed with F or t statistics and their associated P values. Multiple regression models represent a
best guess at causal relationship. Multiple regression models enable researchers to hypothesize much
more complex causal links between variables that that investigated by Turner and Propst (2014).
Indirect effects can be included where one predictor affects a second predictor variable, which in turn
affects the response variable, and two or more response variables can affect each other. This
approach is commonly referred to as path analysis.
As mentioned earlier, “rate of population growth” represents a preferred response variable to the
various hydrologic predictor variables. Population growth is a statistic that is reflective of trends in
population density or abundance that is integrative of the environmental effects on the primary
processes responsible for changes in population size, i.e., birth, death, immigration, and emigration.
Population growth rate describes the per capita rate by which population size increases per year,
conventionally expressed as λ = 𝑁𝑡+1 /𝑁𝑡 . Population growth rate is important in the identification of
factors that regulate population abundance and density, notably including response rates to
environmental stressors. Estimates of population growth rate are important to management because
they enable qualified projection of future population sizes and provide insight into how managers can
most effectively intervene to leverage critical biological processes to have the desired impact on the
population.
The management utility of species counts, standardized by sample effort or area sampled, depends on
the proportional relationship between the numbers of fish captured and the amount of effort
expended or area sampled (Hubert and Fabrizio 2007). To test for this relationship, regression
analysis can be used to determine the effect of sample effort (sample area) on absolute numbers of a
given species that are captured. Since species-specific collections can reasonably be expected to vary
by date, sample site, and mesohabitat, researchers often use a multiple regression model that
incorporates such factors. The multiple regression model that could be used to assess the effect of
sample time (sample area) on the standardized species count could be denoted as:
Standardized species count = α + ß1 sample effort + ß2 site + ß3 date + Є
where α is the Y intercept, ß i are the partial regression coefficients, and Єj is the residual standard
error. In this model, sample effort (area sampled) is a quantitative variable, while site and date are
considered “indicator” variables (Zar 1999: Chapter 20). To better meet model assumptions, number
of a species is often normalized by natural log transformation (Y = loge [X + 1]) prior to analysis (Zar
1999: Chapter 13).
A Kruskal-Wallis single factor ANOVA by rank can be employed to assess if median species counts
or density estimates varies among sample sites and among sample dates. Non-parametric analysis is
usually employed due to the typical non-normality of such data. Pairwise multiple comparisons with
a Mann-Whitney Rank Sum test (Dunn’s p-value adjustment method) can be used to assess relative
differences between median values.
21

Ag e -s p e c ific Effe c ts Lin ke d to Flo w
Synopsis of Findings
Knowledge of the age structure of populations and the ability to discern between the relative
effects of environment and age on population dynamics is critical to the formulation of
management strategies that effectively confront environmental constraints to population growth
associated with cyclic fluctuations in carrying capacity, which is related to area of wetted habitat,
especially when such conditions exceed the limits of historic precedence or circumstance.
Determinations of fish age by Turner and Propst (2014) are founded strictly on identification and
enumeration of modes in species-specific length frequency histograms. This approach to age
determination, without concurrent corroborating osseochronometric-based estimates of age,
provides a flawed basis for interpreting and modeling species growth with advancing age.
Judging from sketchy evidence at hand, it seems apparent that the length-frequency data used for
age interpretation are based on small monthly samples, mostly from the 1980’s, that fail to
represent the species-specific ranges of lengths present in the population and in proportion to
their abundance in the population. Common sources of this type of bias in length-frequency
samples have been linked to small sample size, size-selectivity in sample gear, length-stratified
aggregations with schooling and spawning behavior, and length-specific preferences for
spatially-heterogeneous habitat features (Isley and Grabowski, 2007).
The casual, unconfirmed approach of Turner and Propst (2014) to age interpretation of fish
species is disconcerting considering that environmental effects are often age-specific.
Misinterpretation of length-at-age and population age class structure of the studied species can
lead to serious errors in assessments of population dynamics. Underestimation of age, the most
common error associated with age interpretation, especially involving older, slow growing
individuals (Weatherley et al. 1987), leads to distorted rate estimates of growth and mortality
(Campana 2001). Furthermore, it appears the authors were not alert for, or were dismissive of,
any possibility that some of the larger size bin gaps in the length-frequency plots might be
attributable to missing age classes that may be indicative of past mortality-causing environmental
effects that, if found to be population-wide, can have serious implications for population growth
and heightened risk of species extinction.

Critique of Investigative Approach of Age-based Investigations
The most obvious and fundamental deficiencies of age determinations in the Turner and Propst
(2014) study stem from their failure to ground age determination in osseochronometric-based
interpretations of age that are validated by large and concurrent fish samples that are
representative of species-specific ranges of lengths present in the population and in proportion to
their abundance in the population. There is a rich contemporary literature base that specifies
accepted methodologies to conduct such investigations (see Isley and Grabowski, 2007 for
overview).
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Determination of minimum random sample sizes necessary to populate a series of size bins over
the range of lengths present in a population can be explored with bootstrap analysis.
Nonparametric bootstrap analysis is well suited for this purpose as that approach assumes only
that the observed sample is representative of the population, which is generally a reasonable
assumption except in instances involving very small samples (Davison and Hinkley 1997). A
commonly applied bootstrap analysis involves taking random samples (with replacement),
assigning the fish to an appropriately designated size class (1 mm SL size bins may be most
appropriate for smaller species), calculating the number of size bins represented, repeating the
process 1,000 times for a reasonable array of prospective sample sizes (e.g., 200, 500, 750, 1000,
1500, and 2000), and then estimating the mean and standard deviation of the number of size bins
represented in the replicate bootstrap estimates.
A number of public-domain programs exist to aid in the objective interpretation of multi-modal
length-frequency histograms. Bhattacharya’s method (Bhattacharya 1967) provides a good
initial approximation of length-frequency modal means that can be subsequently refined with the
computer program NORMSEP (Hasselblad 1966). NORMSEP is a maximum likelihood
estimator that separates normally distributed components of size-frequency samples given the
approximate means of the samples. Both Bhattacharya’s method and NORMSEP can be run in
the program FiSAT II (Gayanilo et al. 2005).
Special features of the program MIX 3.1 (Macdonald and Green 1988) make it particularly
convenient for analyzing length-frequency distributions in fish as mixtures of age groups. MIX
3.1 allows subsampling data to be incorporated in the analysis along with the mixed data. In
fisheries length-frequency applications, for example, some fish from specified length classes can
be aged, and the length-specific age distributions analyzed simultaneously with the mixed
length-frequency distribution. This means you can get more information where it is most needed,
at the lengths where the age groups overlap the most. MIX 3.1 will compute the optimal
subsampling design for a given mixed sample and subsample size. In fisheries length-frequency
applications, this will give the recommended number to subsample from each length class to get
the most information from the least amount of age determination. The prototype of MIX was
introduced by Macdonald and Pitcher (1979) for the analysis of fisheries length-frequency data.

Effects of River Fragmentation
The discussion of river fragmentation and related genetic effects in Turner and Propst (2014) is
important to the conservation of aquatic species in the Gila. But, it isn’t specifically relevant to an
effects assessment of possible impacts to fishes linked to proposed alternatives for the diversion of
water from the Gila River in the Cliff-Gila Valley, New Mexico. Proposals for water development
include provisions that avoid impediments to the movement of fish, avoid depletions of flow that
fragment aquatic habitats, restrict water storage facilities to off-channel catchments, preserves the
ecological functionality of disturbance regimes and hydrological mediated geomorphic processes, and
preserves the river continuum. Nonetheless, the material in this section of the Turner and Propst (2014)
report is considered important and generally relevant to the management of all natural resources in the
Gila River Basin that may directly or indirectly affect aquatic habitats in the Gila River Basin.
Certainly this section of the report is relevant to endangered species recovery planning and the
formulation of management policy. The following comments are intended to complement the
presentation in Turner and Propst (2014).
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Variability of flow characteristics of the contemporary Gila River Basin, resulting either from natural or
anthropogenic causes, imparts a patchiness of environmental types at the scale of river segments,
including the extremes of hydrologic abundance and periodic discontinuity of flow, with a continuum
of intermediate (or transitional) types between these extremes. Population subdivision and spatial
heterogeneity of the environment can exert a strong influence on population dynamics and extinction
risk. Spatial subdivisions of populations arise from barriers to dispersal, habitat fragmentation, or from
geographic distance greater than the scale of individual dispersal. Demographic and environmental
stochasticity within local populations creates a risk of local extinction.
The more expansive perennial habitats are vital to fish species survival due to enhanced temporal
environmental stability intrinsic to such habitats. These habitats have a heightened capacity to support
species across generations and often exist as the source stock to repatriate empty habitat patches.
Habitat patches that are subject to periodic discontinuity of flow exhibit variation in the long-term
frequency, magnitude, and predictability of mortality-causing events, and as such, vary in their ability
to support fish species across generations. Species persistence within some reaches of the Gila River
and its tributaries, notably the “transitional” aquatic habitats, can be dependent inter-habitat dispersal.
A positive balance between local population persistence and colonization of habitat that commonly
becomes seasonably unsuitable is required for metapopulation persistence. Predicting species-specific
population dynamics, including situations in which species persistence is threatened by the loss of large
tracts of habitat, must ultimately account for exchanges between habitat patches that uniquely affect
rates of birth and death over varying hydrologic conditions.
The number, quality, and spatial arrangement of habitat features, along with the probability of
successful inter-patch movement, greatly affect the ability of the fish species to survive the effects of
mortality-causing drought. At a localized scale, each population segment would have a given (nonzero) probability of extinction if isolated from other populations. The ability of the fish to move
between habitats in response to changing hydrologic conditions is a prominent determinant of the
species’ ability to survive flow disturbances because habitat features that may be suitable for the
species under one flow regime may be disadvantageous under a contrasting flow regime. Inter-habitat
movement has the potential to improve the probability of fish species survival only in instances in
which the fates of individuals occupying one habitat versus another are independent over a wide range
of flow conditions. Of course, this presumes that the spatial arrangement and heterogeneity of habitat
features is sufficiently fine to allow species to move successfully between habitats. In contrast, it is
unlikely that species movement over expansive areas with monotonous habitat features would
positively affect the species’ probability of surviving stochastic flow regime disturbances because
occupancy of any portion of such space would result in similar consequences.
It is important to understand how demographic processes that affect population size vary over the array
of available habitat patch types. In simple terms, population growth can be regarded as a function of
reproduction, recruitment, age-specific schedules of mortality, and rates of dispersal in the form of
immigration and emigration. Areas or locations where local reproductive success is greater than local
mortality are referred to as population sources. 6 Poorer quality patches that lead to low birth rates and
high death rates are regarded as population sinks. To understand the patch-dynamics of a population in
which some individuals reside in source habitats and others reside in sink habitats, it is necessary to

6

Inference about habitat suitability requires knowledge about species abundance and rates of vital biological processes
along with knowledge about how long-term patch dynamics are structured by underlying physical, chemical, and
climatic features of their environment.
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consider the population dynamics of each source and sink subpopulation, and then consider how the
distribution of individuals influences the dynamics of the greater source-sink system.

Hydrologic Scenario-s pecific Effects As s es s ments
A fundamental tenet in scientific investigation is that we cannot prove that something is true; rather, we
seek information in such a way as to reject a hypothesis. Scientific research generally attempts to
falsify, rather than prove the truth of a proposition. A well designed observational study can provide an
adequate basis for a refutationist test of a null hypothesis, although such studies cannot demonstrate
causality.
Much of the Turner and Propst (2014) study is descriptive. Failures to meet underlying assumptions for
estimation and hypothesis testing with resultant species-specific regression models preclude strong
inference. As such, it seems appropriate that the hydrologic scenario-specific findings of effects
offered by Turner and Propst (2014) are generally speculative, conceptual, theoretical, or expressed in
general terms.
Hydrologic scenario-specific effects are generally linked to the possibility of various altered biophysical and geomorphic processes. The authors point to possible unquantified physical effects such as
reduced extent of floodplain coupling, sustained higher water temperatures, changes in the rates of
hydrograph assent and descent, and altered sediment deposition. Direct and indirect impacts to the biota
are said to be mediated primarily by these abiotic pathways, even though many of these hypothesized
effects weren’t even studied (e.g., sedimentation and temperature). Linkages to primary demographic
processes (i.e., birth, death, immigration, and emigration) are not specifically and unequivocally
identified or quantified.
If an environmental factor is to influence population size, its influence must be registered through one
of the primary population processes. Population growth rate is important in the identification of factors
that regulate population abundance and density, notably including response rates to environmental
stressors. Estimates of population growth rate are important to management because they enable
qualified projection of future population sizes and provide insight into how managers can most
effectively intervene to leverage critical biological processes to have the desired impact on the
population.

Dis c us s io n
Much of the theoretical underpinnings of ecological conservation and restoration are founded on an
understanding of mechanisms that operate to form unique species assemblages that vary by regions
distinguished by unique histories of zoogeography, species introductions, and biophysical conditions.
Such understanding is directly relevant to the practice of ecological conservation and restoration,
which relies on systems-level analysis to formulate effective strategies to maintain or reclaim aspects
of a desired functioning condition.
Recognition of factors that govern community assembly and succession are fundamental to the
development of a conceptual framework to guide habitat conservation and restoration efforts. Faunaenvironment interactions result deterministically in nonrandom patterns of species composition and
richness. Recognition of such patterns aid in understanding the determinative roles of abiotic and
biotic factors in shaping the composition of communities and point to specific intervention measures
and levels of effort needed to achieve desired management objectives.
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The explanatory power of a causal linkage between a prior condition and a subsequent effect results
from the ability to entail many, often disparate, phenomena under its rubric. Causal inference is
generally difficult to establish in such studies because:
•

Compared sites or times usually differ in a variety of ways so it is unclear which
factors are responsible for any perceived patterns.

•

Two or more variables may be correlated because they are related to yet another,
perhaps unmeasured and incidental, variable.

•

Relationships between environmental and response variables may only be valid over
the range of values of the environmental conditions found in the surveyed sites. If
this range of values is small, sampling variation may preclude detection of a
relationship between environmental and response variables. More importantly, it is
not clear whether the survey results can be applied to sites or times with
environmental values lying outside the surveyed range.

•

Significantly, correlation analysis rely on static measures and are, therefore, poor at
elucidating dynamic relationships between factors (e.g., those involving feedbacks
and time lags).

•

Environmental variables may not be representative of conditions in which dependent
response variables are observed. This represents an especially troublesome problem
in the Turner and Propst (2014) study. The record of flow at the “Near Gila” gauge
does not accurately reflect the hydrologic conditions at the Riverside study site.

•

Habitat-population relationships will be complicated by the necessary consideration
of age or stage-specific measures of the consequences of occupying different habitat
types and separate relationships between habitat and abundance for each life stage
over a range of hydrologic conditions. The Turner and Propst 2014 study fails to
provide an accurate account of species and season-specific length-at-age or age-based
demography.

•

Finally, because surveys often are based on measurements taken over a limited period
of time, they may miss important extreme events.
The effective use of census counts to reveal fauna-environment interactions requires the
incorporation of counts in a discrete and unique expression of an effect. Census counts, including
when scaled by sample effort or area sampled, do not represent a discrete and unique expression of
an effect. Any census count can be the consequence of at least three different effects: population
stasis, population growth, and population decline. A superior application of the time series of census
data available to Turner and Propst (2014) would involve a simple expression of rates of population
growth that describe the per capita rates by which population size increases over time, conventionally
expressed as λ = (N t + 1 / N t), or as r = loge λ.
A variety of methods are available to study the combined and relative effects of factors that
determine population growth rates. These methods include:
•

Density perspective of population growth – focusing on the link between population growth
rate and population density.

•

Mechanistic perspective of population growth – focusing on the link between causal factors
and population growth rate.
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•

Demographic perspective of population growth – focusing on the link between population
growth rate and age-specific rates of birth and death.

The major focus of the Turner and Propst (2014) study concerns a mechanistic explanation of
hydrologic-based causes for observed responses in species counts standardized by area sampled to
produce a measure of species density. Given the focus on species density, it is surprising that species
density is only examined by Turner and Propst (2014) as a response variable, when it may also serve
as an independent (predictor) variable. The form of the relationship between population growth rate
and population density is easily revealed in paired values of density (independent variable) and
population growth rate. With the variation of population growth rates and variation in environmental
conditions expected over the 24-year period of fish collections cited by Turner and Propst (2014),
this relationship could be diagnostic in efforts to reveal hydrologic causes for observed responses in
the Gila fish fauna. Even so, considerable scatter would be expected about each prospective
relationship indicating that other factors besides hydrology affects population growth rate.
The Turner and Propst (2014) study fails to examine the significance of probable links between
population growth rate and population density. Extinction risk and temporal correlation of effects
depends on the shape of the recruitment curve (i.e., the plot of Nt+1 against Nt). If the slope is positive
at equilibrium, then positive autocorrelation will increase extinction risk; if the slope is negative,
positive autocorrelation can decrease extinction risk over some range of values. This is a
consequence of increased variance in population size near the equilibrium with a positive slope,
whereas the opposite is true if the slope is negative (Lande et al. 2003). The negative slope at
equilibrium would forecast the population’s tendency to overshoot and undershoot the equilibrium.
Whereas Turner and Propst devote considerable effort to establish the age structure of several Gila
River Basin fish species, no attention is directed at possible links between population growth rate and
age-specific rates of birth and death. Knowledge of the age structure of populations and the ability to
discern between the relative effects of environment and age on population dynamics is critical to the
formulation of management strategies that effectively confront environmental constraints to
population growth associated with cyclic fluctuations in carrying capacity, especially when such
conditions exceed the limits of historic precedence or circumstance. Such levels of disturbance can
lead to deterministic depensatory declines in abundance, and that can be further subject to densityindependent mortality linked to environmental stochastic stressors (Lande et al. 2003).
Much of the analysis presented by Turner and Propst (2014) is intended to provide a quantitative and
robust description of patterns that are thought to be the deterministic result of fauna-environment
interactions. Whereas descriptive studies are a crucial part of the scientific process, they are not the
basis for prediction testing (i.e., involving research hypotheses). Although data exploration is an
important part of any analysis, it is important that it be clearly separated from hypothesis testing.
Decisions about what models to test should be made a priori based on the researcher’s biological
understanding of the system (Burnham and Anderson 2002). Using aspects of a data exploration to
search out patterns can provide guidance for future work, but the results should be viewed very
cautiously and inferences about the broader population avoided. Instead, new data should be
collected based on the hypotheses generated and independent tests conducted. When data exploration
is used in this manner, both the process used and the limitations of any inferences should be clearly
stated.
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