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EXECUTIVE SUMMARY

Climate change effects on physical and biologigateams have occurred globally for at
least four decades. These effects already are actlie western U.S. and are expected to
continue in the future. In New Mexico, observednate-linked effects include declines

in snowpack, earlier peak stream flows, forest alibyt and population declines in
sensitive species. Consequently, conservationipoaers and natural resource managers
in the region need to better understand impactéimfite change so they can make
informed decisions about prioritizing where to warkd, in turn, how to implement
effective adaptive management strategies.

This is the second of three reports focused orsasggthe biodiversity conservation
implications of climate change in New Mexico. THscument maps and analyzes recent
trends (1970-2006) in a combined temperature-prtatipn variable, calledlimate

water deficif that indicates biological moisture stress, oirdyyA newly available

climate change analysis toolbox, the ClimateWizaraks used to generate and
summarize water deficit trends by watersheds. We idlentified recent trends in
snowpack and the timing of peak streamflows taerrexamine the physical

implications of regional climate changeo evaluate the conservation implications of
these trends, we relate climate water deficit,(mmisture stress) in watersheds to the
number of species with conservation status ocagimithin them. Key findings include:

93% of New Mexico’s watersheds have experiencectaging annual trends in
moisture stress during 1970-2006, that is, theyelmcome relatively drier over
the 30+ year period.

Snowpack in New Mexico’s major mountain rangesdedined over the past
two decades in 98% of the sites analyzed. In amdithe timing of peak
streamflow from snowmelt in the State is an aveEgee week earlier than in
the mid-28' century. Watersheds with the greatest declines@wpack are those
that have experienced the greatest drying betw8@a-2006.

Watersheds with the highest numbers of sensitieeisp tend be those showing
the greatest increase in moisture stress or drying.

Three sensitive species-rich watersheds in New déexiay be particularly
vulnerable to ongoing climate change based on #gnitude of their moisture
stressthe Jemez, Cloverdale, and Playas Lake watershidosse watersheds
have already experienced climate change-linkedbgam! effects and, in the case
of the Jemez, significant declines in snowpack.
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We identified four sensitive species-rich watershéicht have experienced very
little change in moisture stregdbe Pecos Headwaters, Upper Rio Grande, Upper
Gila, and San Franciscdn addition to the three most vulnerable, these f
watersheds may warrant high priority status for+ieam conservation and
management because action in these areas mayheageetitest chance for
success given their overall lower exposure to recimate change.

Using This Information:

This document provides a framework for understagtire conservation implications of
climate change that is based on an ecologicalgvegit climate variable that measures
biological moisture stress. Using our approach kEsamanagers and conservation
practitioners to assess landscapes that may beontess impacted by recent climate
change relative to their conservation importaneduin, land managers can direct
immediate action and resources to high prioritygtmapes, facilitating a more strategic
and focused investment in adaptation measures.

The report provides compelling information abouewhin New Mexico climate change
may already be having a major impact. We use agpérctive approach that avoids
becoming sidetracked by issues of uncertainty astsatwith future climate change
predictions. However, because of its inherent Baity, the framework can readily
incorporate regional climate change projectionaddition to other relevant spatial data
sets (e.g., alternative biodiversity indices, a&ltedisturbance regimes, or other
anthropogenic stressors) as next steps in a moneretensive assessment.

The forthcoming third report in our climate chamgpacts assessment series will build
upon the results of the first two reports by addurgre climate change predictions.

Santa Fe Canyon Preserve © Alan Eckert
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STATEMENT OF THE PROBLEM

Climate change impacts to physical and biologigateans have been occurring globally
since at least 1970 (Rosenzweig et al. 2008). Témtern U.S. is no exception with
warming trends that exceed the global averagejrascin mountain snowpack, earlier
peak flows in streams, and altered fire regimesfalthich are already affecting the
region’s species and ecosystems. These effectelad¢brest dieback, bark beetle
outbreak, population declines in endemic and witksp species, shifts in species’
distribution, and phenological changes (Inouye 2@8shears et al. 2005, Stewart et al.
2005, Mote et al. 2005, Gitlin et al. 2006, Westgriet al. 2006, Martin 2007, Kelly &
Goulden 2008, Enquist & Gori 2008). Such regiongbacts are projected to continue,
further intensifying the competition between grogvluman populations and natural
systems for already over-allocated water resoytdesrling & Eisheid 2007, Seager et
al. 2007, McCabe & Wolock 2007, Barnett et al. 2008

In order to formulate effective management respetsé¢hese impacts, conservation
practitioners and natural resource managers inrviatéed regions such as the western
U.S. are challenged with identifying areas mostaoipd by climate change. Clearly,
workers in these professions need immediate atcestormation, tools, and guidance
to better understand the regional impacts of ckntéiange and subsequently to make
informed decisions at regional to local scales (&8O 2007, McCarthy et al. 2008).

To this end, our first of three reports investigetiee regional impacts of recent climate
change on major habitat types in New Mexico andawservation priorities identified by
The Nature Conservancy and by the New Mexico Dapart of Game and Fish in their
Comprehensive Wildlife Conservation Strategy, atestvildlife action plan (Enquist &
Gori 2008). We found that most of New Mexico’s nachigh-elevation woodlands and
forests have experienced consistently warmer aied ciwnditions or greater variability in
temperature and precipitation from 1991-2005 comgbén an earlier baseline period
(1960-1990). In contrast, most grasslands expeztm@rmer-wetter conditions from
1991-2005, especially Great Plains grasslandsstegaNew Mexico.

We highlighted 11 high-elevation key conservatiozaa that are vulnerable to climate
change due to their large number of drought-sesessipecies and the magnitude of their
recent climate exposure (i.e., warmer-drier condgior greater variability in
temperature and precipitation). Three areas maahicularly vulnerablethe Sierra San
Luis/Peloncillo Mountains, the Jemez Mountains, teSouthern Sangre de Cristo
Mountains In contrast, 10 lower-elevation conservationssiteat are also rich in
drought-sensitive species experienced lower cliragposure. These inclu@»ttomless
Lakes, Bitter Lake and Blue River/Eagle Creeltl riparian sites rich in native fish
species. Other sites with fewer or no drought siesspecies experienced even lower
climate change exposure from 1991 to 2005. Thedade the Western Plains of San
Augustin, Middle Pecos River, Salado Creek, andPa$srasslands—all riparian or
grasslands sites and all but one located in easkenwnMexico.
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In this second report, we analyze the impact am$@wation implications of recent
climate change on New Mexico’s watersheds and wassaurces using a novel
approach. Because water availability is a critdrater of vegetation structure and
ecosystem processes in arid ecosystems, we spdlgifierived a water balance variable
that can be used as an indicator of potential giokd moisture stress (Stephenson 1998,
Kerkhoff et al. 2004). Referred to as “climate wateficit,” the variable combines
temperature and precipitation and estimates tHerdiice or deficit between potential
and actual evapotranspiration. This variable has lshown to influence critical
thresholds in the distribution of vegetation comitiaa (Stephenson 1990, 1998; van
Mantgem & Stephenson 2007; Littell et al. 2008pr &xample, in semi-arid forests and
woodlands of the southwestern U.S., persistent wayieind drought are likely to
produce extreme moisture stress that can subséygganse increased susceptibility to
insect outbreak, wildfire, mortality, and, ultimbteshifts in vegetation type and
distribution (Burkett et al. 2005, Allen 2007). Euermore, the overall availability of
water will strongly influence the capacity of natlsystems to provide critical services
for humans now and in the future (Millennium Ecdsys Assessment 2005).

Here, we employ a newly available analytical toloé ClimateWizard toolbox, to map
and analyze long-term trends in climate water defécg., moisture stregssummarized

by USGS HUC-8 watersheds for New Mexico (Girvetale008). We also identify
recent trends in snowpack and the timing of peaoffurom streams to further examine
the physical implications of regional climate changinally, to evaluate the conservation
implications of these trends, we relate climateewdeficit in watersheds to the number
of species with conservation status occurring withem. Overall, we believe this
approach provides a framework for assessing thactsf climate change at a scale
appropriate for prioritizing and planning conservatand management action as a near-
term response to recent climate change. The famthegpthird and last report in our
series will incorporate projected future climatees into this framework to provide
perspective for longer-term, regionally-scaled @mnation planning and management
processes.
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METHODS
Study Area

This study focused on New Mexico, a semi-arid statbe southwestern U.S. Due to its
complex topography, geology, climate, and relagiatge size (315,113 K New
Mexico ranks as fourth in biological diversity imetcontiguous U.S. (Frazier 2007). We
evaluated 74 USGS HUC-8 (1:250,000 scale) watess(r2D00 ha in size) contained
within the state’s political boundaries for trendlimate water deficit. We evaluated
the elevation attributes for each watershed usidigigal elevation model of New
Mexico generated at a cell resolution of 4°kifhe cells with the highest elevation were
found in the Upper Rio Grande watershed (3563 rhgreas the Lower Pecos-Red Bluff
Reservoir watershed contained cells with the lowéstation (872 m). The Pecos
Headwaters contained the maximum altitudinal rg@@25 m) of all watersheds in the
state.

FIGURE 1. Map of vegetation types in New Mexico. Gray limedineate USGS HUC-8 watersheds. Base data
source: USGS Southwest Regional Gap Analysis Rr(664).
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Generation of Moisture Stress Maps

Following Stephenson (1990, 1998), we defined deweater deficitD) as the
difference between potential evapotranspirationaatdal evapotranspiratioB,= PET —
AET, where we assumed that actual evapotranspiradBi)is equivalent to
precipitation (PPT, mm) when PPT is less than PHils circumstance is typical of arid
to semi-arid regions such as New Mexico and théhseestern U.S. We calculated
estimates of PET using the Hamon method (Hamon)1961

PET

Hamon = 13.97dDF W,
where d is the number of days in a month, dha the mean monthly hours of daylight
(in units of 12 hours)Wtis a saturated water vapor density term calculbyed

0.0621
W = 4.9% |
100

whereT is the monthly mean temperature in degrees Celsallisulated as the average of
the mean daily minimum and mean daily maximum migrtdmperatures. PET was set
to zero when mean monthly temperature was below. Zére Hamon equation has been
used for many regional level hydrologic analyseshsas for estimating the temporal
variability in historic and future water runoff patns (Wolock and McCabe 1999,
McCabe & Wolock 2007, Ellis et al. 2008).

We generated PET and AET (or PPT) values for edday? grid cell across New

Mexico for every month from 1970-2006 using the 8®RImonthly time-series datasets
of temperature and precipitation (Daly et al. 1994)e PRISM model estimates monthly
temperature and precipitation at a fine-scale apggsolution (4 krf) using a

combination of climate station data, a digital eliken model and expert-based
knowledge of complex climatic processes, such iassteadows and temperature
inversions. Using this time-series of climate wateficit maps, we calculated annual
averageslave and annual linear trendBeng) in Moisture stress over the time period
1970-2006. Trends can either be increasing or dstrg or no trend may exist.
Significant increasing trends indicate that theumtrtlimate water deficit has increased
for that unit area over time, resulting in incregsmoisture stress and drying during the
30+ year period. We also calculated seasonal agsraigd trends iD for winter
(December-February), spring (March-May), summenéJdAugust), and fall (September-
November). Generation of seasobavalues allowed a more complete understanding of
the cumulative annud@ values (i.e., which seasons contributed most tmakvalues).

All analyses were conducted using the recently ldgesl ClimateWizard analysis tool
which yields spatially explicit numerical resultscamaps (Girvetz et al. 2008).

Evidence of Recent Changes in Hydrology
To further understand recent changes in hydrolegyanalyzed available data sets on

snowpack depth and the timing of peak runoff fraravemelt in mountainous areas of

Conservation Implications of Recent Changes in Nwico’s Climate, Part Il 4



New Mexico; both variables are affected by incnregsemperatures, particularly in late
winter and early spring (Dettinger & Cayan 199%&irt et al. 2005).

The Snowpack Telemetry (SNOTEL) system of the US\#Aural Resources
Conservation Service has been automatically callganowpack data since 1980. There
are 20 high elevation SNOTEL sites across New Mexid with periods of record from
17 to 27 years. For these 14 sites, we compiled svater equivalent (SWE)
measurements (in inches) from March 1st and Atilahd used least squares linear
regression analysis to detect trends in snowpackdth dates.

Stewart et al. (2005) analyzed the timing of paakoff at U.S. Geological Survey
(USGS) stream gages across the western U.S. (speethods described therein) and
demonstrated an overall shift in the timing of sgrsnowmelt during 1948-2002 relative
to 1951-1980. These data and the geographicalidmsabf stream gages were provided
by the study’s authors for the 18 lower to mid-alean sites analyzed in New Mexico.

Analysis of Conservation Priorities

We asked whether there were any clear patternodtuane stress (i.eD)) with respect to
the conservation value of an area, where conservatilue was measured by the number
of species of greatest conservation need (heraefiemred to as sensitive species). To do
this analysis we used a spatial data set developéide Southwest Regional Gap
Assessment (USGS SWReGAP) for use in the New Ma&2&gartment of Game and
Fish’s state wildlife action plan (NMDGF 2006). @v50 sensitive species across eight
taxonomic groups (excluding plants) were originadigntified by the NMDGF after an
extensive evaluation of both ecological and thra#tibutes. Modeled habitat data for
each species (USGS 2007) were then compiled anthtad by USGS HUC-8
watersheds (Steeves & Nebert 1994).

We used the ClimateWizard analysis tool to caleudatnual and seaso@lenq values

for the time period 1970-2006 for each HUC-8 wdteds We analyzed these trends
relative to the number of sensitive species assmtiaith each watershed. To facilitate
the prioritization of watersheds for conservatiotian, we adapted the approach of
Margules & Pressey (2000) and plotted the numbeensitive species (i.e., conservation
importance as a surrogate of irreplaceability) msfavalues of exposure (i.e., annual
Drends@s a surrogate of vulnerability). We then delieddbur equally proportioned
guadrants to represent categories of watershagsstatparticular, we identified
watersheds of high species richness with both gt(oe., more exposure) and weak (i.e.,
less exposure) trends i We presumed that all sensitive species are likcehe

impacted by rapid and abrupt climate change to stegeee, despite adaptive ability,
given that they were identified at least in partdiese of attributes (e.qg. rarity, endemism,
declining populations, etc.) that may render themsgive to climatic changes and other
stressors (Sala et al. 2000).
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RESULTS
Trends in Moisture Stress

A majority of watersheds in New Mexico (93% or §97d) have experienced an increase
in average annual climate water defi€{.q between 1970-2006wo-tailed sign test,
p<0.00]). The magnitude of temporal trends was positivelyelated with mean
watershed elevatiomp€0.001, £=0.3), with lower elevation watersheds having greater
increases iyeng than did higher elevation watersheds (Fig. 2ausTlower elevation
watersheds have experienced greater drying thdreh&jevation watersheds over the
last 37 years. The greatest increases (> 2 mméggroed below 1600 m elevation, while
three of the four watersheds with decreasd3.inqoccurred above this elevation.
Average annual deficit valueB4¢ also varied with elevation, with lower elevation
watersheds showing significantly lardges.e than those with higher mean elevations
(p<0.001, =0.687). When viewed togetheB... andDyenq are positively correlated
(p<0.001, r2=0.39 suggesting that the driest watersheds have bedoerethan have
more mesic watersheds (Fig. 2b).
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FIGURE 2. Scatter plots examining the relationship betwasmual trend in climate water deficidy.,g between 1970-
2006 with (A) median watershed elevation, and @hewatershed’s annual average climate water téfigjo).

There was noticeable geographic variability in aiyenq (Fig. 3). Three watersheds
experienced statistically significarmi<0.05) increasingDyengsWhen averaged across the
entire watershed unit: Jemez (mean elevation=20)7@ morth-central New Mexico, and
Cloverdale (mean elevation=1606 m) and Playas [(aean elevation=1421 m) in the
southwestern part of the state.
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FIGURE 3. Map of annual trends in climate water defié)) for New Mexico between 1970-2006. The darkest
red grids cells represent those with significaimlyreasing trends iD (p<0.05). Gray lines delineate USGS
HUC-8 watershed units. Major rivers are (from wiestast): the Gila River, Rio Grande, Pecos Rigrd, the
Canadian River.

Nonetheless, portions of watersheds in three quéslcd the state (NW, SW, SE) also
experienced statistically significant annual treffelg. 3). Seasonal maps Bfengs Show
this spatial variability, and, in addition, hightigthe temporal variability iDyengs With
clusters of significantly drier grid cells withinatersheds distributed across the state in
three of the four seasons (spring, summer, fadj; ). For example, portions of the
Jemez watershed experienced signifidqnt,gsin spring and fall. The two southwestern
watersheds were the only ones that showed ovagalfisant increasing seasona}ends

in spring, in addition to strong trends<0.1) in fall (Appendix 1).
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FIGURE 4. Maps of seasonal trends in climate water defigjtfor New Mexico between 1970-2006. The
darkest red grids cells represent those with diganitly increasing trends D (p<0.05). Gray lines delineaté
HUC-8 watersheds.

Observed Trends in Snowpack & Peak Run-off

Of 14 high-elevation SNOTEL stations, 13 showedides in March i'snow water
equivalent (SWE) amounts; this relationship is higiignificant in the aggregatéa(o-
tailed sign test, p=0.002However, only the Bateman station (Rio Chamaevedited)
showed a statistically significant decrease in SAVEr the station’s period of record (27
years;p=0.02 r’=0.2) (Fig. 5). Similarly, 11 out of 12 stations withawpack on April

1% also showed declines in SWH6-tailed sign test, p<0.Q1Five of these stations
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were statistically significant, two in the Jemezevahed (Quemazon, Senorita Divide)
and three in the Rio Chama watershed (Bateman, {Tharopewell) (Appendix 2,

white columns). When snowpack trends were averagsuss all analyzed SNOTEL sites
in New Mexico, we found an overall decline of 3n8lies (96.5 mm) on Marchi'{14
stations) and 6.8 inches (172.7 mm) on Apfti(12 stations) during the time between
1980-2006.

Stream flow data from 18 stream gages across Nexiddshowed that, on average, the
timing of peak run-off from snowmelt occurred sedays earlier than peak flows in
1951-1980 (Stewart et al. 2004). While four gadesaged slightly later (< 3 days) timing
in peak runoff in their analysis, 14 gages showatier peak flows, ranging from 1 to 23
days fwo-tailed sign tesf<0.05 Appendix 2).

FIGURE 5. Map showing SNOTEL sites (pink dots with stati@mre labels) and corresponding trends in snow
water equivalent (SWE) for April®1during the time between 1980-2006. Five statidwosv@d significant
declines: Quemazon, Senorita Divide, Bateman, Claamnd Hopewell. Note that only one site (Nortistilla)

of 14 had a slight increase in SWE, while two (Egi®ivide and Lookout Mountain) had no snow on ager
during their period of record on Aprif'1Purple dots are USGS stream gage sites wheehtiige in the average
timing of peak flow from snowmelt was calculatedidg the time between 1948-2002 (Stewart et al5200hree
of the 18 sites experienced slightly later avenaggk flows.
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We relateDyendgsto observed hydrological trends in the ten watedsivehere snowpack
depth and timing of peak flow data were analyzepp@ndix 2). Of the three watersheds
ranked in the upper §percentile foDyengs With corresponding SNOTEL data, two
showed significant decreasing trends in snowpagké¥ and Rio Chama, both located
in northern New Mexico) while there were no sigrafit decreasing trends among the 5
watersheds ranked in the lowef™5@ercentile Eisher exact test, p = 0.054, one tail dest
In addition, watershed Jahgswere strongly related to declining trends in Matetand
April 13 SWE despite the small sample sizes (MartBWE:p < 0.06, one tailed test;
r?=0.18 April 1% SWE:p < 0.06, f = 0.23). These results suggest that watersheds
experiencing greater drying between 1970-2006 stheoved greater reductions in
snowpack. In contrast, there was no relationshipvden watersheDyengsand changes in
the timing of peak flow. This result is not surpngs considering that stream gauges tend
to be located on larger rivers and streams whang&ibation to stream flow comes not
only from the surrounding HUC-8 watershed (withassociate@®y.nq) but also from

upstream watersheds.

Watershed Trends and Sensitive Species Richness

The number of sensitive
species by watershed rangeg
between 45 species (Sulphu
Springs Draw in southeaster
New Mexico) and 109
(Animas Valley in the
southwestern-most part of th
state). These values were
positively correlated to a
watershed’s range of
elevations, or topographic
heterogeneityd<0.001,
r’=0.23), whereas there was
no relationship with median
elevation p=0.48, =0.007)

(Fig. 6)

We found a weak overall
relationship between the
number of sensitive species
and trends in annu@lieng
(p=0.03, =0.07). However,
when we examined only
those watersheds with high
concentrations of sensitive

—

D

Number of
Sensitive
Species

FIGURE 6. Map of the number of sensitive species by USGS HUC
watersheds (gray lines). Data set developed by UEG®7) and used in
the New Mexico Department of Game and Fish’s Colmgmsive Wildlife
Conservation Strategy (NMDGF 2006).
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species (top 50%), the relationship was strongpasitive < 0.0001, f=0.35). That

IS, among species-rich watersheds, those with greaimbers of sensitive species
experienced increased moisture stress and dryimgpaed to watersheds with fewer
sensitive species. While only three species-rictergheds experienced statistically
significant < 0.05 increasing annual trendsh(previously identified Cloverdale,
Playas Lake, and Jemez), an additional nine expegeestrong<0.1) increasing annual
trends (Upper Pecos-Long Arroyo, Upper Pecos-BIRo#,Felix, San Simon, El Paso-
Las Cruces, Animas Valley, Rio Hondo, Mimbres, &id Salado) (Fig. 7). Animas
Valley and San Simon, the first and second higimeatuatic species, also showed strong
increasin@yends (P<0.1) in spring (Appendix 1). Of the remaining speaies$:
watersheds, we identified four watersheds withhilglest species richness (>75th
percentile) and the weakest trend®inPecos Headwaters, Upper Rio Grande, Upper
Gila, and San Francisco.

FIGURE 7: Plot of species
with conservation status (e.g.,
sensitive species) versus
climate water deficit trend
(Dgrend ) during 1970-2006 for
all 74 watersheds in the
study. Triangles represent
significantDyengs (p < 0.05,
squares represent strong
trends p < 0.10 and circles
represent weak trendg ¢

0.1). The symbols are colored
by watershed average annual
deficit (Daye during 1970-
2006, where red represents a
more arid local climate, and
blue represents a more mesic
local climate. The vertical
and horizontal dashed lines
are the median values for the
number of sensitive species
andDyeng The species-rich
watersheds that experienced
significant and stron®yengs
are labeled in the upper right
qguadrant, while four of the
sensitive species-rich
watersheds that experienced
little change irD are labeled
in the lower right quadrant.
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DISCUSSION

Conservation Implications of Recent Trends in MoesiStress

A majority of watersheds in New Mexico (93%) hax@erienced an increase in
moisture stress (e.g., averdggng for nearly four decades. Watersheds of the gséate
conservation importance (e.g., those with the lsghambers of sensitive species) have
experienced the most moisture stress during ttme.tOf these 37 watersheds, nearly one
third experienced strong trengs< 0.10) and three experienced significgn& (0.05)
trends. Not only are these three watersheds athasg with the greatest numbers of
sensitive species, but they are already experigraiiserved and documented ecological
changes linked to climate change. For exampldjarconifer and grassland-steppe-
dominated Jemez watershed and greater Jemez Masi(tairth-central New Mexico),
increased moisture stress has occurred
concurrently with significant declines in
snowpack, recent severe bark beetle
outbreaks, widespread pifidaifus eduli¥
and ponderosa pin@ifius ponderogaforest
dieback, increasingly severe and extensive
wildfires (e.g., the 2000 Cerro Grande Fire),
extreme soil erosion, and population
declines in sensitive species (Breshears et al.

2005, Allen 2007). These include the
endemic Jemez Mountains salamander
(Plethodon neomexicanuand Goat Peak
pika (Ochotona princeps nigrescens
(NMDGF 2006).

Pifion pine mortality in Jemez Mountains, Octob802© C.D. Allen

Climate-induced ecological changes have also beeardented in semi-desert
grassland-dominated landscapes of the two soutbwestatersheds, Cloverdale and
Playas Lakes, which experienced significantly iasreg trends in moisture stress.
Located in the southwestern “boot heel” portionhe state, marked reductions in native
perennial grasses and shrub encroachment haveobserved in the vicinity of these
watersheds, even in areas where livestock

grazing has been restricted and where the

natural fire regime has been restored (Curtin

et al. 2002, Sundt 2004). We also found

significant long-term trends in moisture

stress during the spring in these two

watersheds. These conditions could leave

species more sensitive to the strong spatial

and temporal variability in precipitation

associated with summer storms at peak

growing season, especially if the onset of

Spring continues to be earlier and its Shrub encroachment & erosion in a semi-desert igracn
duration |engthen8 (MCAfee & Russell 200: southwestern New Mexico © K. Smith, R. Strahan
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There is evidence that semi-desert grasslandsghout the U.S.-Mexico borderlands
are undergoing a vegetation type conversion tortiekeubland (Brown et al. 1997, Ryan
et al. 2008). Increased concentrations of atmospkiDd, and altered precipitation
patterns linked to human-induced climate changdileely to exacerbate the extent of
shrub encroachment, further alter fire regimes, faotitate the spread of invasive non-
native grasses regionally and throughout the wedte®. (Morgan et al. 2007, Hatfield
et al. 2008).

Temperature and moisture are critical variablegetermining the distribution,
productivity, and growth of plants and animals (Bienson 1990). Changes in climate
and hydrology can influence biota in numerous wayduding influencing critical
thresholds linked to metabolic and reproductivecpsses (Burkett et al. 2005). Because
many organisms in arid to semi-arid lands are diyeegear their physiological limits for
temperature and moisture stress tolerances, siraliges in these factors could have
extreme effects on species composition and econystecesses (Ryan et al. 2008).
More broadly, Stephenson’s (1990) model of vegetadiistribution estimates that a
change in annual average climate water defizjtffom below to above 500 mm would
result in a vegetation shift from coniferous forest short grass prairie mixed with
shrubland, assuming no or only small changes inamverage AET. Based on the
annual trends and mean value®igenerated in this study, the Jemez watershed could
experience such directional change from mostlyfeoniis forest to a grassland-savanna
shrubland dominated system within 60 years. Simhjlahe Playas Lake watershed could
experience such directional change from semi-dgsassland to a more shrubland
dominated system within 30 years, should curBeirends continue.

However, extreme climate events, such as the rettenght in the Southwest, can

interact with other disturbances (e.g., catastrophidfire, insect outbreak, grazing,
erosion) to drive semi-arid ecosystems past eccdbgfiresholds, leading to changes in
vegetation and desertification (Peters et al. 200dsterling et al. 2006, Allen 2007,

Ryan et al. 2008). While estimates of future vefg@techanges may demonstrate an
important application of the deficit index, receiserved events in the Jemez and Playas
Lake watersheds (drought, erosion, etc.) suggasthlese projections may be
conservative, and vegetation shifts could occurhraaoner.

The vulnerability of watersheds to climate chargydapendent not only on the
magnitude of climate exposure (i.e., the rate aihge inD), but also on the sensitivity of
eco-hydrological systems and their ability to adapthange (Turner et al. 2003, Adger
2006, IPCC 2007). Based on the number of senspeeies (e.g., those with
conservation importance) and the fact that ecoldgigstems in these landscapes are
already undergoing change (e.g., reduced adapdpacity), we believe the highly
exposed (e.g., moisture stressed) Jemez, CloveatalePlayas Lake watersheds are
likely to be the most vulnerable watersheds to amgolimate change in New Mexico,
particularly if recent climate trends continue asuanber of studies suggest (Hoerling &
Eisheid 2007, Seager et al. 2007, Wolock & McCab@/2 Diffenbaugh 2008).
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Conservation action in the near-term should beidensd not only for the most
vulnerable watersheds, where more aggressive aaaptaeasures may be required, but
also for less exposed ones with high conservatigortance. In these less exposed
watersheds, the probability of successful managems#ng more conventional methods
may be greater. We identified four such watershiledsmay warrant near-term
conservation and management action. These inchedBé¢cos Headwaters, Upper Rio
Grande, Upper Gila, and San Francisco (Fig. 5).0wbt have these watersheds
experienced no significant declines in snowpaaky #tncompass the headwaters of the
major rivers in the state with some of the staleghest diversity in aquatic species.
Furthermore, with the exception of the Pecos He&elwathe streams and rivers of these
watersheds have on average experienced less thatate-wide average of seven-day
shifts in the timing of peak flows.

Conservation Implications of Changes in HydrologyEcosystem Services

Ultimately, the future impacts of climate changebislogical and water resources will
depend on the physical (e.g., size, elevationskaitd biological (e.g., type and structure
of vegetation) characteristics of a watersheddutiteon to synergistic effects related to
disturbance regimes and existing anthropogeniwities (e.g., recreation, roads, water
pollution, land uses, etc.). Nevertheless, clintatated impacts are being documented
throughout the West (Barnett et al. 2008).

In New Mexico, snowpack in the state’s major moumtanges has declined over the
past two decades in 98% of the sites analyzed.if®scivere greater in watersheds that
experienced the most moisture stress and dryimg f®70-2006. In addition, the timing
of peak streamflow from snowmelt in the state i@aerage of one week earlier than in it
was in the mid-28 century (Stewart et al. 2005). Earlier peak stfmmfrom snowmelt
can increase the frequency and intensity of wifiteding leading to erosion and
increased turbidity in streams which contributebteered water quality for people and
aguatic species (Gleick 2000, Knowles et al. 2008janges in the magnitude and timing
of peak flows can also lead to reduced summer loagefaffecting water availability for
aguatic species, and can contribute to possibllecasgnies in the timing of seed
dispersal relative to hydrological conditions tfeator germination and establishment of
key riparian tree species (Poff et al. 2002, Cénisén et al. 2004, Hoerling & Eischeid
2007).

Water temperatures are also anticipated to incrieas®st streams, further fragmenting
habitat for cold water fish species, including $&éves trout species and those common in
recreational fishing (USFWS 2008). Moreover, floatterns in New Mexico’s streams
and rivers are predicted to become more variablearfuture especially during future El
Niflo-Southern Oscillation cycles (Molles & Dahm D9®ahm & Molles 1992,
Christensen et al. 2004). Reduced and more vanedtier supplies can lead to increased
withdrawals from rivers, reservoirs, and groundwatgifers, with associated effects on
water quality, stream ecosystems, and human hgzdthimel et al. 2008). Given that up
to 75% of New Mexico’s and the West's surface waeterived from snowmelt and that
60% of the changes already observed in westermrnegeurces have been attributed to
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human-induced climate change, observed and prdj¢ieeds strongly suggest that there
will be a dramatic decline in water-related ecosysservices--unless proactive planning
and adaptation measures can be implemented iretireterm (Hurd et al. 1999, Milly et
al. 2005, USGS 2005, IPCC 2007, McCabe & Wolock720@illy et al. 2008, Barnett et
al. 2008).

CONCLUSION

By providing a framework for understanding the @mation implications of climate
change that is based on an ecologically relevamiaté variable (e.g., climate water
deficit), our approach enables managers and coais@mpractitioners to assess areas of
the landscape that may be more or less impacteddeynt climate change relative to their
conservation importance. This allows these practérs to direct immediate action to
high priority landscapes and to facilitate a mdrategic and focused investment in
climate change adaptation measures. Moreovergthespective approach described here
avoids getting sidetracked by issues of uncertasgpciated with predicting future
changes and can provide compelling information aldnere climate change is currently
having a major impact. However, because of itsnatieflexibility, our framework can
readily incorporate regionally-scaled future clismahange projections, in addition to
other relevant spatial data sets (e.g., majorstresuch as altered disturbance regimes
and human development) as next steps in a com@Beegssessment.

The ecological impacts and conservation implicaiohrecent and projected climatic
trends in the southwestern U.S., and throughouivibréd, require immediate action. The
uncertainties and complexities associated withsz#sg physical and ecological impacts
do not excuse inaction. Regardless of what greesghgas mitigation actions are taken,
climate change impacts are already occurring, aficd@ntinue to do so for decades to
possibly centuries (IPCC 2007). Using the apprategtribed here, natural resource
managers and conservation practitioners can bedake action in the near-term -which
may improve the probability of achieving planninglananagement goals in the face of
ongoing climate change.

Gila River Watershed. Mike Fugagli © 2004 The Nat@onservancy
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APPENDIX 1. Compilation of all moisture stress (e.g., climaiav deficit,D) averages & trends, and the number and perceatile of sensitive species by
watershed (NMDGF 2006, USGS 2007). ** indicapes0.05 * indicatesp< 0.10. Base data: PRISM (Daly et al. 1994) , USGS HUGt#@eves & Nebert 2004).

Aquatics  Annual Annual  Annual Winter Spring Summer Fall Median  Range
Watershed Total # Species Total (% of Dave Dirend Dirend Duend Dyend Duend Duend ELEV ELEV
Name Species Rank  Aquatics Total) (mm) (mm/yr)  Rank (mmlyr)  (mmiyr) _ (mm/yr) (mmiyr)  (m) (m)
Animas 66 57.5% 6.1 4 428.4 0.77 45.2% -0.03 0.62 .130 0.07 1829 389
Animas 109 100.0% 11.9 13 525.6 2.04% 83.5% 0.20 0.8D* 20.2 0.83 1397 947
Valle
Arroy¥) Chico 62 43.8% 12.9 8 368.0 0.34 17.8 0.05 .350 -0.01 -0.01 2075 1148
Arroyo Del 74 67.1% 25.7 19 407.9 0.64 35.6 0.0p 0.00 0.46 2 02 1529 1612
Macho
Blackwater 45 0.0% 0.0 0 395.4 1.81 76.7% 0.0y 0.09 1.2n 0.560 1268 123
Draw
Blanco 56 31.5% 8.9 5 344.7 0.36 20.5% 0.08 0.47 -0.12 100 2105 587
Canyon
Caballo 81 84.9% 6.2 5 412.0 1.45 69.8 0.10 045 540.| 0.39 1747 1353
Canadian 65 50.6% 9.2 6 178.1 0.42 26.0 -0.17 0.40 0.08 0.14 2094 1607
headwaters
Carrizo 48 13.6% 0.0 0 288.9 0.36 19.1% -0.09 0.60 -0.39 0.29 1833 935
Carrizo Wash 56 31.59 1.8 1 271.1 0.99 53.4% 0.p8 510 0.25 0.15 2216 798
Chaco 55 30.1% 7.3 4 419.5 0.19 8.2 -0.02 0.37 9-0.0 -0.04 1921 1154
Chinle 52 23.2% 7.7 4 304.5 0.27 13.6% -0.03 0.24 .150 -0.07 2433 500
Cimarron 64 49.3% 10.9 7 166.3 0.42 24.6 -0.17 0.33 0.19 0.11 2437 1412
Cimarron 56 31.5% 3.6 2 270.7 0.15 6.8 -0.1B 0.79 -0.91 0.43 1734 1058
headwaters
Cloverdale 95 95.8% 1.1 1 409.2 2.79% 98.6% 0.37 .966&¢ 0.44 1.06* 1606 293
Conchas 53 26.0% 11.3 6 372.6 0.3( 16.4% 0.1 0/17-0.04 0.22 1500 787
Conejos 60 41.0% 1.7 1 115.2 1.06 56.1% -0.09* 0.29 0.82 0.04 2855 717
Eastern 53 26.0% 3.8 2 321.2 -0.44 1.3% -0.05 -0.05 -0.22 0.0% 1929 279
Estancia
El Paso-Las 75 71.2% 9.3 7 584.3 2.03* 82.1 0.14 0.5y 0.72 10.6 1310 1111
Cruces
Elephant 85 89% 9.4 8 420.0 0.94 52.0 0.09 0.38 0.32 0.19 8917 1394
Butte
Reservoir
Gallo Arroyo 68 60.2% 26.5 18 383.3 -0.44 0.0% 40.0 -0.11 -0.23 -0.01 1804 926
Jemez 74 67.1% 12.2 9 280.5 1.66%* 72.6 0.01 0.61 910 0.16 2070 1382
Jornada Del 65 50.6% 12.3 8 469.6 0.79 49.3% 0.0p 0.41 0.15 9 0/]1 1638 707
Muerto
Jornada Draw 65 50.6% 12.3 8 530.§ 1.39 67.1% 0/160.51 0.47 0.27 1434 728
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Aquatics | Annual Annual | Annual Winter | Spring | Summer | Fall Median | Range
Watershed Total # | Species| Total (% of Dave Dirend Dirend Dyend Dyend Dyend Dyend ELEV ELEV
Name Species| Rank | Aquatics | Total) (mm) (mml/yr) | Rank (mm/yr) | (mmiyr) | (mmiyr) (mmiyr) | (m) (m)
Landreth- 50 15.0% 8.0 4 572.2 2.61* 93.1% -0.0p 0.2 149 950, 1059 450
Monument
Draws
Lost Draw 46 5.4% 0.0 0 440.5 2.15 87.6% -0.05 00.L 1.60 0.78 1264 175
Lower Pecos{ 56 31.5% 7.1 4 656.2 2.68* 94.5% 0.03 0.26 1.30 31.p 962 191
Red Bluff
Reservoir
Middle 45 0.0% 0.0 0 401.4 0.61 32.8% -0.15 0.11 0.20 0.51 1256 355
Canadian-
Truijillo
Middle San 63 46.5% 9.5 6 492.0 1.21 63.0% 0.01L 0.58 0.54 0)09 1678 1051
Juan
Mimbres 80 83.5% 15.0 12 514.1 1.847 79.4 0.14 0.59 0.50 0.63 1406 1497
Monument- 46 5.4% 0.0 0 504.5 2.89* 100.0% -0.01 0.19 1.85 940, 1210 267
Seminole
Draws
Mora 61 42.4% 9.8 6 187.7 0.64 36.9 -0.05 0.50 0.g5 0.18 2126 1794
Mustang 45 0.0% 0.0 0 455.0 2.69* 95.8% -0.08 0.0¢ 1.99+* .830 1181 130
Draw
North Plains 68 60.2% 23.5 16 277.0 1.11 60.2% 0.02 0.44 0.48 0.19 2256 479
Pecos 78 78% 23.1 18 313.9 0.20 9.5 -0.0B 0.17 -0.08 0.19 1753 2025
headwaters
Pintada 67 58.9% 26.9 18 347.5 -0.18 2.7% -0.97 -0.08 0.00 0.01 1876 730
Arroyo
Plains of San 75 71.2% 14.7 11 260.1 0.53 28.7% 0.03 0.20 0.31 010} 2253 607
Agustin
Playas Lake 98 97.29 9.2 9 558.0 2.567* 90.4% 0.250.92** 0.37 1.03* 1421 605
Punta De 46 5.4% 0.0 0 352.2 -0.02 5.4% -0.1p 0.41 -0.40 60.1 1484 564
Agua
Purgatoire 63 46.5% 0.0 0 148.8 0.79 50.6% -0.20 69%0. 0.04 0.28 2326 556
Revuelto 51 20.5% 11.8 6 424.1 0.60 31.5% -0.08 02-0f 0.27 0.50 1309 436
Rio Chama 73 64.3% 12.3 9 202.4 1.14 61.6 -008 004 0.75 0.10 2337 1454
Rio Felix 77 75.3% 23.4 18 403.3 2.12% 84.9 0.11  300. 1.18 0.56 1573 1453
Rio Grande- 79 79.4% 16.5 13 427.6 1.29 64.3 0.14 0.51 0.42 702 1635 1266
Albuquerque
Rio Grande- 77 75.3% 15.6 12 293.8 0.77 46.5 0.0b6 0.49 0.15 301 1963 1435
Santa Fe
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Aquatics | Annual Annual | Annual Winter | Spring | Summer | Fall Median | Range
Watershed Total # | Species| Total (% of Dave Dirend Dirend Dyend Dyend Dyend Dyend ELEV ELEV
Name Species| Rank | Aquatics | Total) (mm) (mml/yr) | Rank (mm/yr) | (mmiyr) | (mmiyr) (mmiyr) | (m) (m)
Rio Hondo 79 79.4% 25.3 20 363.3 1.887 80.89 0.16 .240 1.20 0.32 1726 1937
Rio Penasco 82 86.3% 22.0 18 3715 1.6p 73.9% 0/060.31 0.78 0.55 2023 1767
Rio Puerco 72 63% 13.9 10 397.5 1.07 57.5% 011 904 041 0.11 1834 1656
Rio Salado 73 64.3% 11.0 8 360.1 1.36¢ 65.7% 0.10 410 0.73 0.16 2062 1170
Rio San Jose 74 67.1% 20.3 15 346.2 0.74 42406 0/050.31 0.31 0.10 2130 1355
Rita Blanca 47 12.3% 0.0 0 320.1 0.41 21.9% -0.p6 650 -0.41 0.29 1537 423
Running 46 5.4% 0.0 0 383.6 1.84 78.0% 0.04 0.08 1.30 0.49 1357 144
Water Draw
Salt Basin 59 38.3% 1.7 1 448.8 0.78 47.9% 0.13 502 0.03 0.40 1489 1407
San 86 90.4% 9.3 8 242.0 0.74 43.8% 0.0y 0.42 0.29 3-0{0 2191 1227
Francisco
San Simon 105 98.69 7.6 8 528.1 2.12¢ 86.3% 0.21 76*0.| 0.27 0.91 1349 547
Sulphur 45 0% 0.0 0 443.8 2.76* 97.2% -0.09 -0.01 2.121* 8. 1195 111
Springs Draw
Taiban 62 43.8% 29.0 18 407.8 1.46 71.2% -0.04 9-0/0 1.07 0.59 1416 378
Tierra Blanca 46 5.4% 0.0 0 373.2 1.42 68.4% -0.p40.14 0.81 0.58 1402 162
Tularosa 65 50.6% 15 1 468.8 1.08 58.9% 0.1p 0.44 0.38 0,20 1422 1468
Valley
Upper Beaver 50 15.09 2.0 1 285.9 0.28 15.0% -0/100.77 -0.79 0.45 1702 770
Upper 59 38.3% 10.2 6 249.1 0.65 38.3% -0.02 0.47 0.00 240{ 1845 1646
Canadian
Upper 58 36.9% 19.0 11 408.1 0.26 12.3% -0.97 0.12 -0.08 0.37 1332 648
Canadian-Ute
Reservoir
Upper Gila 83 87.6% 13.3 11 234.8 0.62 34.2% 0.06 .290 0.26 0.04 2276 1443
Upper Gila- 88 93.1% 9.1 8 379.5 1.06 54.7% 0.1p 0.51 0.21 0,25 1592 1090
Mangas
Upper Pecos 76 73.9% 23.7 18 4215 0.7p 39.7% -0.030.15 0.56 0.40 1347 954
Upper Pecos-{ 89 94.5% 29.2 26 537.0 2.45* 89% 0.11 0.27 1.14 80.p 1111 1207
Black
Upper Pecos{ 87 91.7% 28.7 25 495.2 2.60* 91.7% 0.09 0.16 1.63 .780| 1144 733
Long Arroyo
Upper Puerco 50 15.0% 2.0 1 347.3 -0.08 4.1% -0/070.23 -0.27 0.04 2160 759
Upper Rio 79 79.4% 16.5 13 182.4 0.59 30.1% -0.11 0.35 0.33 .04 0] 2424 1846
Grande
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Aquatics | Annual Annual | Annual Fall Median
Watershed Total # | Species| Total (% of Dave Dirend Dirend Dyend ELEV
Name Species| Rank | Aquatics | Total) (mm) (mml/yr) | Rank (mmiyr) | (m)
Upper San 65 50.6% 7.7 5 339.5 0.73 41.0% .16 600 1989
Juan
Ute 54 28.7% 111 6 338.7 0.25 10.9% 0.30 1634
Western 52 23.2% 1.9 1 295.0 0.46 27.3% 5 90,0 1963
Estancia
Yellow 50 15% 0.0 0 419.5 1.80 75.3% 31 0.60 1297
House Draw
Zuni 51 20.5% 2.0 1 289.8 0.41 23.2% 0.19 2175

Conservation Implications of Recent Changes in Newico’s Climate, Part Il




APPENDIX 2. Dyeng percentile ranks (based on 74 HUCs; dark grayQBBL snow water equivalent (SWE) trends (light gr&ythe change in the timing of
peak streamflow from selected USGS gages (from &test al. 2005) by watershed (only those with queek &/or streamflow data are shown) the5s.

Dtrend ELEV ~ Period of March  April 1 USGS ELEV  Periodof Change in Peak
Watershed Rank (%) SNOTEL Site (m) Record 1SWE SWE Stream Gage (m) Record Flow (days)
Animas 45.2 Animas Creek 10830 1,609 1948-2002 -5
Canadian 26.0 North Costilla 3,231 1980-2006 0.091 0.026
Headwaters
Jemez 72.6 Senorita Divide #2 2,621 1981-2006 -0.207 -0.308*
Quemazon 2,895 1981-2006 -0.141 -0.298* Jemez River 10802 1,714 1950-2002 -2
Mora 36.9 Coyote Creek/Mora 10686 2,068 1948-2002 -23
Pecos 9.5 Wesner Springs 3,389 1990-2006 -0.301 -0.558 Pecos River 10803 2,405 1964-2001 -14
Headwaters
Pecos River 10804 2,287 1948-2002 -5
Gallinas River 10805 2,096 1948-2002 -11
Rio Chama 61.6 Hopewell 3,048 1980-2006 -0.218 -0.321* Rio Tusas 10800 1,938 1948-2002 -4
Bateman 2,835 1980-2006 -0.213* -0.365*
Chamita 2,560 1980-2006 -0.179 -0.354*
Rio Hondo 80.8 Sierra Blanca 3,133 1987-2004 -0.380 -0.573 Rio Ruidoso 10806 1,957 1954-2001 -15
San 43.8 Frisco Divide 2,438 1989-2006 -0.066 No
Francisco Snow
Silver Creek 2,743 1981-2006 -0.252 -0.332
Divide
Upper Gila 34.2 Lookout Mountain 2,591 1981-2006 -0.081 No Gila River 10837 1,419 1948-2002 -7
Snow
Signal Peak 2,548 1981-2006 -0.173 -0.078 Mogollon Creek 10838 1,658 1968-2002 2
Upper Gila- 54.7 Gila River 10839 1,247 1948-2002 -14
Mangas
Upper Rio 30.1 Gallegos Peak 2,987 1985-2006 -0.148 -0.151 Rio Grande del 10797 2,206 1953-2001 -8
Grande Rancho
Rio Medio/Santa 10801 1,969 1948-2001 3
Cruz
Red River Pass #2 3,002 1980-2006 -0.023 -0.165 Rio Grande 10798 1,844 1948-2002 2
Embudo Creek 10799 1,786 1948-2002 -1
Rio Hondo (A) 10794 2,332 1948-2001 1
Rio Pueblo de Taos 10795 2,249 1948-2002 -15
Rio Lucero 10796 2,454 1948-2001 -4
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