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Abstract. A major impediment to an understanding of the 1 Introduction

links between climate and landscape change, has been the

relatively coarse resolution of landscape response measuréy1 important goal in global change studies is development of
(rates of weathering, sediment production, erosion and transan understanding of how landscapes have responded to past
port) relative to the higher resolution of the climatic sig- climate variability and, in light of recent trends, how they
nal (precipitation and temperature on hourly to annual timemight respond to potential future changes in the magnitude
scales). A combination of high temporal and spatial res-and frequency of precipitation events. Key to this response
olution dendroclimatic and dendrogeomorphic approacheés the linked Climate-vegetation System that influences the
were used to study relationships between climatic variabilityamount of moisture available for eroding slopes. On short
and hillslope and valley floor dynamics in a small drainagetimescales, ranging from a year to several years, this system
basin in the Colorado Plateau of northeastern Arizona, USAS a sensitive balance between incident precipitation supplied
Dendrogeomorphic and vegetation evidence from slopes anBy the climate system, soil properties that control infiltra-
valley bottoms, including root exposure, bending of trunks, tion and surface runoff, and surface vegetation cover which
change in plant cover and burial and exhumation of valleymodulates surface runoff through interception of precipita-
bottom trees and shrubs, suggest that the currently observeipn and evapotranspiration.

process of root colonization and rapid breakdown of the On longer timescales, linked climate and vegetation
weakly cemented bedrock by subaerial weathering, related t6hanges are likely to have a significant impact on erosion and
periodic dry/wet cycle induced changes in vegetation coversediment production on sparsely vegetated slopes, through
has lead to a discontinuous, climate-controlled productionchange in precipitation intensity, duration and surface expo-
of sediment from these slopes. High-amplitude precipita-sure. Ultimately these changes will impact the delivery of
tion shifts over the last 2000-year5 may exert the |arge5t Consediments to basins downslope. In the Western United States,
trol on landscape processes and may be as, or more, impoHereford (2002) documented a period of channel aggradation
tant than other hypothesized causal mechanisms (e.g. ENS@n the Colorado Plateau between AD 1400 and AD 1860,
frequency and intensity, flood frequency) in eroding slopeswhich he attributed to a reduction in the long-term decrease
and producing sediments that ultimately impact higher or-in the frequency of large floods during the colder Little Ice
der drainages in the region. Current vegetation response toAge. Climate change of this magnitude is likely to pro-
prolonged drought over the past decade suggests that anoth@#ce significant fluctuations in slope processes and sediment
major transition, incorporating vegetation change, slope eroiransport and can also impact water supply, reservoir life-

sion, sediment production and subsequent valley floor depotimes (through filling) and water quality.
sition, may be in its initial phase. Understanding how current variability in climate and veg-

etation in the Southwestern United States impacts erosion on
slopes and subsequent sediment yield is important because
modeling studies (Zhang et al., 2007; Seager et al., 2007)

Correspondence td:. A. Scuderi suggest that semi-arid regions globally may experience con-
BY (tree@unm.edu) siderable change in their precipitation regimes in response
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to current and future climate warming. Seager et al. (2007)of grazing and human activity during the settlement period
note that a drying trend has begun in the Southwestern Nortln the mid-to-late 1800s (Hough, 1906) and random varia-
America (SWNA) and these drier conditions may persist andtions unrelated to climate or human activity (see Cooke and
become the climatic normal for the region. Current condi- Reeves, 1976; Schumm, 1977, 1991; Patton and Schumm,
tions may be moving towards a persistent hot-dry climatic1981; Waters and Haynes, 2001; Hereford, 2002; for a dis-
regime where current vegetation patterns may be altered overussion of the multiple hypotheses, evidence and conflicting
extensive areas within a short time frame (Allen and Bres-arguments regarding the causality of these landscape changes
hears, 1998; Floyd et al., 2004; Gray et al., 2006; Bresheardan the American Southwest). We note here that evaluation of
et al., 2005; Seager et al., 2007). Establishment of persistenhost of these hypotheses has been limited by the lack of key
hot-dry regimes could disrupt woody vegetation that germi-data (e.g. seasonal and annual scale precipitation records and
nated during preceding wet-cool periods (Gray et al., 2006)detailed reconstructions of slope movement and deposition
and potentially increase erosion from sensitive slopes. Studin adjacent basins) and uncertainty as to the timing of events.
ies also suggest that the climate change associated with this
variability may be unprecedented in the historic record and2.1  Study area
may result from mechanisms that are different from those
that were operational over the past several thousand yearStudy sites at which we evaluated slope erosion and dendro-
(Seager et al., 2007). geomorphic response to climatic inputs are located at eleva-
Exposed roots have been used in many studies to calculaféons between 1800 and 2200 meters on the Navajo Indian
denudation rates and gully erosion (see Gartner, 2007 for &eservation approximately 30 km west of Chinle, Arizona
recent review). However, the utility of this evidence from in- (McAuliffe et al., 2006; Fig. 1). This area, at the eastern
dividual slopes in understanding how these surfaces respon@dge of Black Mesa, is characterized by first to fourth-order
to climate change is often lacking since dendrogeomorphicdrainages eroded into the relatively weak sandstones, silt-
evidence is rarely linked to the larger regional climate patternstones and mudstones of the Jurassic Morrison Formation
or to long-term variability in climate indices. When dendro- and underlying Bluff Sandstone (San Rafael Group) (Tillery
geomorphic evidence is placed in the context of regional cli-et al., 2003). Within the study area average drainage basin
mate and vegetation change a fuller understanding the mectength is approximately 1.5km with most basins trending
anisms that control production and movement of sedimen€ast-west. Slopes studied in the first and second-order trib-
from these slopes is possible. utary drainages typically are 40 to 60 m in length and 100
In this study we offer a four-part approach to addressingt® 200m in width and range from shallow slopes to near-
the prob|em of erosion and deposition in the B|ack Mesavertical cliff faces with local relief ranging from 30 to 80 m.
area of the American Southwest. We date the timing of re-Valley bottoms in the upper portions of these drainages are
gional shifts in tree growth using dendrochronology, relatetypically 200 to 400 m wide.
these changes to regional climate variability over the past Headward cutting of non-vegetated cliff faces, erosion
two millennia using dendroclimatology, link the slope and from lateral slopes, and erosion from reworking of valley
basin response to these climatic inputs using dendrogeomopRottom deposits provide inputs into the main trunk, 4th or-
phology and finally associate the overall pattern of drought-der Cottonwood Wash drainage2.5 km from the drainage
induced changes in vegetation density with recent changes iflivide. Significant aspect related topoclimatic variability im-
vegetation cover due to extreme mortality (Breshears et al.pacts both vegetation (e.g. type and density) and slope form

2005; Yuhas and Scuderi, Geogr. Res., in press, 2009). (Burnett, 2004; Burnett et al., 2008). The study area slopes
are too rugged to be grazed by livestock and we find no evi-

dence for past livestock use on these slopes.
2 Scientific background Tree ring data used in the dendroclimatic analysis reported

in this paper were selected from over 250 tree ring chronolo-
The recent erosional and depositional history of the South-gies that cover portions of Utah, Colorado, Arizona and New
western United States has generated a wealth of literaturexico (Contributors to the International Tree Ring Data
over the past 100 years. Rich (1911), Bryan (1925) andBase, 2007). Cook et al. (1999, appendix B) have shown
Swift (1926) were among the first to summarize the evidencethat the calibrationk? values (RSQ), verificatio®? (RR),
for significant variability in erosion and deposition and resul- Reduction of Error statistic (RE) and the Coefficient of Effi-
tant landform change, especially the production of arroyos inciency (CE) of climatic reconstructions show a ridge of max-
valley bottoms. Early attempts were made to link this changeimum reconstruction fidelity that consistently falls in a range
to climate variability by Huntington (1914) who noted that a from 400 to 500 km from grid point locations and concluded
slight drying of climate would decrease vegetative cover, in-that a search radius of 450 km was the best search radius to
crease runoff and alter the erosional and depositional dynamuse for reconstruction of climate over large areas. We use
ics of individual drainages. Alternatives to a climate inducedtree-ring datasets within 400 km of a centroid focused in the
valley-bottom/channel change model included both impactd=our Corners (Fig. 2) to evaluate the regional climate signal.
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s e ring chronologies used in the analysis. The dendrogeomorphic

study area is indicated by an X and is located in Arizona Climate

Division 2 (NOAA), which covers the northeast portion of Arizona.

Fig. 1. Northeastern Arizona dendrogeomorphic study area. TheNumbers indicate NOAA Climate Divisions for each state.
fourth-order northeast to southwest trending drainages include Cot-
tonwood Wash, which drains the study area. Study area with de-
tailed dendrogeomorphic slope reconstructions, LiDAR mappingordinates were collected for each tree on using a 12-channel
and cosmogenic dating outlined in green. Higher elevations areTRIMBLE Pro XRS unit. GPS data was post-processed with
shown with lighter yellow tones. Red line indicates local drainage phase station data from Flagstaff, Arizona and Albuquerque,
divide between local 4th-order drainages. New Mexico and were used to produce a final slope map
with horizontal and vertical positional accuraciesaf0 cm
and~80 cm respectively. Vegetation cover information and
3  Methods change over the eight-year period of our study was recorded
across the study site using standard methods (McAuliffe,
1991).

Up to five increment cores were extracted with a mini-
Exposed roots have often been used to estimate the extent 8ium of two cores per tree, with one oriented transverse to
surface erosion over timescales of hundreds to thousands dhe slope (generally east-west) and a second along the line of
years (LaMarche, 1968; Alestalo, 1971; Dunne et al., 1978;maximum slope (generally north-south). Of this collection,
Carrara, and Carroll, 1979; Danzer, 1996; VVandekerckhovesets of cores from 20 trees were suitable for dendrogeomor-
et al., 2001; McAulliffe et al., 2006). In the study area visual phic reconstructions, five sets of cores were unusable due to
evidence of slope erosion characterized by a combination ogxtremely resinous sections that made precise dating impos-
exposed roots, and curved trunks (Fig. 3) suggested that ersible, and four trees yielded only broken and rotted cores. All
sion rates were high and that dendrogeomorphic approachegores were measured under microscope magnification, and
could be used to date the timing and magnitude of erosiona$keleton-plotted using standard dendrochronological meth-
processes. ods (Wigley et al., 1987).

Pinyon pine pinus eduli¥ trees on north-facing hillslopes Crossdating with a mean regional pinyon pine chronology
were sampled to derive information on the vertical extent ofderived from 59 precipitation-sensitive pinyon chronolo-
soil erosion over the lifetimes of individual trees. For each gies (Contributors of the International Tree-ring Data Bank,
of the 29 trees on the slope, diameter directly above the roo2007) within a 300-km radius of the study area in north-
crown, and slope inclination were recorded. Raw GPS co-eastern Arizona (as well as from an independent local

3.1 Dendrogeomorphology
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3.1.1 Population dynamics

A goal of dendrochronology is to sample the population of
a site using methods that capture the longest and most cli-
matically sensitive record possible (Fritts, 1976). This pro-
cess includes sampling the oldest specimens and coring all
trees such that cores are oriented to intersect the pith. To
evaluate age of germination an offset is applied to the inner-
most ring date to reflect the average age of a tree at the sam-
pling height. When completed for many sites across a region
cores collected can provide a statistically valid sampling of
age structure with a bias towards older trees.

Gray et al. (2006) noted that pinyon pine recruitment is
episodic and linked to strong decadal wet and dry regimes.
Mortality during catastrophic droughts opens portions of the
canopy allowing young seedlings to quickly colonize ex-
isting microtopographic niches. Most of this recruitment
takes place during the first wet pulse following a prolonged
drought. For this reason we hypothesized that it was likely
that there would be gaps in the age structure of pinyons possi-
bly related to extreme dry/wet cycles. To determine whether
this die off occurred in our larger study area we analyzed
archived tree ring records from 59 pinyon sites in the West-
ern US and from those sites extracted pith dates for over 1400
individual trees (Contributors to the International Tree Ring
Database, 2007) and developed an age structure curve for
pinyon pine in the region.

Fig. 3. Evidence of erosion and surface creep. Upper left: Expose
roots of 400 year old pinyon. Upper right: Slope creep. Lower:
Exposed roots on ridgeline.

d3.2 Dendroclimatology

Over 250 tree ring chronologies from a region centered on
the Four Corners states of the southwestern United States

chronology derived from nearby trees on stable flat lying sur-(Fig. 2) and archived in the International Tree Ring Data Base
faces) were used for complete identification and assignmen#ere examined for chronology depth, length and specifically
of zero-growth years (McAuliffe et al., 2006). Ringwidth for sensitivity to annual precipitation variation (Fritts, 1976;
measurements were standardized using a conservative lineftughes and Funkhouser, 1998). Correlations between spe-
detrending approach (Fntts 1976, W|g|ey et al. 1987) andCiﬁC climatic variables (26 precipitation and 26 temperature
then combined to produce a chronology for each tree and ¥ariables over a range of time scales) and growth were used
site chronology for all trees on the eroding slope. A chronol-screen the~250 individual chronologies. Following stan-
ogy of significant growth departures for each tree was calcudard procedures (Fritts, 1976; Cook et al., 1990; Briffa et al.,
lated as the deviation from the mean regional pinyon chronol1992) we determined the optimal season for climate recon-
ogy. Another set of approxima‘[e]y 20 slabbed Cross_section§tructi0n for each of the 250 candidate sites. Each chronol-
was collected from Utah juniper (Juniperus osteospermafgy was first correlated with local study site (NOAA Ari-
that is dominant on drier south-facing slopes. The majority ofzona Climate Division 2) temperature and precipitation data
these trees were entirely dead with erosion exposing a signiftNCDC, 1994) from AD 1895 to 1989 on monthly (prior
icant portion of their root systems. Most of these trees wereJune to September of the growth season), seasonal (prior
in their original growth position and showed no evidence of Summer, prior Fall, prior Winter, prior Spring Summer) and
transportation from slopes to the valley floors. Because of2nnual time scales: 12-month (prior September to August)
serious problems with cross-dating due to missing rings, ring@nd 16-month windows (prior June to September; Table 1).
pinch-outs, and poorly defined ring boundaries commonly An additional correlation analysis for each chronology
associated with juniper, estimates of their germination andvas performed with data from each of the Climate Divisions
death dates are less accurate than those of the pinyon pine.in Arizona, Utah, Colorado and New Mexico (see Fig. 2 for
locations of each climate region) in order to assess whether
there were significant climate responses both locally (within
the surrounding climate division at each site) and regionally
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Table 1. Climatic variable correlation with growth. The number of chronologies with significant responses is indicated for each variable.
Note that there were no significant negative precipitation responses or significant positive temperature responses.

Precipitation Variable Number of Significant Temperature Variable Number of Significant
(Sums) Positive Responses (Means) Negative Responses
Prior June 0 Prior June 1
Prior July 0 Prior July 70
Prior August 0 Prior August 54
Prior September 0 Prior September 0
Prior October 0 Prior October 16
Prior November 0 Prior November 5
Prior December 12 Prior December 0
January 6 January 0
February 3 February 1
March 0 March 0
April 1 April 17

May 0 May 24
June 0 June 29
July 32 July 45
August 1 August 20
September 0 September 0
Prior June to September 77 Prior June to September 61
Prior Summer 0 Prior Summer 55
Prior Fall 0 Prior Fall 30
Prior Winter 37 Prior Winter 0
Prior Spring 1 Prior Spring 44
Summer 6 Summer 52
Prior Fall to Winter 18 Prior Fall to Winter 3
Prior Fall to Spring 38 Prior Fall to Spring 34
Prior Fall to Summer 84 Prior Fall to Summer 48
Prior Spring to Summer 28 Prior Spring to Summer 74

(to assess the degree of correlation across the larger studite composite chronology by 45, 37, 34 and 1 chronologies
area). Sites that showed a strong correlation with summerespectively.
precipitation, that correlated significantly with only a single

monthly climate variable, or that were _significantly COIe- yoars and ranges from a maximum of 1912 years to a mini-
lated with temperature alone were eliminated from furthermum of 205 years. Minimum chronology depth is three be-
consideration. We note that the area included in Fig. 2 iSy aen AD 1 and Ab 400. seven between AD 400 and 1250
smaller than the area that Cook et al. (2004) used for theit, |4 then increases rapidly to 46 by AD 1500 and 110 by AD
grid cell reconstructions of summer PDSI, and our sCréen-ggq - The mean interseries correlation during the climate
ing process excluded chronologies that are to the south angdy i ation interval of 1895 to 1989 is 0.576, with 73 per-

southeast that have a strong monsoonal summer precipitatioglyt of the chronologies correlated at greater than 0.50 even
signal. though they represent different species and occur at different

A subset of 111 tree ring chronologies with significant locations across their species range. Of the 117 chronolo-

growth response to annual precipitation in Arizona Climate 91€S retained for further analysis 84 were most significantly
Division 2 (northeast Arizona) and with a chronology length correlated with prior fall to late-summer precipitation and

greater than 200 years were selected for incorporation intd / Were also significantly correlated to a longer 16-month

a regionally based annual (prior September to August) Ioreyvmdow that also includes prior summer season precipitation

cipitation sensitive chronology. Six annual precipitation sen-(Prior June to September of the growth season; Table 1).
sitive chronologies from archaeological material (Dean and Because of the general similarity in the precipitation re-
Robinson, 1978) were utilized to provide additional depth insponse for all 117 chronologies, they were combined to
the earlier centuries. Species included in the 117-chronologyroduce a master regional chronology with greatly enhanced
subset ar@inus eduligpinyon pine) Pinus ponderosgon- chronology depth. While such an approach is not designed
derosa pine)Pseudotsuga menziegDouglas fir), andJu- to preserve low-frequency variance beyond a few hundred
niperus osteospermgJtah juniper) and are represented in years (Cook, et al., 1995) it is appropriate for resolution of

Mean chronology length for the 117 chronologies is 482
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Table 2. Ranked wet and dry intervals between AD 200 and 1989_vision 2 (NOAA, 1994). The regression equation indicates

The differences between precipitation estimates for year X and yeaf@t 58 percent of the variance in indexed ringwidths for
X-50 are represented by the 50-year trend. the period AD 1895 to AD 1989 is explained by annual pre-

cipitation (R=0.760, Adj. R?=0.578, Prob.<0.0001) and is

10-YR PERIOD  20-YR PERIOD  50-YR PERIOD ~ 50-YR TREND expressed by Eq. (1):
Rank DRY WET DRY WET DRY WET NEG. POS.

707 1915 1582 1914 1155 1929 1954 1906 Indexed RlngWIdth:O109+0021*Annua| Precipitatior(cm) (1)

516 1113 1285 1203 1458 486 1652 1192

1582 729 708 579 1582 333 1275 491

564 500 610 1119 1275 789 1149 1325

365 1061 252 275 381 1628 1573 1046 4 Results
615 1199 1090 501 1880 1041 1874 1632

1284 1836 1451 1612 240 1849 242 1014 4.1 Dendrogeomorphology
1899 1024 1954 1056 1799 570 698 787

979 284 299 727 449 1218 454 338 . X
1732 574 1141 1377 699 1322 1031 1822  The ages of pinyons sampled ranged from approximately 80

to 440 years with vertical root exposure estimated vertical
i erosion rates 0f0.188 cm/yr (McAuliffe et al., 2006). Most
T e of the trees were located on planar sideslopes, but several
were positioned directly on top of sharp spur ridgecrests and
one was located at the bottom of a ravine-like, first order
drainage. There is no apparent difference in root exposure in
trees from the lower versus upper halves of the slope or in
0 A different microtopographic settings (Fig. 5). This indicates
that hillslope retreat since the late-1500s has been roughly
Fig. 4. Fall to Summer Precipitation variability from AD 1 to 1989. parallel to the existing surface. Similar erosion rates derived
Because of chronology depth considerations only the period fromfrom cosmogenic dating (McFadden et al., 2005) and recent
AD 200 to 1989 was used in the analysis. Extreme high precip-LiDAR mapping (Wawrzyniec et al., 2008) of other local
itation interval in the early 1900s is the greatest 20-year movingslopes suggest that the erosion rates found and quantified us-
average in the record. ing dendrochronology are characteristic for most slopes in
the area.
The majority of the sampled trees show evidence of soll
multidecadal scale variability. While the composite chronol- creep with significant bending of younger treesl60 years
ogy extends from AD 1 to 1989 (Fig. 4), the precipitation o|d) and relict trunk distortion on older trees (Fig. 3). These
analysis reported in Table 2 is limited to the period AD 200 trees stabilize as they age by producing a laterally spreading
to 1989 due to inadequate chronology depth prior to AD 200.root crown that prevents rotational tipping. However since
Having established the potential for the reconstruction oftrees of all ages and in all microclimatic settings on slopes
annual September to August precipitation, a cross-calibratioishow some degree of bending, we conclude that movement
and verification approach was used to test the general form off surface materials has occurred on this slope since germi-
the regression equation for the composite chronology (Frittshation of the oldest trees in the late-1500s.
et al., 1990; Fritts, 1991). The precipitation series from The C horizon and upper few centimeters of the bedrock,
NOAA Arizona Region 2 (NCDC, 1994) near the center of weakly cemented by clays with no carbonate cementation
the study region was divided into two 46-year periods: 1896(Tillery et al., 2003), contain prominent, laterally continuous
to 1942 and 1943 to 1989. A regression equation was fitshrink-swell fractures that are subparallel to the surface and
to the data from the first period and the derived coefficientsapparently form in response to expansion and contraction of
were then applied to the growth data over the second periodlays in wetting and drying cycles (McAduliffe et al., 2006).
to give precipitation estimates that could be compared withPinyon roots are usually no deeper tha®0 cm and typically
the observed climatic data. The process was then repeatastcupy these shrink-swell fractures within #idorizon, the
with the periods reversed. The results show that over 50 perinterface betwee@ andR horizons, and the upper few cen-
cent of the independent precipitation variance is recoveredimeters of theR horizon. Following surface erosion, a new
in the estimated data. For the 1895 to 1942 verification pe-and deeper set of shrink-swell fractures are quickly colonized
riod, the Reduction of ErrorRE) statistic was 0.59. For the by roots resulting in further mechanical and chemical weath-
1943 to 1989 periodRE was 0.54. Values above zero in- ering of bedrock. The establishment of multiple root crowns
dicate that the reconstruction approach is useful for climatefor pinyon on eroded slopes suggests that the trees that we
prediction (Fritts, 1976; Fritts et al., 1990; Fritts 1991). sampled have survived multiple episodes of weathering and
Having shown the validity of the general regression model,erosion over their lifetimes.
we recalibrated the reconstruction equation using the entire
94 years of climate and growth data for Arizona Climate Di-

Soo~NoohwNE

Precipitation (cm)
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Fig. 6. Blackman-Tukey spectra of the 1989-year chronology. Sig-
nificant frequencies found at 74.2, 44.3 and 24.4 years (0.95 percent
confidence interval). Other peaks noted are significant at the 0.80
confidence level.

constructed mean annual precipitation over the 2000-year in-
terval is 36.2 cm (during the calibration period of from AD
1895 to 2007 precipitation has averaged 36.6 cm/yr). Of
the dry intervals, major droughts in the late 1200s, 1400s
and 1500s correspond to previously identified dry periods
(Woodhouse and Overpeck, 1998). Multiple sources suggest
o that the drought of the 1950s was eclipsed several times by
020 droughts over the last 2000 years (Cook et al., 2004a; Meko
— - ! p et al., 1995; D'Arrigo and Jacoby, 1991; Grissino-Mayer,
1996). Our work confirms this and also suggests that some
earlier droughts were multidecadal with several (centered on
AD 615, 710, 1090, 1280, 1450 and 1580) exceeding drought
Fig. 5. Upper: Study area pinyon covered hillslope to the south magnitudes experienced in the 20th century.
across relatively barren eroded slope. Lower: Location of pinyon
pines cored and erosion rates for individual trees. Base of blue bag 3 Spectral analysis
is position of tree. Dark black line represents the upper drainage
divide while light gray lines are local drainage divides on the sIope.Ana|y3i3 of long-term trends indicates that there are peri-
Dotted green line is the base of the hillslope as it transitions to an algic variabilities in the Arizona Climate Division 2 precip-
Iuwal_apron/recent al_)andc_med valle_y floor; the later areas are Charitation reconstruction. The power spectral density (Fig. 6)
acterlzgd by tree burial. Light blue lines are slppe dr.alr.1ages. Darl hows spectral lines (80 percent confidence) 4, 61, 44,
brown lines are arroyo edges and dott_e_d blue Ilnes within the arroy%s 32, 24, 22, 19 and 13 years. Of these the 74, 44 and
represent the active channel. All positions derived from GPS tran-_ " e LT ' .
sects of slope and surrounding area and subsequent post-processi 4'year periodicities are _5|gn|flcant at the 95 percent Conf"_
ence level. Bandpass filters were used to extract the vari-
ance in narrow frequency ranges (bandwidth 0.005) centered
4.2 Dendroclimatology on 74, 44 and 24-years respectively (Fig. 7a and b, 24-year
bandpass filter not shown). The 74 and 44-year filtered val-
The reconstructed annual precipitation series that starts imes both show a decrease in variance between AD 800 and
AD 1 (Fig. 4) (1895-1989 calibration period: adjusted 1050, an interval during which populations in the region ex-
R?=0.58, p<0.0001) shows that precipitation has varied in panded and agriculture intensified (Larson and Michaelsen,
a regular manner with alternating wet and dry periods overl990). The 74-year filtered values show a marked increase in
the last 2000 years. The reconstruction for individual yearsvariance after AD 1800 while the 44-year band pass filtered
ranges from a minimum of 19.2 cm (AD 980) to a maximum values show variability in a regular and alternating pattern
of 56.8cm (AD 636). The wettest 20-year interval occurs approximately every 440 years. The 74 and 44-year band-
from AD 1905-1924 (mean 43.4 cm/yr) while the driest oc- passed filter values were combined and plotted against the
curs from AD 1573-1592 (mean 30.7 cm/yr) (Table 2). Re-20-year moving average of the precipitation reconstruction
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Fig. 8. (a)Germination dates for 1440 pinyon pines included in the
Fig. 7. Bandpass filtered Arizona Climate Division 2 precipitation Site dataset. A significant “missing cohort” is apparent between the
reconstruction.(a) 74-years(b) 44.3-years(c) combined 74 and  €arly 1500s to mid-1600s and is followed by an increase in germi-
44-year bandpassed filtered data (black line) and the 20-year mowation in the late-1600s and early 1700s during the Little Ice Age,

ing average of the precipitation reconstruction (red line). Adjusted(b) Indexed ringwidth (green curve) and number of trees germinat-
R2is0.702 (p-value<0.0001). ing per decade (blue curve —not standardized for increasing trend of

germination over time). Decreases in ringwidth are correlated with
germination declines.

(Fig. 7c). Approximately 70 percent of the variance in the . .
smoothed record is explained by these two frequencies (ad#4 Population dynamics
justedR?2=0.701, p<0.0001). No other combination of fre-
quencies explained more than 50 percent of the variance i
the record.

f he sample of 1440 pinyon pines exhibits an age structure
with two pronounced anomalies between AD 1500 and 1750
(Fig. 8a). The first, a negative anomaly representing a drop
Previous work has shown that variability in the Palmer in pinyon establishment, occurs between AD 1500 and 1650
Drought Severity Index (PDSI) in the western United Stateswhen the number of germinating trees is well below the pre-
is related to changes in the signs of the Pacific Decadal Osciland post-period trend, while the second occurs between AD
lation (PDO) and Atlantic Multidecadal Oscillation (AMO) 1650 and 1750 when the number of trees established is above
with significant decadal and pentadecadal oscillations omormal. Taking a 10-20 year height/growth offset into ac-
timeframes of 40 to 80 years (Schlesinger and Ramankuttycount places the tree ring and germination date chronologies
1994, Griffies and Bryan, 1997; Delworth and Mann, 2000;in correspondence with each other during the interval AD
Collins and Sinha, 2003; Hidalgo, 2004). McCabe et 1400 to 1700 (Fig. 8b). This suggests that low precipitation
al. (2004) found that more than half of the spatial and tem-(low growth) periods are associated with drought induced
poral variance in drought frequency over the conterminousgermination failures and that strong reestablishment occurs
United States is attributable to the PDO and AMO, with pos-during the following wetter periods. The missing pinyon co-
itve AMO and negative PDO index values associated withhort dating to the AD 1500 to 1650 interval strongly sug-
drought in the southwestern United States. Our precipitatiorgests de-vegetation of the slopes across the region and at our
reconstruction resembles the PDSI reconstruction for northstudy site in response to the extreme drought conditions ex-
eastern Arizona (Cook, et al., 1999, 2004a, 2004b, - Gridperienced during the 1500s. Megadrought conditions doc-
Cell 104) and shares the periodicities found in other recordaumented in this and previous studies (Stahle, et al., 2000)
of western North American drought. suggest that this drought was among the most severe in the

Nat. Hazards Earth Syst. Sci., 8, 8686, 2008 www.hat-hazards-earth-syst-sci.net/8/869/2008/



L. A. Scuderi et al.: Tree growth response to decadal scale climate variability 877

entire record (Table 2). uous, climate-controlled production of sediment from these
Juniper on drier, south facing, slopes approximately 1 kmslopes. We interpret negative increment growth anomalies
north of our pinyon site are found on bare rock surfaces with(geomorphic drought) in hillslope trees as the consequence of
exposed root systems. Most of the 22 sampled living andapid aerial exposure of roots by erosion. Two major alluvial
dead trees germinated between the early 1200s to mid 1700flls on the adjacent valley floor are also linked to the abrupt
While two of these trees died in 1625 and 1797, the major-changes in precipitation regimes and associated increases in
ity of these trees died between 1860 and 1917. This sugéelivery of runoff and sediments from slopes (McAuliffe et
gests that the juniper population on xeric southern slopes waal., 2006).
also continuously impacted by the same climatic conditions
that impacted the pinyon community on more mesic north- - oy |ong reconstruction of precipitation variability for
em slopes. Dendrogeomorphic evidence (e.g. extreme rodkizona Climate Division 2 shows marked evidence for re-
exposure) suggests that rates of erosion on these slopes Mg¥ated rapid transitions from extreme drought to mesic con-
have_ episodicall_y exc_eeded those documented on the morgtions (Fig. 4, Table 2), with dendrogeomorphic evidence
mesic, north-facing, pinyon covered slopes. for a consistent vegetation response to this climatic variabil-
Recent observations of plant mortality in the study areajty  This combination of a periodically changing climatic
during the most recent drought (McAuliffe et al., 2006) and packground signal possibly linked to changes in the state of
across the Colorado Plateau (Yuhas and Scuderi, Geograplhe Atlantic and Pacific Oceans (McCabe et al., 2004; Hi-
ical Research, in press, 2009) indicate a strong reduction ijaigo, 2004) coupled with processes that alter the vegetative
cover and an inability of plants to initiate vegetative growth ¢gyer on hillslopes appears to be the major driver of erosion
from any belowground plant parts that may have survived. Ingp these slopes and deposition in adjacent valley bottoms
our study area, pinyon pine and sagebrustigmisia triden-  anq channels over the past 2000-years. Dendrogeomorphi-
tata) have recently died, indicating that extreme, prolongedca”y documented changes in slope behavior and valley fill
drought is also capable of eliminating both larger woody (McAduliffe et al., 2006) strongly suggest that the process of
shrubs and trees. sediment production and delivery to adjacent channels occurs
in response to these climatic/vegetation variations.

5 Linking dendrogeomorphic evidence of slope move- N . .
ment to climate Dendroclimatic reconstructions across the SWNA region

indicate that these climatic transitions have occurred on a

Geomorphic and stratigraphic evidence of regionally Syn_regular basis for the past 2000 years with periodicities of
chronous shifts between aggradation and incision in chan~-74-years and 44-years. The most recent documented tran-
nels throughout the American southwest prior to the settle-Sition began a few years after AD 1905 and was associated
ment period (AD 1840 to 1880) suggest that climate vari- With the Iarges_t pre_mpltatlon shift (dry to wet) mth_e last 2000
ability may be an important driver of erosion and depositionYears and a significant loss of weathered material off slopes
(Huntington, 1914; McFadden and McAuliffe, 1997; Waters I the study area. Similar, albeit smaller, transitions, con-
and Haynes, 2001; Hereford, 2002). A major impediment tocurrent vegetation change and sllope response ogcurreq dur-
an understanding of the link between climate and landscapdd the Little Ice Age. Larger shifts associated with major
change, both in the past and as a predictor for the future, ha@'€gadrought scale transitions (Stale et al., 2001) appear to
been the relatively coarse resolution of landscape responsgPerate on timescales of approximately 450 years with ear-
measures (rates of weathering, sediment production, erosiolir occurrences in the 700s, 1100s, and late-1500s.
and transport) relative to the higher resolution knowledge of
the input climatic signal (precipitation and temperature on High-amplitude precipitation shifts over the last 2000-
hourly to annual time scales). years may exert the largest control on landscape processes
High temporal and spatial resolution dendroclimatic andand may be as, or more, important than other hypothe-
dendrogeomorphic approaches were used to study relatiorsized causal mechanisms (e.g. ENSO frequency and in-
ships between climatic variability and hillslope and valley tensity, flood frequency) in producing sediments that ulti-
floor dynamics in a small drainage basin in the Coloradomately impact higher order drainages in the region. Cur-
Plateau of northeastern Arizona, USA Dendrogeomorphicrent vegetation response to a prolonged drought over the past
and vegetation evidence from slopes and valley bottoms, indecade suggests that the processes that we and others have
cluding root exposure, bending of trunks, change in plantdocumented (Allen and Breshears, 1998; Breshears et al.,
cover and burial and exhumation of valley bottom trees and2005; McAullife et al., 2006; Yuhas and Scuderi, in press,
shrubs, suggest that the currently observed process of ro@009) continue to impact the region and that another major
colonization and rapid breakdown of the weakly cementedtransition, incorporating vegetation change, slope erosion,
bedrock by subaerial weathering, related to dry/wet cycle in-sediment production and subsequent valley floor deposition,
duced changes in vegetation cover, has lead to a discontirmay be in its initial phase.
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