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Abstract 

Chihuahl1eiios Bog (2925 m) in the Jemez Mountains of lIorthern New Mexico contains one of the few r~ords of lale-glacial and postglacial 
development of the mixed conifer foresl in southwestern North America. 1be Chihl1ahueiios Bog record extcnds to over 15,000 cal yr BIl, An 
Artemisia steppe, then an open Picf.'a woodland grew' aT()l1nd a small pond until ca. 11,700 cal yr BP when Pinus pOluierQsa became established, ON 
rdtios, /i 15C and ()15 N values indicate both lerrestrial and aquatic organic mailer was incorporated into the sediment. Higher percentages of aquatic 
algae and elevated CIN ralios indicate higher lake levels at the opening of the Holocene, bllt a welland developed subsequently as climale wamled. 
From ca. 8500 to 6400 cal yr DP the pond desiccated in what must have been the driest period of the Holocene tberc. CiN ratios dcclin¢d 10 their 
lowest Holocene levels. indicating intense deeomposition in the sediment. Wctterconditions retnmcd aftn 6400 cal yr DP, with conversion of the site 
lo a sedge bog as gronndwater levels rose. Higher charcoal inf1ux rates afier 6400 cal yr BP probably result from greater biomass production rates. 
Only minor shifts in the overstory species occurred during the Holocene, suggesling thaI mixed conifer forest dominated throughout the record. 
'~ 2008 University of Washington. All rights reserved. 

KeYlVon/s' Pollen analysIS; Charcoal :lualysis: Isotope analysis; Pak'Occology; New MeXICO 

Introduction Jlexili~' (limber pine), Pinus strohi!ormis (southem white pine) 
and Pinus ponderosa-generally form a discontinuous 10rest 

Mixed conifer forests are one of the most common torest belt between the higher subalpine zone of Picea engelmal1nii 
types in southwestern Nort'li America, covering more than (Engelm.ann spruce) £lnd Ahies lasiocarpa vat. arizonica (cork
600,000 ha in southern Colorado, northern Arizona and northern bark fir) and the lower elevation P ponderosa torests, 
New Me"ico (Pase and Brown, 1982). These forests-a mixlure Although Southwestern mixed conifer forests are important as 
of Pselldotsuga menziesii (Douglas-fir), Ahies cOl1color (white habitat for threatened species, watersheds for domestic and agri
fir), and Populus tl'emuloides (trembling aspen), with Pinus cultuml water supplies, and for recreational uses, little is known 

about the long-term. history of these forests, including the in
lluence ofclimate change and forest distulbance on forest charac

• Corresponding author. ernlel for Ellvironmenral SCIences & Education, Dox teristics. This is especially true for the mixed cOllifer forest,> afthe 
5694, Nonhcm Arizona Univcrsiry.Flagstaff; AZ 86011, USA. Fax: ~I 928523 Jemez Mountains ofnorthern New Mexico, whicb are surrounded 
7423. by regions with rich histories of paleoenvironmental investiga

E-mali (fddl.es.r: SWIt.Andcrsllll@nau.edu (R.S, Anderson), 
tion, To the south and west, numerous packrat midden studies in 
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1846, Prnvidence, RI 02912, U;A. Dcvc..'t1dcr, 1992; Betancourt et 31., 200 I; Holmgren et a1.. 2003, 
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2006. 2007) and Great Busin (Betancollrt and Van Devendcr, 
199 1; Betancourt 1990) deserts have documented low-elevation 
vegetation change. To the nortb and west, several studies have 
concentrated on vegetation history of the higher elevation sub
alpine zone on the Colorado Plateau (Feiler et aI., 1997; Anderson 
el at., 1999) or southern Rockies (PelCrscn and MehJil1g~, 1976: 
Fall. 1997; Vierling, 1998; and Toney amI Anderson, 2006 among 
others). Several others document the development of the im
portant P pondemsa forest (Wrigbt ct aI., 1973; Anderson, 1993; 
\Veng and Jackson, 1(99). A few studies include infonnation on 
long-tern) fire histories in the Picea-Abies forests from sedimen
tary charcoal (Fall, 1997; Weng and Jackson, 1999; Bair, 2004; 
Toney and Anderson, 200ti), but these studies are lacking for the 
mixed conifer forests. 

Here we examine several sediment proxies-pollen, plant ma
cmfossib, charcoal, carbon to nitrogen (ON) ratios and isotopic 
('3C, ISN ) signatures from a small basin within the mixed 
conifer zone of north-central New Mexico to reconstruct fonner 
vegetation, climate and fire regimes over the laSl ca. 15,000 cal yr 
UP. The Chihuahuenos Bog site is important as one of only a 
handful ofpolentia1sites for paleoecological reeonstlUetion of this 
forest type. Our present knowledge from the Jemez Mountains is 
limited to unpublished reports (Brunner Jass, J 999; Ensey, ](97) 
and well borings of middle Pleistocene age (Sears and Clisby. 
J 952: F'aweelt d al.. 2(07). This record is important in the 
emerging synthetic picture of vegetation change over a range of 
elevations in the Southwesl (Anderson el aJ., 2004, in press), a 
region ofsparse but growing population, and vast recreational and 
economic interesls. 
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The Study Area 

Chihuahueiios Bog (2925 m; 9600 ft) is located on the nor
thern flank of the Jemez Mountains (Fig. l), a range that extends 
to ~ 3500 m elevation in north-central New Mexico. The range 
is the product of collapse after huge pyroclastic eruptions 
~. 1.1 Ma, fOl1Tling the present Valles Caldera (Wolff aml Gard
ner. 1995). Mirc sediments of the bog (~2.3 hal forn1cd 'Nithin a 
small «2 km 2

) basin with no inflowing streams. Geologic 
mapping indicates that the bog OCCUTh at contact between Ban
delier Tuffon the south and a dacite hill on the north (S. Reneau, 
unpublished), A spillway near the eastern periphery ofthe bog is 
cut into bedrock ca. 2 m above the modem level of the bog and 
extends into Chihuahuefios Creek canyon below. The spillway 
is a relict feature and was probably cut during the Pleistocene. 
The bog contains standing water during most years and is 
probably spring fed. However, after particularly dry wintets 
(e.g., 2000 and 2006), large portions of the bog can dry oul 
(Allen ct al.. in press). 

The lUmual average maximum and minimum temperature 
and precipilation for the Pajarito f>,lountain station (3158 m 
[lO,360 ft): ca. 20 km SE of Chihuahueiios Bog) are 10.0 0c. 
0.6 °C and 53.6 em, respectively (http://weather.1aLl1.gov). For 
Los Alamos (2256 m [7400 ftl), ca. 24 km SE of Chihuahuenos 
Bog, similar parameters are 15.5 °C, 2.5 °C, and45.9 cm (httpI 
www.wrcc.dri.edu/summaryfclimsmnm.html). Maximnm pre
cipitation at both siles is recorded during the July August 
summer monsoon, when 48% of the annual tornl at the Pajariro 
Mountain site occurs. Winter (Dec, Jan, Feb) is usually the 
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FIgure l. (a) LocatIon of Chihuahueiios Bog and vicinity, .lemez Mountains, northern New Mexico. tll) Genernl location, with specific sites mentioned in the t.ext.: 
[I) .lieanta Bng (Balr. 20(4); [2] Stewart [log (Al'!nom el ;Il., 20<J2); [:I] Little Malas Lake (Toney and AnderWI1, 20(6); [4] Kaibab Plateau lakes (Weng. <,nd Jackson. 
1l)99); [5] St.oneman Lake (Hasbarg.cJl. 1994): [6] Potato Lak~ (A"der,;oll. 1993); l7] .tvtontcZl1013 Well (DaVIS ,HId Shafel', J992): l8] Rough Canynn rnldd,"ns 
(Berancourl et al .. 200l); [9J Playas Valley middens (Holmgrm "llll.. 2(1)3). (e) Out1il\~ ofChihuahuefios Bog., wit.h peat. Isopleth;, and eoring locat.ions. 
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driest season, but spring (Apr, May, Jun) is also quite dry. M 
Pararito Mountain, snow can fall in any month, but on most 
years the snow-free season is from May through October. 

Vegetation communities in the Jemez Mountains are strongly 
affected by elevation and aspect. At the highest elevations 
(ca. 2900 to 3500 m), north-facing slopes contain forests of 
Picea enge.lmallllii and A. lasiocarpa var. arizonica, while local 
areas of high elevation grasslands arc found on south-facing 
slopes (Reneau and McDonald. 1996). Mixed conifer forests 
occur flUm ca. 2300 to 2900 m, with Pillus ponderosa, Pseu
doLsuga menziesii, A. conco!or, Popuh~\' Iremuloides and Pinus 
flexilis. P ponderosa with Quercus gambelii (Gamhel's oak) are 
more common on south-facing slopes, and dominate elevations 
2 lOO to ca. 2600 Ill, while PiI7UJ' edHlis (pifion)-Jumperus 
m01lOspemw or J scopulorwn (juniper) woodlands occur 
between ca. 1900 and 2100 m elevation. JtUliper grasslands, 
dominaled by J nWriospenna, Artemisia tridentnta (big sage
bmsh), and BOllleloua sp. occur from ca. 1600 to 1900 m, while 
shmb steppe with Sarcobatus (greasewood), A. lridentata, and 
Ephedra (joint-fIr) OCCllr at elevation:> below this. 

Chihuahuefios Bog is located within the mixed conifer torest 
and has ilffinities to the flora of the southem Rocky Mountains 
(Foxx and Tiel1ley. 1985; Allen, 2004), Although the area 
immediately surrounding the bog has been heavily logged in 
recent years, nearly every conifer species growing in montane 
forests of the Jemez mountains is represented either along the 
shore of the bog or in the surrounding uplands. P strobiformis 
and P ponderosa are the dominant pines, while other co
domillant conifers include Pseudotsuga mel1ziesii, A. concolor 
and A. lasiocarpa val'. arizonica, Picea enge{mallilii and 
P pungl!flS (blue spmce). Populus tremuloides, Q. gambelii, 
Arctostaphylos uva-ursi (kinnickinnick) and JWll}Jerus cammu
nis (common juniper) grow around the bog perimeter. Other 
shrubs and herbs include Polentilla /ruticosa (shrubby cinque
foil), Arlemisia sp., Campanula parryi (bluebells), Iris 
missouriensis (iris), Fragaria sp. (wild strawberry), Castilleja 
sp. (paintbmsh), Antennnria sp. (pussytoes) and Achillea 
laml!osa (yarrow), among others. The modem surface cover 
of the bog is dominated by sedges and grasses, including 
Deschampsia caespitosa (tufted hairgrass). 

Methods 

The perimeter ofChihuahueiios Bog was traversed and GPS 
coordinates were taken every 2 m to prodllee a map of the bog 
(Fig, I). Steel rods were used to probe the depth of the bog. Two 
cores were taken with a Livingstone corer ca. 2 m apart in the 
middle of the bog where the sediments were the thieke:>t. Core 
#1 (used in this study) measured 465 cm, while Core #2 
measured 400 em. Cores were sampled for pollen, charcoal, 
plant macrofossils. CIN ratios, l)C and 15N isotopic eomposi
tions and materials for radiocarbon dating at the LahoratolY of 
Paleoecology (LOP), Northem Arizona University. 

Magnetic susceptibility (MS; Sandgren and Snowball, 200 I), 
a measure of the tendency of sediment to carry a magnetic re
manence, was measured with a Sapphire Ins1ruments SUB meter, 
with an extemal coil operahng at a frequency ofF=800 Hz. MS 

was calculated from the coil readings. The results are expressed as 
dimensionless cgs units (cgsu). 

Fossil pollen samples (I cm 3) were taken at 15- to 25-cm 
(usually 20-cm) intervals along the length of the core. Pro
cessing followed a modi1ied Faegri and Iversen (l9~9) process, 
including suspension in KOH, dilute HCL HF and acetolysis 
solution. A known amount of Lycopodium spores were added 
for calculation of pollen concentration. Some sample:> contain
ing high silt and clay were sieved (7-J.lm mesh). Pollen iden
tifications were mude using reference material at the LOP and 
published keys (Moore et aI.. 1991; Kilpp et aI., 20(0). Where 
possible, Pinus grains were subdivided into subgeneric cate
gories (hcobs, 1(85). P edulis-type included Pinus subgenus 
strob~ls grains witb verrucae on the leptoma and <" 70 pm in total 
length. Larger (>70 ~lm) grains in this group (also Pinus sub
genus strobus), predominantly from high elevation white pines, 
were distinguished from Pinus subgenus pinus grains based on 
the laUer's lack of vemJcae on the leptoma. Pollen slides were 
:>canned at 400x. to a minimum pollen sum of 300 grains. The 
pollen sum consistcd of all terrestrial pollen typcs, and excluded 
wetland and aquatic pollen and spores. Pollen zones were de
fined by visual inspection of the graphed data. TIle complete 
pollen data are deposited in the North American Pollen Data
base (www.ngdc.noail.gov/paleojpollen.html). 

For high-resolution charcoal analysis we analyzed the sedi
mentary charcoal content of contiguous sediment samples. Se
diment sub-samples (5 cm 3 

) from each linear 0.5 cm of the core 
length were disaggregated in water. Sediment samples were 
sieved with 125- and 250·mm mesh. and examined using a 
dissecting microscope. The charcoal accumulation rate (CHAR) 
time series was ereated hy dividing the charcoal concentration 
value of each sample by its conesponding deposition time. 

Macrotossil samples were sieved from the eore using 125
and 850-~lm mesh, then sorted and identified by comparison Lo 
the reference coHection at the LOP. Conifer genera were iden
tified to species (except Picea) according to extemal and in
ternal morphology. Pseudolsuga needle fragments were 
distinguished by their flat, petiolate leaves. Identification of 
Pinlls ponderosa needles was continued by the occurrence of 
two fibrova:>cular bundles in the needle and u triangular exterior 
shape ofllle needle in cross-section (Harlow, 1(47). Cyperaceae 
(sedges) were separated by shape and size into morpbotypes 
(tligonous vs. lenticular, small vs. elongilte). 

CIN ratios, 13C and ISN compositions were measured on 
approximately 1-6 mg (depending on organic matter content) 
of dry and homogenized sediment. No pretreatment to remove 
the carbonate fi'action of the sediment samples was perfomled 
as prior X-ray diffmction analysis indicated the samples were 
carbonate-free. Core depths for analyses spanned from - 5 to 
322 cm and samples were taken at varying intervals (- 2 . 
20 cm). CIN mtios and IJC and ISN contents were measured in 
the Geochemistry and GeomateLials Researeh Lahoratory 
(GGRL) at Los Alamos National Laboratory (LANL) using 
an elemental analyzer (EuroVector) coupled to all isotope ratio 
mass spectrometer run in continuous flow mode (Isoprime()y). 
"'c and 15N compositions are expressed as deviation in per mil 
(%0) of the ratios l3C/ 12C and lSN/ 

J4 N in the sample with 
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Table I 
Radiomdnc Ages for the Chihuahlldio~ Bog sediment. core 

SlIe name Core Laooramry Depth Age ('·C yr BP. SD "CJ'·C Cal yr 131' Median Calibration Dme Material 
number (em) ~1C)Pb, 11 

7 
CS, H,srone) pc} probabilJiy rype 

(1 s.d.) (liSed for 
graphmgl 

Chihuahucilos Bog USC Geology 6 AD J963 NIl\. Nil\. -13 -13 N/A 'JiCS Sedim~nr 

USC Geology 17 AD 1890 Nil\. N!A 60 60 NiA l]')Ph Sedimenl 
USC Geology 21 AD 1865 t"/l\. NiA 85 85 N/A liOpb Scdimenl 
Be~<l-176475 48 ·5 J 1320 40 -24.7 1176 1302 1254 CALIB 5.0 AMS Charcoal 
Be~<l-20265 R 5458 990 40 -26.1 795 964 902 CALIB 5.0 AMS Peal, Chllln 
Betl-160243 10J-l05 ) 840 70 -25 1601-1927 1773 CAUI:l 5.0 Bulk Peat 
Beta· I 60144 162.5-166.1 4290 70 -25 4783-5047 4~64 CALlB 5.0 Bulk I'eut 
lJelU-176476 188-189 8130 40 -22.3 8996-91J~ 9070 CALlI:l5.0 AMS Chan.;oal 
AA-39836 217.7-222.9 9100 61 unknown 10177-10425 J0261 CALlB 5.0 A~'IS Sedimem 
J:letl-114 177 340-350 1)850 80 '·25 L:147)-13~7~ 13711 CALlB 5.0 Hulk Peat 

respecllo the ratio in the Pee Dee Belemnite (PDB) standard for 
cllrbon and atmospheric air standard for nitrogcn, 

where R"lnple and R,tan<lard are the ralios Dc/Ile or 15N/'4N of 
Ihe sample and standard respectively. Precision of the mea
surements was < J for CiN ratios and 0.1 %0 and 0.3%0 for oUc 
and fjl5N valucs, respectively. 

Material for radiocarhon ages consisted either of small 
charcoal fragments or bulk sediments. Radiocarbon ages were 
calibrated to calendar ages using CALlB 5.0 (Stuiver el aI., 
19(8). Sediment samples for 210Pb and 137CS dating consisted 
of whole sediment /Tom the upper portion of the core. These 
sediments were dried 10 conslant weight in an oven at ca. 75°C. 
Three to 5 g of the pulverized sediments were used in the 
gamma counting. Excess 210Pb and fallout 137CS activities 
were measured non-destructively by gamma spectrometry using 
a high-resolution, low background well-type Ge detcctor (Ap
pleby, :200 I). 

Results 

Core lithology and chronology 

The Chihuahueiios Bog sediment') are primarily organic in 
the upper portion of the core, grading to more inorganic sedi
ment below. From the core surface to ca. 171 cm depth, sedi
ments are mostly dark brown to black, alternating between 
sellge peal and peaty clay, but with increasing clay content 
downeore (Fig. 2). Between ca. 17l and 236 cm, sediments arc 
mostly similar to those overlying this section. but with some 
dark mottling. Sediment') from ca. 235 to 300 cm have higher 
clay and lower organic content. From ca. 100 to 406 cm, the 
core consists of clayey silts with tine sand grains interspersed 
throughout. A very coarse, well-sorted sand layer occurs at 
406-410 em. Sediment') between 410 and 422 em depth were 
not retrieved during cOling, but those below 422 crn are olive
colored, with increasing sands and gravel to the core bottom al 
465 em. 

The age model is based on a combination of 137CS and 2lOPb 
decomposition series ages in the upper portion of the profile 
and calihrated ages from seven J4C dates downcore. Maximum 
mes deposition (i.e., AD 1963--64) occurred at 6 cm deplh. 
Downcore to ca. 21 cm we used the 2JO Pb age reliltionship 
(0.146 cm/yr). All seven 14e ages (except for Beta-176475) 
occurred in stratigraphic order (Table J; Fig. J). Our chronology 
tor most of the core consists of linear interpolation between 
adjacent radiocarbon ages, using the median value of the cali
bnlted age of the date. 

Fossil pollen and macrofossils 

Pollen Zone I (ca. ) 5, 000 to }I. 700 cal yr BPj 
Pollen Zone I is divided into two subzones-Ia (ca. J5.000 

to 14.000 cal yl' BP) and Ib (ca. 14,000 to 11,700 cal yr BP). 
Arlemisia and Poaceae (grass) pollen dominate the percentage 
diagranl during zone I, but additional pollen types are important 
in zone la, including Brassicaceae (mustard family), Sarcoba
illS, and Benda (birch) (Fig. 4). Also important here are wetland 
plants, including Salix (willow), Thalictrum (meadow rue) and 
Sphagnum. In subzone Ib, Picea pollen percentages increase, 

Median Age (cal yr BP) 

o 2000 4000 6000 8000 10000 12000 14000 
o ..i... -1-....._. ._ ..J,.__L._._._.~.__...~._~._ __l.~.~._._._ .- .1 

100 

K 
:; 200 t---------------'-""'-----
Q.., 
o 

300 t----------------~--

400 -'--------------------

Fignre 3. Age-del'th curve for ("hihuahuer.o~ Bog core 1'1. Ages (diamonds) are 
graphed as the medlau probubility of calibrated Illdiocarboll yean; Square is 
I:lcta-17647 5, which w~s ~onsjlLered roo old an,1 tim used ltl cOJlsrmcnon of 
curve. 
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and Picea needle fragments arc first found at the transition of 
Zone I a to Ib (Fig. 5). Aqu"tic microfossils (PediILftnlm and 
Botryococcus) are essentially absent during la but increase 
duting lb, while the wetland pollen types listed above decline. 

Pollen Zone II (ca. 11,700 to ca. 8500 cal yr BP) 
Pollen Zone II is also divided into two subzones . IIa 

(ca. 11,700 to 10,000 cal yr BP) and lIb (ca. 10,000 to 8500 cal 
yr BP). Throughout the zone, Artemisia pollen percentnges 
decline. Though Picca percentages also decline brietly (Fig 4) 
plant macrofossils attest to its contimled presence around the 
site (Fig. 5). However, Pinus pollen increases substantially. We 
are unsure of the species of Pinus represented, but the increase 
in P ponderosa-type is suggestive of either ponderosa or lod
gepole pine. Pinus subsection strobus pollen (e.g., Pflexilis or 
P strobifimnis) also incre"ses after ca. I 0,500 cal yr BP. During 
this zone also, Qut:rcus pollen (Fig. 4) and Pseudotsuga needle 
fragments (Fig, .5) first become abundant, while Poaceae pollen 
is ar a minimum (Fig. 4), By ca. 10.000 cal yr BP, indicators of 
open watcr (i.e., the microalgae, Pediastrum and Botryococcus; 
rooted aquatic macrophytes Isoetes and Chara) decline and are 
replaced by shallow-water rooted aquatics (seeds of Nuphar 
and /llymphaea). as well as wetland plants (Cyperaceae). 

Pollell Zone III (ca. 8500 to C(I. MOO cal yr BPJ 
Pollen and terreslrial plant macrofossils are absent from 

sediments deposited during Zone III time (Figs. 4 and 5). A fe,\, 
plant macrofossils of Cyperaceae and Potamogeton were reco
vered, but the numbers are reduced substantially from Zone II 
lime below and Zone IV time above (Fig. 5). In addition. 
indicators of a persistent water body (Pediastntnl and Botryo

coccus) are absent. The sediment in this core section is highly 
compacted, dense, and contains higher clay content than sec
tions above or below. The lack of pollen, plant macrofossils and 
aquatic algae suggests a period ofilllense decomposition occur
red during Zone IlJ time. 

Pollen Zone IV (ca. 6400 to present) 
Pollen Zone IV is "Iso divided into two subznnes ···IVa 

(ca, 6400 10 2700 cal yr BP) and lVb (ca. 2700 cal yr BP to 
present). Pollen of mixed conifers dominates, especially Pinus 
pollen, with P ponderosa type. P. subsection strobus, and 
P edulis types increasing throughout the zone. Abies pollen also 
increases during this zone and Picea remains importallt. with 
larger numbers of Picuo and Pselfdolsuga needle fragmenls 
found during subzone IVb than before (Fig. 5). Quercus, Am
brosia, and Cheno-am pollen are important types; pollen or 
Poaceae and spores of pteridophytes are most abundant during 
Zone IV time (Fig. 4). For wetland plants, Cyperaceae pollen 
dominates \-vith Typha during subzone IVa. Pollen and plant 
macrofossils ofPo/amogeton are common, but remains of open 
water algae (Pediastrum and Botryococcus) are nearly absent. 

Charcoal stratigraph.v 

Charcoal is extremely abundant in much of the bog sedi
ments, often exceeding 10,000 particles/em] Charcoal was 
presem in all of the> 1500 levels analyzed. Charcoal accu
mulation rates (CHAR: partic1es/cm2jyr) were calculated for the 
past ca. 14,000 yr by multiplying the charcoal concentration by 
the sediment deposition rate (Fig. 2). Wc also eakulated tire 
episode frequencies (FEF's) using the Charcoal Analysis 
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Programs (CHAPS; Long el al.. 1998: Whitlock and Anderson, 
2003) commonly used for records o[vegetatioll witb long fire 
rOlations. However, our calculations reported elsewhere (Allen 
el al . in press: Anderson et aI., in press) suggested very unrea
listic FEF [or the Chihuahuei'ios Bog rccord, and so we do not 
report those results here. For example, fire-scar data for the 
period AD 1624 and 1902 averaged one fire every 34.8 yr 
(range= 1O to 61 yr) (Alien ct aI., in press), while CHAPS 
calculated latest Holocene FEF equivalent to one fLre every 200 
to 250 yr. We conclude that CHAR values are probably more 
appropIiale for reconstructing fire history at sites where the 
sampling interval is as long as, or longer tban the time between 
fires, such as occurs in sites within mixed conifer forest. 

Charcoal particles are present in low quantities during the 
early part of the record, when steppe and woodland vegetation 
dominated the landscape around the pond. Charcoal influx 
during the period of mixed conifer establishment (Zone II) 
actually contains the lowest values o[ the entire record, with 
some periods containing only a few charcoal particles (i.e., ca. 
9150 and 10,200 cal yr BP). Charcoal influx increases again 
aller ca. 8000 cal yr BP, and remains abundant for the rest of 
the record. During Zone llf, when the wetlilnd dried, charcoal 
increased to moderate influx values (> 13 particles!cm 2/yr). 
Influx values increase considerably to maximum values after ca. 

4600 cal yr BP. Charcoal influx remains consistent. with 
periodk spikes, for the remainder of the core, with the exception 
of minimal charcoal values bejv,'een ca. 900 and 400 cal yr BP 
(Fig. 2). 

Carbol1 and nitrogen elemental and isotopic a/lalyses 

C/N ratios 
The CiN and (~13C and (~15N records span the last ca. 

13,100 years CiN ratios help detennine the relative input of 
lacustrine and tcn-cstrial plants, each >vith characteristic values 
of < 10 and >20, respectively (Ml'yeI'S, 2003). Chihuahueiios 
Bog erN values ranged from 8 to ] 9 (Fig. 6). In the earliest 
section of the ON record (ca. J3,000 to 11.700 cal yr SP, pollen 
zone lb), ratios indicate a mixture of inputs to sedimentilry 
material from lacustrine algae and terrestrial plants, During 
pollen zones II and III (ca. 11,700 to 6400 cal yr SP), CiN ratios 
fluctuate bet'Ween values for these two end members with lowest 

values found in zone III (ca. 8500 to 6400 cal yr BP). By the 
time o[ pollen zone IV (ca. 6400 cal yr BP (0 present), ON 
ratios increase from a value o[~ 11 to 14 indicating the increased 
input of terrcstrial organic ltlCltter rdative to zone III. 

(j/3C values of bulk sedimentary material 
oj lC values are important in determining the relative inputs 

from different plant groupings (Meyers. 2003: Osmond ei aL 
198 L BOOll and Bunn. 1994): these ranged from -21.8 to 
-28.0%0 (Fig. 6) \',.'ith heavier (less negative) values in the 
earliest section of the core in pollen zones Ib and Ira (ca. 13,000 
(0 J0,600 cal yr BP). A shift towards the characteristic values of 
lacustrine algae and C, plants (Tuble 2) is observed by the end 
of zone lla and during zone lIb (ca. 10,000 to 8500 cal yr BP) 
followed by a slight increase in the signatures during zone III 
(Cil. 8500 to 6400 cal yr SP). From ca. 6000 cClI yr BP to the 
present, the oUC averages ~-27.0%u, well within the range 
characteristic of C3 land plants and I<lcustrine algae. 

aJJN values 0/ bulk sedimenlan) material 
(jlsN valu~s are also important in differentiating terrestrial 

and aquaric plant inputs, and these ranged from "'1.3 to 4.2%0 
(Fig. 6) with lighter vahles (more negative) observed in the 
earliest section ofthe core (ca. 13,000 to 9000 cal yr BP). During 
pollen zone lb (ca. t3,000 to 11,700 ca 1yr BP), () I ~N values stm1 
around 0%0, within the typical range of tCITCstrial pJants and 
characteristic as well of the photosynthetic cyanobacteria 
(Meycr~, 2(03). During pollen zone II (ca. I L700 to 8500 cal 
yr SP) 615N values become slightly lighter, reaching a value of 
- t .29%0 (ca. 9200 cal yr BP). An abrupt shift is observed during 
pollen zone III (ca. 7000 cal yr BP) to the heaviest value or 

Table 2 
P01cntial range of ~J 'C "allies or organic maHer ,OUl"Ci.'S of sedimenmry mall'lial 

01'gal1,1(; matter source ~ '"C $1 gnatul'e 

c, plants 

C 4 plants 
Aquatic plants (includes eI1J.eIllen~ submerged and tloating) 
Lacl1,tnne algae 

a ~'kyer.; (2003).
 

b Osmond l'{ "l. ( J981); Boor! iilld BLinn (1994).
 

-·25%" to - 30'1",," 
.. 11%0 to" i5'Ioo' 
-- 10%" to _.. .50%(1 b 

. 25%. to .. 30'lo.·' 
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4.2%0. From ca. 6000 cal yr BP to the present, ,;> '5N values 
approach values of~ I%0, close to the average value of terrestrial 
plants. 

Discussion 

Although the mixed conifer forest is an import.ant ecosystem 
in northern New Mexico, and especially in the Jemez Moun
tains, virtually nothing is known about the postglacial history of 
forest development in the region. One reason is the Jack of 
suitable sites-lakes are rare in this arid landscape, and most of 
those have aecumulated sediment only over the last few mil
lennia (Emey, 1(97). The record from Chihuahuenos Bog is 
important in this regard, as it contains a nearly continuous 
record of vegetation change since the late glacial. 

While the characteristics of vegetation in northern New 
Mexico during the maximum Pinedale glaciation are unknown 
at present, an extensive ice cap existed on the highest elevations 
of the Sangre de Cristo range to the east (Porter et aI., 1983). 
Two datcs constrain deglaciation there, including ca. 14, I00 cal 
yr BP (l2,160±40 14C yr BP; Jicarita Bog, Bail', 20(4) and 
J4.000 caJ yr BP (12,120±95 14C yr 8P; Stcwart Bog, Annour 
el aJ. 2002). Further to the north, treeline in the southern 
Rockies was ca. 500 m lowcr in elevation, with alpine plants 
found today above :1300 m occupying areas below 2800 m, and 
modem subalpine forests (ca. 3300 to 2700 m elevation) grow
ing below 2300 m (Maht.'T, J 961; Legg and Baker, 1980; 
Markgraf an(1 Scott, 1981). Late-glacial winters were colder 
with increased wintcr precipitation, and summers werc drier 
than today (Vierling, 1998; Markgraf and Scott, 1981: 
COHMAP, 1998; Kutzhach et al.. 1998). 

There is no evidence that the Jemez Mountains were gla
ciated. The lack of a sedimentary record prior to ca. 15.000 cal 
yr BP suggests dry conditions during the pleniglacial there. 
Duting the late-glacial period, low pollen concelltrntions and a 
predominance of Artemisia and Poaceae pollen suggest tundra 
or steppe vegetation initially existed around a shallow lake in 
the basin. Plant remains of tree species arc absent early in the 
sequcncc, but thc establishment of Picea around the lake sug
gests a transition to spruce parkland after 14,000 cal yr BP. Fire 
probably occurred periodically in these environments, but little 
charcoal was produced. Plior to 14,000 cal yr BP, the pond was 
generally unproductive, bllt estabJishment of aquatic macro
phytes after this time suggests greater productivity then. This 
early Picea parkland period encompasses the Belling-Allcrod 
and Younger Dryas elimatic oscillations. \Vhile hypothesized to 
have occurred at other locations in the southern Rockies (Me
nmm01i and Reasoner, )997; Reasoner and Jodry. 2(00) and 
Sangre de Cristo Mountains (Armour et a1.. 20(2) these climatic 
fluctuations are not obvious in the Chihuahuenos Bog record 
using our present sampling interval strategy. 

The C and N records support the vegetation reconstruction, 
but provide better data on the local paleoenvironment. Based on 
ON ratios and 6 13C and 615N records, pollen zone lb and lla 
include a mixture of terrestrial and aquatic inputs. Heavy 613C 
values could be derived from a combination of sources. Pre
sence of C~ plants on the landscape (e.g. certain species of 

Poaceae and Cyperaceae), or presence of terrestrial plants with 
high water-use efficiency and therefore heavy 13C signatures 
(Farquhar et aI., 1982; Farquhar anri Richards, 1984) (for ins
tance, modem specimens ofArtemisia collected locally at lower 
elevation 011 the Pajarito Plateau have 13C values of ~-23%u) 
could contribute to these values. A third explanation includes 
enhanced aquatic productivity (Hodel! and Schelske. 1998; 
Brenner et aJ., 1999; Meyers, 2(03). Major changcs in these 
parameters occur during pollen zone lIa (cu. 11,700 to 
10,000 cal yr BP). Similarly, (~15N values around O.O'h>" during 
pollen zone Ib and lla could indicate. in addition to terrestrial 
inputs, enhanced aquatic productivity in the shallow pond, as 
evidenced by the abundance of algae species (Pediastrwn and 
BOlJyococcu!» accompanied by discrimination against the 
heavy isotope by algae in a nitrogen-rich environment (Wada 
aIld Hallon, 1976; Boyle, 1993; Hodell and Schdske, 1998: 
Brenner ct al.. 1999; note that nitrogen supply would need to 
exceed demand to allow such discrimination to be expressed). 
Other possibilities come from inputs from submerged aquatic 
plants (e.g. some species of Potamogetoll can have ,;>1:iN signa
tures as low as O.O%u; Boon and Bunn, 1994) and/or the 
presence of nitrogen-fixing cyanobacteria, although we lack 
evidence for this. 

Wanner conditions during the earliest Holocenc in the sou
thern Rockies led to upward elevational shifts by subalpine 
conifers thcre (Elias el al.. 1991). Some authors have suggcsted 
wettcr conditions at tllis time as well (e.g., Andrews et al.. 1975; 
P~tersen and Mehringer, }976: Petersen, 1981). By about 
II ,SOO caJ yr RP at Chihuahueiios Bog, the decline in Artemisia 
and Poaccac suggests that Picea parkland was invaded by Pinus 
(either P. ponderosa or P contorta). No plant macrofossils of 
either species were recovered, but estRbl ishmcnt of P ponderosa 
would be consistent with other sites in the Southwcst (Anderson. 
1989. 1993; Weng and Jackson, 1999; Ancl~rson et aI, 2(00), 
and the occurrence of Quercus (probably Q. gambelil)-a 
common co-dominant today in P ponderosa forests of the 
region (Dick-Peddie, 1993)is also supportive. With the ex
pansion of other white pincs (perhaps P flexilis or stlVhiji)rmis) 
by 10,500 cal yr HP, followed by Pseudotsuga by 10,000 cal yr 
BP, came the establishment a of mixed conifcr forcst around the 
pond. Fire may havc been relatively unimportant during this 
transition, judging from low charcoal influx values. Altema
tively, processes inhibiting deposition of charcoal at the cOling 
site may have prevailed. 

Several studies (Anderson, 1989; Betancourt, 1990; Toney and 
And.'rson, 2(06) have suggested that expansion ofP. ponderosa 
resulted from expansion of the summer monsoon with increased 
summer moisnlre. More direct evidcncc comes from changes in 
wood cellulose deuterium, with more positive deuTcLium values in 
the early Holocene, indicating a southerly source for precipitation 
(Friedman et al.. J988). At Chihuahuefios Bog, the increase in 
aquatic algae suggests wetter conditions. The presence of both 
Pediastl1lm and BOliyococcus during this transition (ca. 1\,700 
to 10,000 cal yr BP) is accompanied by elevated ON ratios given 
the high C content in those algae species (Banerjee et al.. 2002; 
Metzger and Largeau, 200S). These changes also occur during 
transition from a small pond to a wetland by 10,000 cal yr BP, with 
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loss of open water indicators, and replacement first by rooted 
aquatics (l.meles and Cham), then by the shallow-water floating
Jeaved aquiltics (Nuphar, Nymphaea) and wetland sedges. CIN 
ratios may be indicative of increased terrestrial inputs to the 
sedimenis. This situation continued throughout the early Holo
cene, perhaps because the combination of a small drainage basin 
with generally warm, arid (i.e., high evaporation rates) conditions 
allowed natural hydroseral changes to proceed at a rapid rate 
during the early Holocene. 

By 8500 cal Y1' BP. however, fossiJ and sedimentary cvidence 
suggests that the wetland dried out nearly completely for over 
2000 yr. C/N ratios reached the lowest value (8) and ()I~C and 
0151\ signatures became enriched hy 0.9 and 5.52%0, respec
tively. The decrease in CIN ratios is consistent with a period of 
deeomposition (Cben et al., 2003), whicb would have enhanced 
C loss from accumulated organic mailer. Decomposition could 
also potentially enrich the (i l3 C and bl5N signatures of the 
remaining organic matter due 10 microbial processing (Fogel 
and Tuross, J999; Kramer et aI., 20(B). We s'llggest that this was 
due to lowered water tables in this relatively small drainage 
basin. If so, this event suggests that the period 8500 to 6400 cal 
yr SP was the driest time period of the Holocene. 

Increased deposition of charcoal suggests that fires occurred 
regularly in the drainage. The topograph ic relief in the Chi
huahueiios Bog drainage basin is low-ca. 45 111 (Allen et aL in 
press)· .. with few barriers to slop fire from buming dry her
baceous planl material on the wetJand surface itself. Fire occur
rence may have also contributed to decreased ON mlios, at least 
temponuily by Increasing tile availability of inorganic nitrogen 
(C hristenscn. 197J: Neary et aL, 1999). Increased 6J5N signa
tures in soil organic matter have also been observed as il result 
of fires (Grogan el aL, 2000), potentially augmenting the trend 
in the 6 15 N record. 

Substantiating evidence for this wann and/or dry intcrval 
comes from additional sites within the Southwest. although the 
timing varies between locales. The record from Stewart Bog 
sediments in the Sangre de Cristo Mountains to the east (Ar
mour ct aI., 20(2) is most similar to that from Chihuahueiios 
Bog. There, low sedimentation rates and absence of periglacial 
activity suggest the wannest and driest Holocene conditions 
occurrcd between 9000 and 5750 cal yr SP. At Little Molas 
Lake in the San JUiln Mountains to the northwest, Holocene fire 
activity was highest ca. 7000 to 5800 cal yr SP. with sedi
mentilTY evidence indiciltlOg lowest lake levels there 6230 to 
5900 cal yr BP (Tuney and Anderson, 2(06). To the somh, dated 
packrat middens are rare or absent hum sites in soulheilst 
Arizona, soutllwcst New Mexico, and far west Texas during the 
early to middle Holocene (BetanCOlll1 et a1., 200 I ~ Holmgren 
et aI, 2003, 2006, 20eJ7). Spaulding (1991) suggested that 
midden production tracks the abundance of woody perennials, 
which in tum respond to winter precipitation. If so, the decline 
in middens from the early to the middle Holocene represents the 
most arid portion of the Holocene in the southern deserts as 
well. However, in central and north-central Arizona, maximum 
alidity may have been confmed to tbe early Holocene (Stone
man Lake; llasbargcn. J994). or persisted into the middle and 
late I-Iolocene (e.g., Montezuma Well [Davis and Shafer. 1992; 

Blinn d aI., 1994] and Potato Lakc [Anderson. 1993]). A 
shallO\'ier lake phase existed at Kaibab Plateau sites (northem 
Arizona; Weng and Jackson. 1999) somewhat later than at 
Chihuahuei'ios Bog, from 6600 to 4230 cal yr BP. 

Water tables rose by 6400 eal yr BP, allowing development 
ofa wetland dominaced by Cyperaceae with Typha (cattail) and 
Potamogetoll (Fig. 4). With increased soil moisture came the 
development of the modern mixed conifer forest, whicb 
included most of the species found around the wetland today. 
This is also confLl1ned by the C/N ratios and the bUC and (~15N 
vaJues. C/N ratios increase with respect to the ratios during 
pollen zone m and remain around 14 (ca. 4000 cal yr SP to 
present), while (jl~C and (j1.~N values remain in the range of 
values observed in terrestrial and aquatic plants (Osmond et al.. 
1981; Boon and Bunn, 1994; Meyers, 2[)03). Charcoal influx is 
greatest in the record during this time. Due to the spikecl nature 
of the record, it is likely that fires starting in the forest burned 
into the wetland on occasion. 

Though at least two Neoglacial periglacial events (ca. 5630 
and 2900 cal yr BP) and two small cirque glacial advances (ca. 
4040 cal yr SP and the Little Ice Age) were noted hy Armoul 
et al. (2002) for the south em Sangre de Cristo Mountains of 
New Mexico, changes in vegetation around Chihuahueiios Sog 
appear to have been gradual throughout the late Holocene. This 
is typified by a consistent increase over the last 6000 yr in 
pollen of Abies (Fig. 4), perhaps indicating increased winter 
precipitation from a strenglhened ENSO (Rodbell ct aI., 1999; 
May et aI., 2002: Ftiddell et aI., 2003: Rein t:t al.. 2005), and 
grcater soil moisture. Coincidcntillly, pollen of Pinus edt/lis also 
increases in the Chihuahuei'ios Bog record (fig. 4). There is no 
evidence that Pinus edrilis grew near the lake. hut this increase 
is noted at many sites within the southern Rockies (Ander,tH] 
et aI., ill press), and its representation in the pollen record of 
Chihuahueiios Bog probably reflects its expansion at elevations 
lower thiln Chihuahueiios, perhaps due to increasing winter 
insolation and temperatures (Holmgren er al.. 2(07). 

Summary and conclusions 

Little is kno\'m about the postglacial history of the mixed 
conifer forests of the Southwest, and the Chihuilhuefios Bog 
record contributes to our understanding of that important vege
tation type. This lack of knowledge is due largely to the dis
tribution of sedimentary deposits in the Southwest. For instance. 
most sites with continuous stratigraphic records come from high 
elev3tion subalpine forests where lake basllls are common. At 
lower elevations, where small lake basins are rare or absent, 
studies from pachat middens track vegetation changes. Ap
propriate sites from elevations in ben"een these two extremes 
arc rare, and long records such as from Chihuahuefios Bog in 
the mixed conifer forest are rarely preserved. 

Changes in vegetation fi'om the Chihuabuefios Bog record are 
consistent with climate models of the Holocene. Thompson et al. 
(1993) estimated annual surface temperature and other climatic 
factors using empirically derived boundary conditions huilt \vith
in a general circulation model. Duminant conclusions ofthis study 
were (l) atmospheric airflow pattems were strongly influenced by 
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the position and height ofthe Laurentide lee Sheet, which diverted 
the westerlies as much as 18 degrees latitude south oftheir present 
average position, and (2) surface ternperanlres were I to 2 °C 
higher than present in the early Holocene due to increased 
summer insolation. For large areas encompassing the southem 
Rockies. the study showed a reduced annual temperature ofca. 2··· 
6°C at 18,000 calyrBP, ca. 0.54.5 °C cooler at 12,000 calyrBP, 
essllntially modem temperatures at ca. 9000 cal yr HP, and a ca. 
0.1 OJ °C increase during the middle Holocene. Similar values 
were delelmined hy BaJ1Jcin ct a1. (1998) for the SaJlle region. 

Many leatures ofthe Chihuahueilos Bog record are concordant 
with this model. Colder temperatures certainly influenced 
development of a steppe. then Picea woodland, around the 
pond during the late glacial. Occurrence of an initial small pond 
suggests cold and wet conditions then, while the occurrence of 
Artemisia steppe suggests cold and dry conditions. We suggest 
that colder temperatures would have allowed for greater effective 
precipitation, filling the small pond, even if actual precipitation 
values were low. 

Increased swnmer insolation duting the glacial- interglacial 
transition allowed for climate wamling and expansion of species 
such as Pinus pondemsa, Pseudot~uga menziesii and Que~cus 

gambelii to higher elevations during tbe early Holocene. Higher 
summer insolation also certainly contributed [0 declining ground
water tables after 10,000 cal yr BP at Chihuahueiios Bog, which 
was not of[-.,et by any increase in summer precipitation from the 
development of the summer monsoon, Decreased effective 
precipitation culminated in max.imum drying of the wetland after 
8500 cal yr HP. It is uncleanvby the wetland would have remained 
essentially dry for over 2000 yr until ca. 6400 cal yr HP, but the 
reason must lie at least pal1ially in the shallowness of the basin and 
the small extent of the drainage area for the wetland. Declining in 
summer insolation (Kutzbach and Guetter. 1986; Kutzbach et a!., 
1993) contributed substantially to late Holocene cooling, with 
declining summer temperatures and increasing effective precipita
tion at most sites, including Chihuabuei'ios Bog, within the region. 

The fire history as deduce<! hom the charcoal influx record 
produced somc surprises here. Little charcoal early in the record 
when steppe and woodland dominated was anticipated, as was 
greater charcoal deposition during the late Holocene when mixed 
conifer forest dominated. However, the lack of charcoal during 
the early Holocene when reconstructed vegetation was dominated 
by Pinus and other conifers was unexpected. This suggests that 
fire histories from sites such as Chihuahuenos Bog may be 
complicated by changes in sedimentation and sediment type. In 
some instances, the fire record may eonsist not only of upland 
fires but those that burned across the deposit itself (Whitlock and 
Anderson, 2003; Alien ct at., in press). 

ON ratios as well as r.r'C and (i15N values of Jacustrine 
sediments, which are influenced by species composition and the 
relative inputs of autochthonous and allochthonous materials, 
were in agreement with pollen-based reconstJuctions. The com· 
bination of proxies-pollen, plant macrofossil, charcoal aml 
carbon and nitrogen stable isotopic composition-has provided 
a powerful combination of tools for paleoenvironmental ana
lysis. Even so, additional studies are needed from other sites 
within the modern mixed conifer forests of the Southwest to 

widen our knowledge ofthe histOly ofthis important vegetation 
type. 
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