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Abstract

Chihuahuefios Bog (2925 m) in the Jemez Mountains ol northern New Mexico contains one of the few records of late-glacial and postglacial
development of the mixed conifer forest in southwestern North America. The Chihuahuefios Bog record exlends to over 15,000 cal yr BP, An
Artemisia sleppe, then an open Picea woodland grew around a small pond until ca. 11,700 cal yr BP when Pinus ponderasa became established. C/N
ratios, 3°°C and 6'*N values indicale both terrestrial and agualic organic matter was incorporated into the sediment. fligher percentages of aguatic
algae and etevaled C/N ratios indicate higber lake levels at the opening of the Holocene, but a wetland developed subsequently as climale warmed.
From ca, 8500 1 6400 cal yr BP the pond desiccated in what must have been the driest period of the Holocene therc. C/N ratios declined 1o their
lowest Holocene levels, indicating intense deeomposition in the sediment, Wetter cond itions retnrmed after 6400 cal yr BP, with conversion of the site
Lo 4 sedge bog as gronmdwater levels rose. Iigher charcoal influx rates after 6400 cal yr BP probably result from greater biomass production rales.
Only minor shifts in the overstory speeies oceurred during the Holoeene, suggesting that mixed conifer forest dominated throughout the record.

© 2008 University of Washington. All rights rescrved.
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Introduction

Mixed conifer forests are one of the most common forest
types in southwestern North America, covering more than
600.000 ha in southern Coloraclo, northern Arizona and northern
New Mexico (Pase and Brown, 1982). These forests —-a mixture
of Pseudotsuga menziesii (Douglas-fir), Abies concolor (white
fir), and Populus tremuloides (trembling aspen), with Pinus
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Slexilis (limber pine), Pinus strobiformis (southern white pine)
and Pinus ponderosa—generally form a discontinuous tforest
belt between the higher subalpine zoue of Picea engelmannii
(Engelmann spruce) and Abies lasiocarpa var. arizonica {cork-
bark fir) and the lower elevation P. ponderosa forests,
Although Southwestern mixed conifer forests are important as
habitat for threatened species, watersheds for domestic and agri-
cultural water supplies, and for recreational uses, little is known
about the long-term history of these forests, incleding the in-
fluence of climate change and forest distutbance on forest charac-
teristics. This is especially true for the mixed conifer torests of the
Jemez Mountains of northern New Mexico, whicb are surrounded
by regions with rich histories of paleoenvirontnental investiga-
tion. To the south and west, numerous packrat midden studies in
the Chihuahuan (Van Devender, 1990; Elias, 1992; Elias and Van
Devender, 1992; Betancourl et al.,, 2001; Holingren et al.. 2003,
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2006, 2007) and Great Basin (Betancourt and Van Devender,
1981; Betancourt. 1990) deserts have documented low-elevation
vegetation change. To the north and west, several studies have
concentrated on vegetation history of the higher elevation sub-
alpine zone on the Colorado Plateau (Feiler etal., 1997; Anderson
et al., 1999) or southern Rockies (Petersen and Mehringer, 1976:
Fall, 1997, Vierling, 1998, and Toney and Anderson, 2006 among
others). Several others document the development of the im-
portant P ponderasa forest (Wright et al., 1973; Anderson, 1993;
Weng and Jackson, 1999). A few studies include information on
long-term fire histories in the Picea-Abies forests from sedimen-
tary charcoal (Fall, 1997; Weng and Jackson, [999; Bair, 2004;
Toney and Anderson, 2006), but these studies are lacking for the
mixed conifer torests.

Here we examine several sediment proxies-pollen, plant ma-
crofossils, charcoal, carbon to nitrogen (C/N) ratios and isotopic
("*C, '*N) signatures---from a small basin within the mixed
conifer zone of north-central New Mexico to reconstruct former
vegetation, chmate and fire regimes over the last ea. 15,000 cal yr
BP. The Chihuahuefios Bog site is important as one of only a
handful of potential sites for paleoecological reconstruetion of this
forest type. Our present knowledge from the Jemez Mountains is
limited to unpublished reports (Brunner Jass, 1999; Ensey, 1947)
and well borings ot middle Pleistocene age (Sears and Clisby.
1952: Fawecett et al.. 2007). This record is important in the
emerging synthetic picture of vegetation change over a range of
elevations in Lhe Southwest (Anderson et al., 2004, in press), a
region ot spanse but growing population. and vast recreational and
€CONOMIC interests.

(b)

(@

The Study Area

Chibuahuenios Bog (2925 m; 9600 ft) is located on the nor-
thern flank of the Jemez Mountains (Fig. 1), a range that extends
to ~3500 m elevation in north-central New Mexico. The range
is the product of collapse afier huge pyroclastic eruptions
~ 1.1 Ma, forming the present Valles Caldera (Wolfl and Gard-
ner, 1993). Mirc sediments of the bog (~ 2.3 ha) formed within a
small (<2 km?) basin with no inflowing streains. Geologic
mapping indicates that the bog occurs at eontact between Ban-
delier Tuft'on the south and a dacite hill on the north (S. Reneau,
unpublished). A spillway near the eastern periphery of the bog is
cut into bedrock ca. 2 m above the modern level ot 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 1s
probably spring fed. However, afler particularly dry wintets
(e.g., 2000 and 20006), large portions of the bog can dry out
(Allen et al.. in press).

The annual average maximum and minimum temperature
and precipitation for the Pajarito Mountain station (3158 m
[10,360 f1]: ca. 20 km SE of Chihuahuefios Bog) are 10.0 °C.
0.6 °C and 53.6 cm, respectively (hitp//weather.lanl.gav). For
Los Alamos (2256 m [7400 ft]), ca. 24 km SE ot Chihuahuerios
Bog, similar parameters are 15.5 °C, 2.5 °C, and 45.9 cm (http:/”
www,wree.driedu/summary/climsmnin ht:nl). Maximnm pre-
cipitation at both sites s recorded during the July - August
summer monsoon, when 48% of the annual total at the Pajariwo
Mountain site oecurs. Winter (Dec, Jan, Feb) is usually the
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drest scason, but spring (Apr, May, Jun) is also quite dry. At
Pararito Mountain, snow can fall in any month, but on most
years the snow-free season is from May through Octaber.

Vegetation communities in the Jemez Mountains are strongly
atfected by elevation and aspect. At the highest elevations
(ca. 2900 to 3500 m), north-facing slopes coniain forests of
Picea engelmannii 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 from ca. 2300 to 2900 m, with Pinus ponderosa, Pseu-
dotsuga menziesii, A. concolor, Populus tremuloides and Pinus
Jexilis. P. ponderosa with Quercus gambelii (Gamhel’s oak) are
more common on south-facing slopes, and dominate elevations
2100 to ca. 2600 m, while Pinus edulis (pifion)—Juniperus
monosperma or J. scopulorim (juniper) woodlands occur
between ca. 1900 and 2100 m elevation, Juniper grasslands,
dominated by J. monosperma, Artemisia tridentata (big sage-
brush), and Bowuteloua sp. occur from ca. 1600 to 1900 m, while
shrub steppe with Sarcobatus (greasewood), 4. tridentata, and
Ephedra (joint-fir) oceur at elevations below this.

Chihualiuefios Bog is located within the mixed conifer forest
and has affinities to the flora of the southern Rocky Mountains
(Foxx and Tiemey. 1985; Allen, 2004). Although the area
immediately surrounding the bog has been heavily logged in
recent years, nearly every conifer species growing in rnontane
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-
dominant conifers include Pseudotsuga menziesii, A. concolor
and A. lasiocarpa var. arizonica, Picea engefmannii and
P. pungens (blue spruce). Populus tremuloides, (). gambelil,
Arclostaphylos wva-ursi (kinnickinnick) and Juniperus camniu-
nis (common fjuniper) grow around the bog perimeter. Other
shrubs and herbs include Potentilla fruticosa (shrubby cinque-
foil), Artemisia sp., Campanula parryi (bluebells), Iris
missouriensis (ins), Fragaria sp. (wild strawberry), Castilieja
sp. (pamtbrush), Adnzennaria sp. (pussytoes) and Achillea
lanulosa (yarrow), among others. The modern surface cover
of the bog i1 dominated by sedges and grasses, including
Deschampsia caespitosa (tufted hairgrass).

Methods

The perimeter of Chihuahueios Bog was traversed and GPS
coordinates were taken every 2 m to produee a map of the bog
(Fig. 1). Steel rods were used to probe the depth of the bog. Two
cores were laken with a Livingstone corer ca. 2 m apart in the
middle of the bog where the sediments were the thickest. Core
#1 (used in this study) measured 465 cm, while Core #2
measurcd 400 cm. Cores were sampled for pollen, charcoal,
plant macrofossils. C/N ratios, "*C and "N isotopic eomposi-
tions and materials for radiocarbon dating at the Lahoratory of
Paleoecology (LOP), Northem Arizona University.

Magnetic susceptibility (MS; Sandgren and Snowball, 2001),
a measure of the tendency of sediment to carry a magnetic re-
manence, was measured with a Sapphire Instruments SI2B meter,
with an extemal coil operating at a frequency of F=800 [z MS

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

Fossil pollen samples {| em™) were taken at 15~ to 25-cm
(usually 20-cm) intervals along the length of the core. Pro-
cessing followed a moditied Faegri and Iversen (19&9) process,
including suspension in KOH, dilute HCI, IF and acetolysis
solution. A known anrount of Lycopodium spores were added
for calculation of pollen concentration. Some samples contain-
ing high silt and clay were sieved (7-um mesh). Pollen iden-
tifications were made using reference material at the LOP and
published keys (Moore et al., 1991; Kapp et al., 2000). Where
possible, Pinus grains were subdivided into subgeneric cate-
gories (Jacobs, 1985). P edufis-type included Pinus subgenus
strobus grains with verrucae on the leptoma and < 70 pum in total
length. Larger (>70 pm) 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 latter’s lack of venucue on the leptoma. Pollen slides were
scanned at 400, to a minimum pollen sum of 300 grains. The
pollen sum consisted of all terrestrial pollen types, and excluded
wetland and aquatic pollen and spores. Pollen zones were de-
fined by visual inspection of the graphed data. The complete
pollen data are deposited in the North Atnerican Pollen Data-
base (www.ngde.noaa.govspaleo/pollen.html).

For high-resolution charcoal analysis we analyzed the sedi-
mentary charcoal content of contiguous sediment samples. Se-
diment sub-samples (5 cm®) from each linear 0.5 cim 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 comesponding deposition time.

Macrofossil samples were sieved from the eore using 125-
and 850-pm mesh, then sorted and identified by comparison to
the reference collection at the LOP. Conifer genera were iden-
tified to species (except Picea) according to external and in-
ternal morphology. Pseudotsuga needle fragments were
distinguished by their flat, petiolate leaves. [dentification of
Pinus ponderosa needles was eonfirmed by the oceurrence of
two fibrovascular bundles in the needle and a triangular exterior
shape of the needle in cross-section (Harlow, 1947). Cyperaceac
(sedges) were separated by shape and size into morphotypes
(trigonous vs. lentieular, small vs, elongate).

C/N ratios, "*C and '>N compositions were measured on
approximately 1-6 mg (depending on organic matter content)
of dry and homogenized sedunent. No pretreatment to remove
the carbonate fraction of the sediment samples was performed
as prior X-ray diffraction analysis indicated the sainples were
carbonate-free. Core depths for analyses spanned from ~35 to
322 cm and samples were taken at varying intervals (~2 -
20 cm). C/N ratios and '*C and '*N contents were measured in
the Geochemistry and Geomaterials Researeh Lahoratory
(GGRL) at Los Alamos National Laboratory (LANL) using
an elemental analyzer (EuroVector) coupled to an isotope ratio
mass spectrometer run in continuous flow mode (Isoprime®).
'*C and "°N compositions are expressed as devialion in per mil
(%o) of the ratios '*C/'*C and '"N/'*N in the sample with
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Table |
Radiometne Ages for the Chiluahuefios Bog sediment core
Sie name Core [.aboratory Depth Age ("'C yr BP, sD e cal yr BP Median Calibration Dawe  Materal
number (em) o, 70y, Historie) (4) probabiliry type
(2 s.d) (used tor
gcaphing)
Chihuahueiios Boy | USC Geology 6 AD 1963 N/A N/A -13 -13 /A "*"Cs Sediment
| USC Geology 17 AD 1890 N/A N/A 60 60 N/A 4ph - Sediment
1 USC Geology 21 AD 1865 NAA N/A 85 85 N/A 29 Sedimeni
1 Beta-176475 48 -51 1320 40 ~247 1176 -1302 1254 CALIB 3.0 AMS Charcoal
1 Beta-202658 54 38 990G 40  —26.1 795- 964 902 CALIB 3.0 AMS Peal, Chiun
1 Bet-160243 101103 1840 70 -28 1601-1927 1773 CALIB 5.0 Bulk Peat
1 Beta-160244  162.5-166.1 4290 70  -28 4783-5047 4864 CALIB 5.0 Bulk Peat
! Beta-176476 184189 8130 40 -223 89969139 9070 CALIB 5.0 AMS Charcoal
1 AA-3Y836 217.7-2229 9100 61  unknown 10177-10425 10262 CALIB 5.0 AMS Sediment
i Beta-114177  340-350 11830 80 -23 13471-13876 13711 CALIB 5.0 Bulk Peat

respect (o the ratio in the Pee Dee Belemnite (PDB) standard for
carbon and atmospheric air standard for nitrogen,

5 = K}as"illlplﬁ/[esm.ndard) == 1]* 1000

where Rampte and Riandara 27€ the ratios >C/'*C or °N/'*N of
the sample and standard respectively. Precision of the mea-
surements was < § for C/N ratios and 0.1%e and 0.3%o for 3'*C
and 6'°N values, respectively.

Material for radiocarhon ages consisted either of simall
charcoal fragments or bulk sediments. Radiocarbon ages were
calibrated to calendar ages using CALIB 5.0 (Stuwver el al,,
1998). Sediment samples for *'°Pb and '*’Cs dating consisted
of whole sediment from the upper portion of the core. These
sediments were dried to constant weight in an oven at ca. 75 °C.
Three 1o 5 g of the pulverized sediments were used in the
gamma counting. Excess *'Pb and fallout '*’Cs activities
were measured non-destructively by gamma spectroimetry using
a high-resolution, low background well-type Ge detcctor (Ap-
pleby, 2001).

Results
Core lithology and chronology

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

The age model is based on a combination of *’Cs and 2'*Pb
decomposition series ages in the upper portion of the profile
and calibrated ages from seven '*C dates downcore. Maximum
'¥7Cs deposition (i.e., AD 1963--64) occurred at 6 cm depth.
Downcore to ca. 21 cm we used the *'Pb age relationship
(0.146 cm/yr). All seven '*C ages (except for Beta-176475)
occurred in stratigraphic order (Table 1; Fig. 3). Our chronology
tor most of the core consists of linear interpolation between
adjacent radiocarbon ages, using the median value of the cali-
brated age of the date.

Fossil pollen and macrofossils

Pollen Zone I (ca. 13,000 to }1.700 cal vr BP)

Pollen Zone 1 is divided into two subzones—Ia (ca. 15,000
to 14,000 cal yr BP) and Ib {ca. 14,000 to 11,700 cal yr BP).
Artemisia and Poaceae (grass) pollen dominate the percentage
diagram during zone I, but additional pollen types are important
in zone la, including Brassicaceae (mustard family), Sarcoba-
fus, and Betula (birch) (Fig. 4). Also important here are wetland
plants, including Salix (willow), Thalictrum (meadow rue) and
Sphagnum. In subzone lb, Picea pollen percentages increase,

Medlan Age (cal yr BP)

0 2000 4000 6000 8000 10000 12000 14000
0 I i n 1
100
£ 200
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@
[=]
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Figure 3. Age-depth curve for Chilmahuefios Bog core #1. Ages (diamonds) are
graphed as the mediau probability of calibrated radiocarbon years Square is
Beta-176475, which was considered too old and not used n consmuienon of
curve.
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and Picea needle fragments are first found at the transition of
Zone ta to Ib (Fig. 5). Aquatic microfossils (Pediastrum and
Botryococcus) are essentially absent during la but increase
during Ib, while the wetland pollen types listed above decline.

Pollen Zone I (ca. 11,700 to ca. 8500 cal yr BP)

Pollen Zone IT is also divided into (wo subzones - [la
{ca. 11,700 to 10,000 cal yr BP) and I1b (ca. 10,000 to 8500 cal
yr BP). Throughout the zone, Artemisia pollen percentages
decline. Though Picea percentages also decline briefly (Fig. 4)
plant macrofossils attest to its continued 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., P. flexilis or
P, strobiformis) also increases after ca. 10,500 cal yr BP. During
this zone also, Quercus pollen (Fig. 4) and Psewdotsuga 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 water (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 Nvmphaea), as well as wetland plants (Cyperaceae).

Pollen Zone Il (ca. §500 to ca. 6400 cal yr BP)

Pollen and terrestrial plant macrofossils are absent from
sediments deposited during Zone Il ume (Figs. 4 and 5). A few
plant macrofossils of Cyperaceae and Potamogeton were reco-
vered, but the numbers are reduced substantially from Zone IT
time below and Zone IV time above (Fig. 5). In addition,
indicators of a persistent water body (Pediastrum and Botryo-

269

coccus) are absent. The sediment in this core seetion 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 of intense decomposition oceur-
red during Zone 1] time.

Pollen Zone IV (cu. 6400 to present)

Pollen Zone 1V is also divided into two subzones ---[Va
(ca. 6400 to 2700 cal yr BP) and 1Vb {ca. 2700 cal yr BP to
present). Pollen of mixed conifers dominates, especially Pinus
pollen, with P ponderosa type. P. subsection strobus, and
P. edylis types increasing throughout the zone. 4bies pollen also
increases during this zone and Picea remains important. with
larger numbers of Picea and Pseudotsuga needle fragmenls
found during subzone IVb than before (Fig. 5). Quercus, Am-
brosia, and Cheno-am pollen are importam types; pollen ol
Poaceae and spores of pteridophytes are most abundant during
Zone IV time (Fig. 4). For wetland plants, Cyperaceae pollen
dominates with fvpha during subzone IVa. Pollen and plant
macrofossils of Potamogetor are common, but remains of open
water algae (Pediastrum and Botryococcus) are nearly absent,

Charcoul stratigraphy

Charcoal is extremely abundant in much of the bog sedi-
ments, oflen exceeding 10,000 particles/cm’. Charcoal was
present in all of the >1500 levels analyzed. Charcoal accu-
mulation rates (CHAR: particles/cm?/yr) were calculated for the
past ca. 14,000 yr by multiplying the charcoal concentration by
the sediment deposition rate (Fig. 2). We also calculated fire
episode frequencies (FEF’s) using the Charcoal Analysis
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Figure 3. Summary plant macrofossil data trom Chihuahuefios Bog core #1. Maerofossils are shown as presenee or absenee only. Pollen zones la to [Vb are shown on

the right.
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Figure 6, C/N ratios, 8'°C and 8N signatures of bulk sedimentary organie matter from Chiluahueiios Bog. Pollen zones Ib through IVb are indicated by dashed hnes,

Programs (CHAPS; Long et al.. 1998 Whitlock and Anderson,
2003) commonly used for records of vegetation with long fire
rofations. However, our calculations reported elsewhere (Allen
ef al . in press: Anderson et al.. in press) suggested very unrea-
listic FEF for the Chihuahuefios Bog record, 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=10 to 61 yr) (Allen et al, in press), while CHAPS
calculated latest Holocene FEF equivalent to one fire every 200
to 250 yr. We conclude that CHAR walues are probably more
appropriate for reconstructing fire history at sites where the
sampling interval is as long as, or longer than the time between
fires, such as occurs in sites within mixed conifer forest.

Charcoal particles are present in low quantities during the
carly 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 of 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
afier ca. 8000 cal yr BP, and remains abundant for the rest of
the record. During Zone 1II, when the wetland dried, charcoal
increased to moderate influx vatues (>13 particles/cm>/yr).
Influx values increase considerably to maximum values after ca.
4600 cal yr BP. Charcoal influx remains consistent, with
periodic spikes, for the remainder of the core, with the exception
of minimal charcoal values between ca. 900 and 400 cal yr BP
(Fig. 2).

Carbon and nitrogen elemental and isolopic analyses

CIN ratios

The C/N and §'"°C and §'°N records span the last ca.
13,100 years C/N ratios help determine the relative input of
lacustrine and tenestrial plants, each with characteristic values
of <10 and >20, respectively (Meyers, 2003), Chihuahuedos
Bog C/N values ranged from 8 to 19 (Fig. 6). In the earliest
section of the C/N record (ca. 13,000 to 11,700 cal yr BP, pollen
zone Ib), ratios indicate a mixture of inputs to sedimentary
material from lacustrine algae and terrestrial plants, During
pollen zones 1T and IIT (ca. 11,700 to 6400 cal yr BP), C/N ratios
fluctuate between values for these two end members with lowest

values found in zone III (ca. B500 to 6400 cal yr BP). By the
time of pollen zone IV (ca. 6400 cal yr BP to present), C/N
ratios increase from a value of~11 to 14 indicating the increased
input of terrestrial organic matter relative to zone I11.

3"C values of bulk sedimentary material

8"C values are important in detennining the relative inputs
frown different plant groupings (Mevers. 2003: Osmond et al..
198 1: Boon and Bunn. 1994); these ranged from —21.8 to
—28.0%0 (Fig. 6) with heavier (less negative) values in the
earliest section of the core in pollen zones Ib and ITa (ca. 13,000
o 10,600 cal yr BP). A shift towards the charactenstic values of
lacustrine algae and C4 plants (Table 2) is observed by the end
of zone lla and during zone [Ib (ca. 10,000 to 8500 cal yr BP)
followed by a slight increase in the signatures during zone III
(ca. 8500 to 6400 cal yr BP). From ca. 6000 cal yr BP to the
present, the 8'*C averages ~—27.0%s, well within the range
characteristic of C; land plants and lacustrine algae.

8N values of bulk sedimentary muterial

8'*N values are also important in differentiating terrestrial
and aquatic plant inputs, and these ranged from -~ 1.3 10 4.2%
(Fig. 6) with lighter values (more negative) observed n the
earliest section of the core (ca. 13,000 to 9000 cal yr BP). During
polien zone [b (ca. 13,000 to 11,700 cal yr BP), 5'*N values start
around 0%o, within the typical range of terrestrial plants and
characteristic as well of the photosynthetic cyanobacteria
(Meyers, 2003). During pollen zone II (ca. 11.700 to 8500 cal
yr BP) 8"*N values become slightly lighter, reaching a value of
= 1.29%o (ca. 9200 cal yr BP). An abrupt shift is observed during
pollen zone III (ca. 7000 cal yr BP) to the heaviest value of

Table 2
Potential mnge of ' *C values ol organic marer sources of sedimentary malerial

Orgunic matter source 817C signature

Ca planls - 25%a to —30%”
Cy4 plants = 11%o to ~~15%a"
Aquatic plants (includes emergent, submerged and floating) ~ 10%e ta -+ 50%: "
l.acustrine algae - 25%0 10 - 30%e "

¢ Meyers (2003).
Y Osmond et al, (198 1): Boon and Bunn (1994).
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4.2%0. From ca. 6000 cal yr BP to the present, 8'°N values
approach values of~1%o, close to the average value of terrestrial
plants.

Discussion

Although the mixed conifer forest is an important ecosystem
in northern New Mexico, and especially in the Jemez Moun-
tains, virtually nothing is known about the postglacial history of
torest development in the region. One reason is the lack of
suitable sites—Ilakes are rare in this arid landscape, and most of
those have aecunulated sediment only over the last fcw mil-
lennia (Ensey, 1997). The record from Chthuahueiios 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 cxisled on the highest elevations
of the Sangre de Cristo range to the east (Porter et al., 1983).
Two dates constrain deglaciation there, including ca. 14,100 cal
yr BP (12,160=40 '"*C yr BP; Jicarita Bog, Bair, 2004) and
14.000 cal yr BP (12,120%95 '4C yr BP; Stewart Bog, Anmour
et al.. 2002). Further to the north, treeline in the southern
Rockies was ca. 500 m lower in clevation, with alpine plants
found today above 3300 m occupying areas below 2800 m, and
modem subalpine forests (ca. 3300 to 2700 m elevation) grow-
ing below 2300 m (Maher, 1961; Legg and Baker, 1980;
Markgraf and Scott, 1981). Late-glacial winters were colder
with increased winter precipitation, and summers were drier
than today (Vierling, 1998; Markgraf and Scott, [1981;
COHMARP, 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.
During the late-glacial period, low pollen concentrations 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 are absent carly in the
sequence, but the 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. Prior to 14,000 cal yr BP, the pond was
generally unproductive, but establishinent of aquatic macro-
phytes after this time suggests greater productivity then. This
early Picea parkland period encompasses the Balling-Allcred
and Younger Dryas climatic oscillations. While hypothesized to
have occurred at other locations in the southern Rockies (Me-
neuneos and Reasoner, 1997; Reasoner and Jodry., 2000) and
Sangre de Cristo Mountains (Armour et al.. 2002) these climatic
fluctuations are not obvious in the Chihuabuefios 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
C/N ratios and §"*C and 8"°N records, pollen zone Ib and Ila
inctude a mixture of terrestrial and aguatic inputs. Heavy 8'*C
values could be derived from a combination of sources. Pre-
sence ol 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 "*C signatures
(Farquhar et al., 1982; Farquhar and Richards, 1984) (for ins-
tance, modern specimens of Artemisia collected locally at lower
elevation on the Pajarito Plateau have '*C values of ~~23%u)
could contribute to these values. A third explanalion includes
enhanced aquatic productivity (Hodell and Schelske, 1998
Breaner et al., 1999; Meyers, 2003). Major changes in these
parameters occur during pollen zone Ila (ca. 11,700 to
10,000 caf yr BP). Similarly, §'°N values around 0.0%6 during
pollen zone Ib and [la could indicate, in addition to terrestrial
inputs, enbanced aquatic productivity in the shallow pond, as
evidenced by the abundance of algae species (Pediastrum and
Bowyococcus) accompanied by discrimination against the
heavy isotope by algae in a nitrogen-dch environment (Wada
and Hattori, 1976; Boyle, 1993; Hodell and Schelske, 199&:
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 (c.g. some species of Potamageton can have ' °N signa-
tures as low as 0.0%e; Boon and Bunn, 1994) and/or the
presence of nitrogen-fixing cyanobacteria, although we lack
evidence for this.

Warmer conditions duting the earliest Holocenc in the sou-
thern Rockies led to upward elevational shifts by subalpine
conifers there (Elias el al.. 1991). Some authors have suggested
wetter conditions at this time as well (e.g., Andrews etal., 1975:
Petersen and Mehringer, 1976: Petersen, }981). By about
11,500 cal yr BP at Chihuahuenios Bog, the decline in Artemisia
and Poaceae suggests that Picea parkland was invaded by Pinus
(either P ponderosa or P. contoria). No plant macrofossils of
either species were recovered, but establishment of 2. ponderosa
would be consistent with other sites in the Southwest (Anderson.
1989, 1993: Weng and Jackson, 1999; Anderson et al., 2000),
and the occurrence of Quercus (probably Q. gembelii)—a
common co-dominant today m P. ponderosa forests of the
region (Dick-Peddi¢, 1993) s also supportive. With the cx-
pansion of other white pines (perhaps £ flexilis or strobiformis)
by 10,500 cal yr BP, followed by Pseudotsuga by 10,000 cal yr
BP, caine the establishment a of mixed conifer forest around the
pond. Fire may have been relatively unimportant during this
transition, judging from low charcoal influx values. Altemna-
tively, processes inhibiting deposition of charcoal at the coring
site rmay have prevailed.

Several studies (Anderson, 1989; Betancourt, 1990; Toney and
Anderson, 2006) have suggesled that expansion of £ ponderosa
resulted from expansion of the summer monsoon with increased
summer moisture. More direct evidence comes from changes in
wood cellulose deuterium, with more positive deuterium values in
the early Holocene, indicating a southerly source for precipitation
(Friedman et al., 1988). At Chihuahuefios Bog, the increase in
aquatic algae suggests wetter conditions. The presence of both
Pediastrum and Botryococcus during this transition (ca. 11,700
to 10,000 cal yr BP) is accompanied by elevated C/N ratios given
the high C content in those algae species (Banerjee et al.. 2002:
Metzger and Largeau, 2005). 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 (Jsoetes and Chara), then by the shallow-water floating-
leaved aquatics (Nuphar, Nymphaea) and wetland sedges. C/N
ratios may be indicative of increased terrestrial inputs to the
sediments. 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 carly Holocene.

By 8500 cal yr BP. however, fossil and sedimentary cvidence
suggests that the wetland dried out nearly completely for over
2000 yr. C/N ratios reached the lowest value (8) and ¢'*C and
31°N signatures became enriched hy 0.9 and 5.52%, respec-
tively. The decrease in C/N ratios is consistent with a period of
deeomposition (Chen et al., 2003), which would have enhanced
C loss from accumulated organic matier. Decomposition could
also potentially enrich the 6"*C and ¢'*N signatures of the
remaining organic matter due to microbial processing (Fogel
and Tuross, 1999; Kramer et al., 2003). We suggest that this was
due to lowered water tables 1o this relatively small drainage
basin. If so, this event suggests that the period 8500 to 6400 cal
yr BP was the driest time period of the Holocene.

Increased deposition of charcoal suggests that fires occurred
regularly in the drainage. The topographic reliet in the Chi-
huahuefios Bog drainage basin is low—ca. 45 m (Allen etal., in
press)- - with few barriers to stop fire from buming dry her-
baceous plant material on the wetland surface itself. Fire occur-
rence inay have also contributed to decreased C/N ratios, at least
temporarily by increasing the availability of inorganic nitrogen
(Christensen, 1973; Neary et al,, 1999). Increased 6'°N signa-
tures 1n soil organic matter have also been observed as a result
of fires (Grogan et al., 2000), potentially augmenting the trend
in the &'°N record.

Substantiating evidence for this warm and/or dry intcrval
comes from additional sites within the Southwest, although the
timing varies between locales. The record from Stewart Bog
sedirments in the Sangre de Cristo Mountains to the east (Ar-
mour et al., 2002} is most similar to that from Chihuabuefios
Boyg. There, low sedimentation rates and absence of periglacial
activity suggest the wannest and driest Holocene conditions
occurred between 9000 and 3750 cal yr BP. At Little Molas
Lake in the San Juan Mountains to the northwest, Holocene fire
activity was highest ca. 7000 to 5800 cal yr BP. with sedi-
mentary evidence indicating lowest lake levels there 6230 to
5900 cal yr BP {Toney and Anderson, 2006). To the south, dated
packrat middens are rare or absent from sites in southeast
Arizona, southwest New Mexico, and far west Texas during the
early to middle Holocene (Betancourt et al., 2001; Holmgren
et al, 2003. 2006, 2007). Spaulding (1991) suggested that
midden production tracks the abundance of woody perennials,
which in turn respond to winter precipitation. If so, the decline
in rmiddens from the early to the middle Holocene represents the
most arid portion of the Holocene in the southern deserls as
well. However, in central and north-central Arizona, maximum
aridity tnay have been confined to the early Holocene (Stone-
man Lake; Hasbargen. 1994). or persisted into the middle and
Jate Holocene (e.g., Montezuma Well [Davis and Shafer. 1992;

Blinn et al., 1994] and Potato Lake [Anderson. 1993]). A
shallower lake phase existed at Kaibab Plateau sites (northern
Arizona, Weng and Jackson, 1999) somewhat later than at
Chihuahuenios Bog, from 6600 to 4230 cal yr BP.

Water tables rose by 6400 eal yr BP, allowing development
of a wetland dominared by Cyperaceae with Typha (cattail) and
Potamogeron (Fig. 4). With increased soil moisture came the
development of the modern mixed conifer forest, which
included most of the species found around the wetland today.
This is also confirmed by the C/N ratios and the 6'*C and §'°N
values. C/N ratios increase with respect to the ratios during
pollen zone IIT and remain around 14 (ca. 4000 cal yr BP to
present), while 6"*C and §'*N values remain in the range of
values observed in terrestrial and aquatic plants (Osmond et al.,
1981; Boon and Bunn, 1994; Meyers, 2003). Charcoal influx is
greatest in the record during this time. Due to the spiked 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. 3630
and 2900 cal yr BP) and two small cirque glacial advances (ca.
4040 cal yr BP and the Little Ice Age) were noted hy Armow
et al. (2002) for the southerm Sangrc de Cristo Mountains of
New Mexico, changes in vegetation around Chihuahuefios Bog
appear 10 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 strengthened ENSO (Rodbell et al., 1999,
Moy et al., 2002: Friddell et al., 2003: Rein vt al.. 2005), and
greater so1l moisture. Coincidentally, pollen of Pinus edulis also
increases in the Chihuahuefios Bog record (Fig. 4). There is no
evidence that Pinus edulis grew near the lake. hut this increase
is noted at many sites within the southern Rockies (Anderson
et al.,, in press), and its representation in the pollen record of
Chihuahuefios Bog probably reflects its expansion at elevations
lower than Chihuahueiios, perhaps due to increasing winter
insolation and temperatures (Holmgren et al.. 2007).

Summary and conclusions

Little is known about the postglacial history of the mixed
conifer forests of the Southwest, and the Chihuahuefios 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
elevation subalpine forests where lake basing are common. Al
lower elevations, where small lake basins are rare or absent,
studies from packrat middens track vegetation changes. Ap-
propriate sites from elevations in between these two extremes
are rare, and long records such as from Chihuahuefios Bog in
the mixed conifer forest are rarely preserved.

Changes in vegetation from 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 with-
ina general circulation model. Dominant conclusions of this study
were (1) atmospheric airflow pattems were strongly influenced by
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the position and height ofthe Laurentide lce Sheet, which diverted
the westerlies as much as 18 degrees latitude south of their present
average position, and (2) surface temperatures were | to 2 °C
higher than present in the early Holocene due to increased
surnmer insolation. For large areas encompassing the southem
Rockies. the study showed a reduced annual temperature ol ca. 2 -
6°C at 18,000 cal yr BP, ca. 0.5 4.5 °C cooler at 12,000 cal yr BP,
essentially moden temperatures at ca. 9000 cal yr BP, and a ca.
0.1- 0.3 °C increase during the middle Holocene. Similar values
were deternuned hy Bartlein ct al. (1998) for the same region.

Many features of the Chihuahuefios 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 eflective
precipitation, filling the small pond, even if actual precipitation
values were low.

Increased summer insolation dunng the glacial- interglacial
transition allowed for climate warming and expansion of species
such as Pinus ponderosa, Pseudotsuga menziesii and Quercus
gambelii to higher elevations during the early Holocene. Higher
summer insolation also certainly contributed to declining ground-
water tables after 10,000 cal yr BP at Chihuahuerios Bog, which
was not offset by any increase in suminer precipitation [roin the
development of the suminer monsoon. Decreased effective
precipitation culminated in maximum drying of the wetland after
8500 cal yr BP. 1t is unclear why the wetland would have remained
essentially dry for over 2000 yr until ca. 6400 cal yr BP, but the
reason must lie at least partially in the shallowness of the basin and
the small extent of the drainage area for the wetland. Declining in
sumimer insolation (Kutzbach and Guetter. 1956; Kutzbach et al.,
1993) coutributed substantially to late Holocene cooling, with
declining summer temperatures and increasing e ffective precipita-
tion at most sites, including Chihuahuefios Bog, within the region.

The fire history as deduced from the charcoal influx record
produced some surprises here. Little charcoal early in the record
when steppe and woodland donunated 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 Chihuahuefios 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 itsel[ (Whitlock and
Anderson, 2003; Alien ct al,, in press).

C/N ratios as well as 8'°C and 8'°N values of lacustrine
sediments, which are influenced by species composition and the
relative inputs of autochthonous and allochthonous materials,
were in agreement with pollen-based reconstructions. The com-
bination of proxies—pollen, plant macrofossil, charcoal and
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 of the history of this important vegetation
type.
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