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Stream Water Chemistry along

an Elevational Gradient from the
Continental Divide to the Foothills
of the Rocky Mountains

Small changes in the flux of energy, chemicals, and water to mountain catchments may invoke
large changes in the local climate, ecosystem dynamics, and water quantity and quality. The
Landscape Continuum Model (LCM) was developed in part to improve our understanding of
how high-elevation ecosystems might respond to future perturbations. We sampled water
chemistry along the main stem of Boulder Creek in the Colorado Front Range from the foothills
to the Continental Divide, along with four headwater catchments, to address two questions:
(i) Is there value in extending the LCM concept to lower-elevation headwater catchments?
(ii) Is a “space-for-time” substitution along an elevational gradient appropriate when there
are changes in ecosystem type? Our results show that the hydrochemistry of headwater
catchments along the elevational gradient of Boulder Creek was different when compared to
the main stem. Headwater catchments amplified the fluxes of inorganic and organic solutes
when compared with sites at similar elevations along the main stem of Boulder Creek, consis-
tent with the LCM. Our results also suggest a space-for-time substitution along an elevational
gradient is warranted for at least some biogeochemical processes when there is a switch
from the snow to rain transition in annual precipitation. For example, the high concentrations
of base cations and dissolved organic carbon in the foothills catchment when compared with
higher elevation catchments is consistent with increased rates of biogeochemical cycling with
increasing air temperature at lower elevations. However, the low-elevation catchment had a
lower specific discharge than other catchments with similar annual precipitation, but higher
percentages as snowfall, resulting in decreased fluxes of these products.

Abbreviations: ALB, Albion site; ANC, acid-neutralizing capacity; BAR, Barker Reservoir site; BC-CZO, Boul-
der Creek Critical Zone Observatory; CC, Como Creek site; BET, Betasso site; DIN, dissolved inorganic ni-
trogen; DOC, dissolved organic carbon; DOM, dissolved organic matter; DON, dissolved organic nitrogen;
EEMs, excitation—emission matrices; Fl, fluorescence index; GG, Gordon Gulch site; GL4, Green Lakes 4
site; GL5, Green Lake 5 site; HPOA, hydrophobic organic acids; LCM, Landscape Continuum Model; LTER,
Long-Term Ecological Research; MAG, Magnolia site; NADP, National Atmospheric Deposition Program;
NAV, Navajo site; NCAR, National Center for Atmospheric Research; NED, Nederland site; NWT LTER, Niwot
Ridge Long Term Ecological Research site; ORO, Orodell site; RK, Rocky Knob site; RR, Ridge Road site; SUVA,
specific UV absorbance; VWM, volume-weighted mean; WSF, Watershed Flume site.

Human-driven alterations of the global environment—including changes to
climate, atmospheric composition, nutrient cycles, hydrologic cycling, and ecosystem struc-
ture—are now pervasive throughout the world, and accelerating (c.g., Steffen et al., 2007;
IPCC, 2007; Galloway et al., 2008; Rockstrom et al., 2009). While such changes have
brought substantial benefits to humanity (e.g., Smil, 2001; Kareiva et al., 2007; Townsend
and Howarth, 2010), they are often accompanied by increasingly detrimental outcomes
for both people and ecosystems (Galloway et al., 2008; Carpenter et al., 2009), including
those in and around mountain ecosystems (Bowman and Steltzer, 1998; Williams and
Tonnessen, 2000; Bowman et al., 2006). Indeed, while some remote portions of high-cle-
vation ecosystems manage to avoid direct transformation via land use change (Bourgeron
etal., 2009), taken as a whole, alpine tundra and montane forests have been identified
as particularly sensitive to, and impacted by, an array of human-induced environmental

changes that currently challenge society (IPCC, 2007; Williams et al., 2002).

Small changes in the flux of energy, chemicals, and water to mountain catchments may invoke
large changes in climate, ecosystem dynamics, and water quantity and quality (Williams
et al., 2002). The presence of a seasonal snowpack in mountain environments may amplify
climate signals because of the storage and release of liquid water, solutes, and particulates
from the seasonal snowpack (Seastedt et al., 2004). Moreover, meteorological, hydrologi-
cal, cryospheric, and ecological conditions change greatly over relatively short distances in
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mountain areas because of their rugged terrain, and thus the bound-
aries between these systems are sensitive to small environmental
changes (e.g., Erickson et al., 2005). The harsh conditions charac-
teristic of these environments suggest that organisms in mountain
ecosystems are on the razor’s edge of tolerance (Williams et al., 1998).
Consequently, organisms—and the biogeochemical processes medi-
ated by them in high-elevation catchments—are notably vulnerable
to small changes in climate and other environmental parameters
(Williams and Tonnessen, 2000; Bowman et al., 2006). As a result,
it is urgent that we improve our understanding of how hydrologic
processes and biogeochemical cycling in mountain catchments will
respond to a combination of changes in climate and by atmospheric
deposition of pollutants such as dissolved inorganic nitrogen (DIN
=NH,*+NO;").

Climate change will almost certainly reduce the depth, duration,
and distribution of the continental snowpack at mid-latitudes, as
well as perennial cryosphere features such as glaciers (Vergara et
al., 2007) and permafrost. There is good evidence that warming
has already modified snowpack, especially at elevations where the
snowpack is maintained at a relatively high temperature (Mote,
2006; Nolin and Daly, 2006). In fact, snow cover decreased during
the interval from 1966 to 2005 across the entire northern hemi-
sphere, except in November and December (IPCC, 2007). Results
from a recent study by Clow (2010) indicate that even the moun-
tains of Colorado, with their high elevations and cold snowpacks,
are experiencing substantial shifts in the timing of snowmelt and

snowmelt runoff toward earlier in the year.

Moreover, due to their close proximity to the Denver-Boulder met-
ropolitan region and agricultural areas to the cast, high-elevation
watersheds in the Colorado Front Range are exposed to dispropor-
tionately high rates of inorganic N deposition (Baron et al., 2000;
Heuer et al., 2000; Williams and Tonnessen, 2000). The aquatic
and terrestrial systems in these areas are particularly sensitive to
even small changes in N deposition due to relatively sparse vegeta-
tion, thin soils, and short growing seasons (Suecker et al., 2000;
Kuhn, 2001). As a result, alpine areas are already experiencing
shifts in ecosystem structure and function (Seastedt et al., 2004).
More specifically, historically N limited high-elevation ecosystems
are approaching the initial stages of N saturation, fundamentally
transforming the biogeochemical cycles that are integral to eco-
system health (Williams et al., 1996a). It is becoming increasingly
important to more fully understand how the hydrological and bio-
geochemical cycles of these mountain landscapes respond to two
major drivers of global change: increased inorganic N deposition

and changes in climate.

To gain a better understanding of how mountain ecosystems are
potential bellwethers of climate change, it is important to out-
line a conceptual model of how these high-clevation ecosystems
accumulate and redistribute both exogenous material derived from

the atmosphere and endogenous material that comes from the

mountains themselves. Several studies have proposed such models,
recognizing that changes in water and nutrient inputs rarely occur
in a uniform fashion across the ecosystem. While some researchers
emphasize the spatial heterogeneity in topography (Billings, 1973)
and soil development (Burns and Tonkin, 1982) in determining
zones of accumulation and redistribution, others more explicitly
address physical transport via fluvial networks (Vannote et al.,
1980) and material spiraling (Fisher et al., 1998).

Perhaps the most appropriate conceptual model for high-elevation
ecosystems, the Landscape Continuum Model (LCM), was devel-
oped by Seastedt et al. (2004) to predict zones of nutrient pooling
in both alpine and subalpine areas of a headwater catchment in the
Colorado Front Range. The LCM emphasizes the downward trans-
fer of water and nutrients via physical transport vectors such as
rivers, wind, rockslides, and avalanches. The unique spatial hetero-
geneity of landscape cover within the watershed then determines
where inorganic and organic matter is likely to accumulate or be
exported further downstream. In particular, the LCM predicts
that in response to increased N deposition, high-elevation head-
water catchments along the Colorado Front Range should exhibit
high concentrations of nitrate (NO;~) and low concentrations of

dissolved organic carbon (DOC).

Past research conducted at the Niwot Ridge Long-Term Ecological
Research (LTER) station (Niwot Ridge Long-Term Ecological
Research Program, 2009) has validated the LCM conceptual model,
finding that stream water yields of NO;™ decrease moving down
an elevational gradient from alpine to subalpine portions of the
catchment (Hood et al., 2003a). In contrast, concentrations and
yields of DOC are low at higher alpine elevations at Niwot Ridge
and consist primarily of autochthonous parent material (Hood et
al., 2003b, 2005), also consistent with the LCM. These and other
findings (Heuer et al., 1999; Baron et al., 2000; Campbell et al.,
2000) have demonstrated the unique manner in which alpine
headwater catchments accumulate or export water and nutrients
and how increased N deposition alters the biogeochemical cycles of
these fragile ecosystems. Additionally, the mechanisms and effects
of N saturation in temperate ecosystems have been widely studied
in the northeast United States (Aber et al., 1989, 1998; Boxman et
al., 1998; Goodale et al., 2000). However, little research has been
conducted evaluating stream water nutrient concentrations alonga
continuous elevational gradient extending from the alpine through
the montane zone. Hood et al. (2003a) demonstrated that land-
scape controls (soil and vegetation characteristics) play an integral
role in determining the fate of exogenous and endogenous mate-
rial, but we do not have a firm understanding of how land cover
distribution in different headwater catchments along a altitudinal
gradient may impact how nutrient cycles behave.

Often it is taken as a given that climatic change at high-clevation
sites will reflect those of lower elevations. The environmental

gradients associated with mountain environments suggest that
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space-for-time substitutions may provide insights on how future
changes in climate may affect the local hydrology and ecology. In
the space-for-time approach, changes in climatic conditions are
simulated by comparing areas that naturally differ in their climatic
regimes (Fleischer and Sternberg, 2006). Natural climatic gradi-
ents created by altitude, topography, temperature, and rainfall
variations can provide a useful framework for studying the effects
of climatic changes (Diaz and Cabido, 1997; Kutiel et al., 2000;
Dunne et al., 2004).

This study combines two traditional conceptual frameworks:
the physical transport controls common in hydrological models
and the biogeochemical perspective that emphasizes substrate
constraints on reaction potential. By combining these two
frameworks, we can gain insight as to how hydrological and bio-
geochemistry processes interact at the catchment scale. Here we
evaluate solute concentrations and fluxes along an elevational
gradient in the Boulder Creek Drainage of the Colorado Front
Range. Our objectives are twofold: (i) Is there value in extend-
ing the LCM concept to lower-clevation headwater catchments?
(ii) Is there valuable information in a space-for-time substitution
along an elevational gradient when there are changes in eco-
system type? To address these two objectives, we evaluate the
following hypotheses:
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* Solute concentrations and fluxes in headwater catchments along
an elevational gradient are similar to those along the main stem
of the watershed.

* Changes in vegetation cover and soil development with eleva-
tion prevents a space-for-time substitution of the effects of
climatic changes.

¢ The character of dissolved organic matter changes across an ele-
vational gfradient in a predictable fashion from more labile types
at high elevation to more recalcitrant types at lower elevations.

¢ Site Description

The Boulder Creck Watershed is about 1160 km? in area and drains
the Colorado Front Range from the Continental Divide (4120 m)
to the eastern plains (1480 m) (Fig. 1). The watershed is located
within two physiographic provinces. The upper basin, defined on
the west by the Continental Divide, is part of the Southern Rocky
Mountain Province and is characterized by steeply sloping valleys.
The lower basin, defined on the west by the foothills of the Rocky
Mountains, is part of the Colorado Piedmont Section of the Great
Plains Province, and slopes gently to the northeast (Worcester,
1960). Here we focus on the mountainous upper basin, which is
sparsely populated; the largest community is Nederland, with a
year 2000 census population of 1394.
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Fig. 1. Map of Boulder Creck watershed with main stem stream sampling locations (triangles), headwater stream sampling locations (stars) and climate
station sites (circles). Arcas shaded in green are forested. The clevational cross-section of Middle and North Boulder Creeks indicates the location of the
four primary climatic zones and the representative headwater stream sampling site.
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The upper basin is underlain by primarily Precambrian sili-
ceous metamorphic and granitic rocks (Murphy et al., 2003).
These rocks consist of gneisses and schists (1800 million yr
old) that were intruded by the Boulder Creck Grandodiorite
(1700 million yr old) and the Silver Plume granite (1400 mil-
lion yr old). Alpine tundra lies above a lower elevation of 3500
m and is sparsely vegetated with perennial forbs and grami-
noids. The subalpine zone (3500-2700 m) is dominated by
Engelmann spruce (Picea engelmannii Parry ex Engelm.), sub-
alpine fir [dbies lasiocarpa (Hook.) Nutt.], limber pine (Pinus
flexilis E. James), and lodgepole pine (Pinus contorta Douglas
ex Loudon), with some aspen (Populus tremuloides Michx.),
willow carrs, and peat fens. The montane zone (2700-2400
m) is dominated by Pinus ponderosa P. Lawson & C. Lawson
on south-facing slopes, while the cooler north-facing slopes
are a Pinus ponderosa—Pinus contorta mix. The foothills zone
(2400-1800 m) is composed primarily of Pinus ponderosa and
Pinaceae pseudotsuga Carri¢re. The headwater region is con-
sidered the area upstream of the Peak-to-Peak Highway to the
Continental Divide and includes both the alpine and subal-
pine zones. This area differs from the montane and foothill
zones by: (i) having been glaciated during the Pinedale and
Bull Lake glaciation events and (ii) having lower amounts of
soil organic matter (12—14 kg m~2) than montane and foothill
zones (14-16 kg m~2; Kinner, 2003).

Ten sites along North and Middle Boulder Creeks were sampled
weekly to biweekly during the ice-free season in 2009. The high-
est clevation sites Navajo (NAV), Green Lake 5 (GL5), Albion
(ALB), and Watershed Flume (WSF) are along North Boulder
Creck within the Niwot Ridge Long Term Ecological Research
site (NWT LTER). These sites span the alpine and subalpine,
ranging in elevation from 3620 m to 2693 m. Five additional
sites are located along Middle Boulder Creek; Nederland
(NED), Barker Reservoir (BAR), Ridge Road (RR), Rocky
Knob (RK), and Magnolia (MAG) and span an altitudinal gra-
dient from 2508 m (NED) to 2229 m (MAG). Orodell (ORO)
is located downstream of the confluence of Middle and North
Boulder Crecks at an elevation of 1779 m. Importantly, while
these sites lic along two adjacent branches of Boulder Creek, the
Middle and North Boulder Creck watersheds are very similar
in land use and land cover,
geology, clevation range, and
size (Kinner, 2003). These
sites are thus located along

the main hydrological axis

of Boulder Creek.

Site Abbreviation Elevation
We also sampled four head- m
water catchments of Boulder =~ GreenLake4  GL4 3550
Creck along this elevational ~ ComoCreck  CC 2910
gradient. Waters drain-  GordonGulch GG 2588
ing these catchments were  Betasso BET 1810

sampled for the same parameters as along the main stem, and
supplemented with additional analyses of the quality of dissolved
organic matter (DOM). The glaciated headwater area consists of
two catchments, the alpine Green Lake 4 (GL4) basin and the
subalpine Como Creek Basin. GL4 is 225 hain area (Table 1) and
is characterized by a continental climate with a mean annual tem-
perature of —3.8°C and annual precipitation of about 1000 mm
(Williams et al., 1996b), 80% of which falls in the form of snow
(Caine, 1996). Niwot Ridge forms the northern boundary of the
basin, where climate stations and other instruments are operated
by the NWT LTER program. The GL4 catchment was glaciated
during the Pleistocene and contains glacial and periglacial fea-
tures such as rock glaciers, along with a string of paternoster-type
lakes. Exposed bedrock makes up 29% of the basin area, talus
33%, vegetated soils 29%, the Arikaree glacier 4%, and there are
two lakes in the basin (5%) (Erickson et al., 2005). The entire
valley is contained within the City of Boulder Watershed, and
public access has been restricted for the past 80 yr, resulting in
a relatively pristine watershed, protected from recreational dis-
ruption. Como Creek (CC) originates on the southeast flank of
Niwot Ridge approximately 8 km east of the Continental Divide
(Fig. 1). The catchment falls within the Niwot Ridge Biosphere
Reserve and ranges in elevation from 2900 to 3560 m, with an
area of 664 ha (Table 1). The mean annual temperature is about
4°C, and mean annual precipitation is 800 mm (Monson et al.,
2002). In contrast to GL4, a large part of the Como Creck catch-
ment lies atop Pinedale and Bull Lake glacial till, resulting in
thin soils on top of the glacial till. A weir is located at the mouth
of the basin at an elevation of 2900 m. Importantly, the subal-
pine Como Creck watershed differs from the nearby alpine Green
Lakes Valley in two geomorphic respects: (i) there are no lakes in
the catchment, and (ii) there is no talus, exposed bedrock, steep

cliffs, or rock glaciers.

The nonglaciated portion of the upper basin of Boulder Creek is
now part of the Boulder Creek Critical Zone Observatory (BC-
CZO). Gordon Gulch (GG) is a montane ecosystem, 101 ha in area,
and lies within the Arapahoe National Forest and joins North
Boulder Creck approximately 16 km below Green Lakes Valley
(Fig. 1). This site lies within the low relief post-Laramide surface
below the glacial limit (Bradley, 1987). Weathered rock profiles

Table 1. Site characteristics of the four headwater catchments, with site abbreviation, elevation at the basin outlet,
catchment area, dominant landscape type with percentage of forest cover, mean annual air temperature, mean
annual precipitation, and percentage of precipitation that falls as snow. Mean air temperature and precipitation
values are 10-yr averages from 1998 to 2008.

Catchment Landscapetype  Meanannual = Meanannual Precipitation that

area (Forest cover) air temperature precipitation  falls as snow
ha L@ mm %
221 Alpine (0.09%) 3.7 1000 85
664 Subalpine (81%) 3.9 800 70
101 Montane (68%) 4.0 456 59
45 Foothills (55%) 107 475 <20

www.VadoseZoneJournal.org | 903



up to 15 m thick are found in this slowly evolving landscape
(Isherwood and Street, 1976; Dethier and Lazarus, 2006). The
lowest sample site, Betasso (BET) is 45 ha in area and representa-
tive of a foothill montane environment with steep forested slopes
composed primarily of Pinus ponderosa and Pinaceae psendotsuga,
drained by an intermittent stream, and with numerous rock out-
croppings. These steep slopes were formed over the last ~5 million
years by renewed bedrock channel incision progressing headward
from the plains, cutting into the post-Laramide surface (Anderson
etal.,, 2006). This area is situated in the lower portion of Boulder
Canyon, approximately 10 km west of the city of Boulder (Fig. 1).

The Colorado Front Range and the nearby plains host a number
of National Atmospheric Deposition Program (NADP) sites
along an clevational gradient. There are three NADP sites in the
Boulder Creck Drainage: CO02 at 3520 m, CO90 at 3015 m, and
CO9%4 at 2524 m. About 50 km north are three additional sets of
NADP sites: Loch Vale at 3159 m, Beaver Meadows at 2477 m, and
Pawnee at 1641 m. These NADP sites allow us to evaluate the rela-
tionship between elevation and annual DIN deposition in wetfall.

¢ Methods

Climatology

Climate data has been recorded at the D1 and C1 stations on
Niwot Ridge since the early 1950s (Williams et al., 1996b). D1
is located in alpine tundra at an elevation of 3700 m, 2.6 km
from the Continental Divide. The C1 climate station is located
in a subalpine forest at an elevation of 3005 m, 9.7 km east of the
Continental Divide. Climate data for GG is represented by the
Gross Reservoir station at an elevation 0of 2309 m, and compiled
from the Western Regional Climate Center (Western Regional
Climate Center, 2009). For BET, we used the climate data
compiled from the National Center for Atmospheric Research
(NCAR) climate station (1670 m), which has continuous mea-
surements since 1893. For all climate station sites, we report
the 2009 annual precipitation and mean annual temperatures
and compare 2009 to the 10-yr average from 1998 to 2008.
As participants in the NADP program (National Atmospheric
Deposition Program, 2009), we also partition precipitation into

either snow or rain.

Stream Sampling

Within the headwater catchments stream samples were collected
weekly during the ice-free season from about 1 May to October in
GLV and CC, while at GG and BET samples were collected weekly
from April to July 2009 and biweekly during the later summer
and fall (August—October 2009). From May to October 2009,
samples from Middle Boulder Creck were collected every 2 wk
and every week at ORO. Additional samples were taken at ORO
throughout the rest of the year on a biweekly basis. Sample col-
lection followed the protocol discussed in Williams et al. (2009).

Briefly, samples were collected in cleaned and stream-rinsed

high-density polyethylene bottles and were then transported to
the Kiowa Environmental Chemistry Laboratory within a few
hours of collection, where subsamples were immediately filtered
through precombusted glass fiber filters with a nominal pore size of
0.7 pm and stored in the dark at 4°C before analyses. Samples for
DOC and DOM characterization were collected in precombusted
amber glass bottles with Teflon-lined caps, after filtering through
precombusted glass-fiber filters.

Discharge and Yield Calculations

Water level was measured with a pressure transducer and con-
verted to volumetric discharges by empirical rating curves for
all the headwater sites as well as at five main stem sites (NAV,
ALB, WF, NED, and ORO). Yields of chemical species were
estimated as the product of measured concentrations and the
accumulated water discharge for weekly intervals centered on
the day of sampling. Seasonal volume-weighted mean (VWM)
concentrations for individual species were calculated as seasonal
mass flux divided by seasonal discharge, following the approach
of Hood et al. (2003b). In this study, seasonal refers to the period
between 1 May and 31 October, although it is important to note
that in some of the alpine sites, the stream was ice-covered for a

portion of this season.

Soil Samples

Soil samples were collected during the growing season in early
August 2009 following the approach of Hood et al. (2003b) at
the same elevation as the stream sample sites, all within 20 m of
the stream, and each site was chosen to represent terrestrial areas
that would likely contribute soil water to stream discharge follow-
ing the variable source area dynamics of Creed and Band (1998).
Soil samples were collected as five sets of three replicates for each
location. Each set consisted of three soil cores composited in a new
polyethylene bag collected using a 20-cm soil corer. The first 20
cm of soil was collected, as this is where the majority of microbial
processes and C and N pools occur. Before collecting the soils, the
O horizon was removed so that the samples consisted only of the
A horizon and underlying horizons when the A horizon was less
than 20 cm in thickness. Soils were processed within 12 h for KCI-
extractable nitrate and ammonium, microbial biomass N, and total

Cand N, following the protocol in Hood et al. (2003b).

Laboratory Analyses

All water samples were analyzed for pH, acid-neutralizing capacity
(ANC), specific conductance, HY, NH4+, Ca?*, Nat, Mg2+, K,
Cl, NO{, 50427, Si, DOC, dissolved organic nitrogen (DON)
and total N at the Kiowa Environmental Chemistry Laboratory
in Boulder, CO. Detection limits and instrumentation are as
presented in Williams et al. (2009); in general detection limits
for all solutes were less than 1 pM. KCl-extractable nitrate and
ammonium in the soil samples were analyzed using the same pro-
cedure for stream samples. Total C and N were measured on a

CHN analyzer.
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Dissolved organic matter in a subset of samples was character-
ized using optical and fractionation methods. All samples from
the headwater basins were analyzed for fluorescence index (FI)
and specific UV absorbance (SUVA, ). The determination of
fluorescence properties and calculation of FI were as presented
in Miller et al. (2006). The FI of these whole water samples were
compared with an aquatic reference collected from Lake Fryxell in
the McMurdo Dry Valleys of Antarctica and the terrestrial refer-
ence was from the Suwannee River that drains the Okeefenokee
swamp in Georgia (McKnight et al., 2001). This FI comparison to
the two reference fulvic acids serves as a semiquantitative analysis
of the precursor organic material (terrestrial vs. aquatic) in the
headwater catchments. Filtered stream water was analyzed for
UV-Vis absorption using a Hewlett-Packard model 8453 photo-
diode array spectrophotometer (A = 200-800 nm) and a 1-cm
path length quartz cell. The instrument blank consisted of deion-
ized water, and samples were gravimetrically diluted to be in the
range of the instrument. Specific UV absorbance was determined
at A =254 nm (SUVA,, ), a wavelength associated with aromatic
compounds (Chin et al., 1994), and is reported in decadal absorp-
tion coefficients (cm™). SUVA,s, has been used as a measure of
DOC aromaticity (Weishaar et al., 2003) and is determined by
dividing the UV-Vis absorbance at \ = 254 nm by DOC concen-
tration (mg C L71).

To further understand the variability of DOM quality, three-
dimensional fluorescence and fractionation methods were used to
characterize a small subset of samples. Dissolved organic matter
composition was optically characterized using three-dimen-
sional fluorescence, a measure of the fluorescing portion of the
DOM pool, using a Fluoromax-3TM fluorometer as described in
Wickland et al. (2007). The three-dimensional excitation—emis-
sion matrices (EEMs) were subsequently analyzed via comparison
to the PARAFAC model developed by Cory and McKnight
(2005). This model attempts to predict the EEMs of DOM based
on 13 compounds, seven of which have spectra similar to known
quinones (Cory and McKnight, 2005).

Following the methods of Aiken et al. (1992), the stream water
DOM of this small subset of samples was fractionated using resin
columns into three groups: hydrophobic organic acids (HPOA),
hydrophilic molecules, and transphilic acids using Amberlite
XAD-8 and XAD-4 resins. The amount of organic matter within
cach fraction was calculated using the DOC concentration and
the sample mass of cach fraction and are presented as the per-
centage of total DOC. Stream water samples were fractionated
in duplicate, and average values are presented. The standard
deviation of these fractions was <2%. These analyses were not
conducted for Como Creek.

Statistical Methods

Simple and multiple linear regression analyses were run using the

“R” statistical package. The significance level (o) was 0.05 for all

statistical analyses. Solute concentrations were also analyzed using
a two-way repeated measures analysis of variance. These analyses
tested for the response of these parameters among sampling sites
(between-subjects effects), and the change with time (within-
subjects effects), using time (individual months between May and
October) and site as independent variables. Time included six
periods, corresponding to the months between May and October.

¢ Results

Climate and Hydrology

Mean annual temperatures from 1998 to 2008 increased with
decreasing elevation, from 10.7°C at BET to —=3.7°C at D1, a
lapse rate of 7.0°C per 1000 m. The annual mean 2009 temper-
ature for Green Lakes Valley measured at the D1 climate station
was —3.2°C, within 15% of the 10-yr mean of —3.7°C (Table
1). The annual mean temperature at the C1 climate station
was 4.3°C, warmer than, but within 15% of, the 10-yr mean of
3.9°C. The mean temperature at the GG site, as measured at
Gross Reservoir was 5.1°C, compared to the long-term mean
of 4.0°C. The 2009 mean annual temperature at the NCAR
climate station was 12.3°C, slightly warmer than the long-term

average of 10.7°C.

Annual precipitation from 1998 to 2008 generally decreased with
decreasing elevation, ranging from 1000 mm at D1 to 475 mm at
BET. The 2009 precipitation at D1 of 1214 mm was 12.1% higher
than the long-term average of 1000 mm. At C1, the 804 mm of
precipitation in 2009 was similar to the long-term average of 800
mm. Below at Gross Reservoir, there was 511 mm of total precipita-
tion in 2009, compared to the long-term average of 456 mm. At the
NCAR climate station, total precipitation in 2009 was 459 mm,
within 2 cm of the long-term average of 475 mm. It is worth noting
that annual precipitation at both GG and BET was less than 64%
of the 804 mm recorded at Cl; moving down in elevation from
the subalpine forest resulted in a sharp decrease in annual pre-
cipitation. Thus, the climate during 2009 was similar to the 10-yr
average at all sites along the elevational gradient. Additionally, the
proportion of snow in annual precipitation decreased with decreas-

ing elevation (Table 1).

The hydrographs of the high-clevation alpine and subalpine head-
water sites, as well as the main stem sites, are characteristic of
snowmelt-dominated catchments, with a sharp rising limb fol-
lowed by a long recession limb after peak discharge (Fig. 2). The
lower montane site (GG) exhibited large peaks associated with
snowmelt, similar to the higher elevation sites, as well as large
increases in discharge in response to summer rain events. BET dif-
fers from the other catchments in that it is an intermittent stream
characterized by discharge only after precipitation events. The
specific discharge measurements show a lag in the timing of peak
discharge with increasing elevation, with peak discharge occur-

ring earlier at the lowest elevation sites compared to the higher
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Fig. 2. Specific discharge (cm d=!) at Green Lake 4 (GL4), Como
Creek (CC), Gordon Gulch (GG), Betasso (BET), Nederland
(NED), and Orodell (ORO) for the 2009 calendar year.

elevation sites. At the lower elevation sites, BET peaked at 0.09 cm
d!on 20 April, and GG peaked at 0.59 cm d~! on 25 April. The
CC hydrograph peaked at 0.57 cm d~! more than a month later
on 4 June, while peak discharge at the alpine GL4 occurred on 23
June (1.37 cm d71). Along the main stem, peak discharge occurred
following snowmelt in the alpine and was thus later than GL4, on
26 June at NED (70.48 cm d~!) and on 27 June at ORO (70.5 cm
d™!). Within the headwater catchments, total seasonal discharge
varied by several orders of magnitude, decreasing with decreasing
elevation. The total seasonal discharge at GL4 was 1982,000 m3
compared to 1283,800 m> at CC. Discharge at GG was 241,580
m?3, while the smaller and intermittent BET catchment had a total
discharge of only 1341 m?.

Inorganic Nitrogen Deposition in Wetfall

There was a strong relationship between annual deposition of inor-
ganic N in wetfall and elevation (R? = 0.83, p = 0.0003) (Fig. 3).
The contribution of nitrate to overall DIN deposition increased
significantly with elevation (R2 =0.96, p < 0.0001), contribut-
ing 29% at Pawnee (1644 m) and 61% at Niwot Saddle (3520 m).
The larger contribution of NH,* at lower elevations is likely due
to nearby ranching and agricultural activities. Nitrate deposition
increased sharply between 2500 and 3000 m, driven by increasing
annual precipitation with elevation (Table 1). According to annual
DIN deposition predictions determined by the relationship illus-
trated by Fig. 3, the alpine portion (4.16 kgha™') of Boulder Creek
watershed receives more than two times the N load as compared

to the foothill region (1.94 kg ha™Y).

Stream Chemistry Along an Elevational Gradient

Concentrations of geochemical weathering products generally

increased with decreasing elevation along the main drainage of

5.0

© 2009 NADP
® 2008 NADP

4.5 4
A predicted N dep ® o4

4.0

3.5

inorganic N flux (kg/ha)

1500 2000 2500 3000 3500 4000

elevation

Fig. 3. Flux of inorganic dissolved nitrogen (DIN, kg N ha™1) in
annual wetfall along an clevational gradient from the Pawnee NADP
site to the Niwot Saddle NADP site. Actual values are included from
both 2008 and 2009. The annual flux of DIN at the headwater stream
sampling sites are predicted based on the 2008 and 2009 NADP data.

Boulder Creek. To illustrate, VWM seasonal concentrations of
acid-neutralizing capacity increased by more than an order of mag-
nitude, from 44.9 pM at GLS to 293.9 pM at ORO. Similarly,
the concentrations of sodium increased from 12.7 uM at GLS to
90.7 pM at ORO (Fig. 4). Concentrations of calcium also showed
a large increase as elevation decreased, from 31.2 pM at GLS to
129.7 uM at ORO. These decreases in weathering products with
clevation were statistically significant in all cases (p < 0.005, Fig.
4). There were consistent seasonal variations, with the lowest con-
centrations during snowmelt runoff and the highest concentrations
during low-flow conditions. The Ca/Na ratio increased with eleva-
tion as well, from about 2.5 at the low-elevation ORO site to about
5.5 at the high-clevation sites (R2 =0.83,p = 0.0002, Fig. 4). The
headwater catchments showed similar negative trends with eleva-
tion for the base cations and ANC; however, the concentrations at
the headwater basins were generally higher than along the hydro-
logical axis of Boulder Creck (Fig. 4). Interestingly, the Ca/Na
ratio for the headwater basins did not fall on the Ca/Na line for
Boulder Creek.

In contrast, yields of geochemical weathering product showed a
positive relationship with elevation along the main stem of Boulder
Creek (Table 2). For example, the seasonal export of calcium
showed a statistically significant relationship with elevation (R?
= 0.80, p = 0.04), decreasing from NAV (8.4 kg hafl) to ORO
(0.96 kg ha™!). The seasonal export of sodium and silica followed
similar patterns and were significantly related to elevation (p <
0.05); sodium export was 3.3 kg ha™! at NAV and decreased to
0.40 kg ha™! at ORO, while silica export decreased from 6.7 kg
ha™! at NAV to 0.40 kg ha™! at ORO.
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Fig. 4. Regression analyses of ANC, Na*, Ca?t, Ca/Na, Si, NH 4+, dissolved organic C (DOC), dissolved organic N (DON), and NO;~ concentra-
tions versus elevation. The blue triangles represent the headwater sites, and the black circles represent the main stem sites. The regression line is based
on the main stem sites, and the R? and p values are included if a significant relationship exists.

Table 2. Seasonal export in 2009 for acid-neutralizing capacity (ANC), NH,*, Ca?t, Nat, NO,;7, dissolved organic N (DON), and dissolved organic
C (DOC) for an clevational gradient along main stem and versus headwater catchments (at bottom of table).

Site ANC
kgha™!

NAV 16
ALB 40
WSF 38
NED 4.6
ORO 3.2
GL4 34
CC 11
GG 73
BET 1.9

NH,*

kgN ha!
0.31
0.05
0.06
0.01

<0.01
0.15
0.01
0.03
<0.01

© a2+

kg Ca ha™!

8.4
15.4
12.8

1.43

0.96
17.3

3.1
135

22,

Nat NO;~ DON
kg NA ha™! kgN ha! kg N ha™!
3.3 3.7 0.25
3.8 0.23 0.41
35 0.19 0.55
0.37 0.09 0.04
0.4 0.03 0.03
35 1.75 0.54
2.4 0.01 0.42
6.1 0.1 0.62
0.1 <0.01 0.01
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DOC Si

kg Cha™! kg Siha™!
5.89 6.7
9.6 7.4

12.9 6
1.35 0.77
0.73 0.4

10 7.2

14.4 6.4

19 14.7
0.2 0.2



In contrast to the main stem sites, weathering product yields
within headwater sites do not follow a simple altitudinal pattern.
For example, GG has ANC, Na*, and Si fluxes that were double
that of any of the other headwater sites sampled (Table 2). The foot-
hills headwater catchment (BET) had significantly lower yields
than the other headwater sites, for all measured constituents, due
to its low and intermittent discharge (Table 2). In addition, ANC,
Na*, and Si fluxes from GG are greater than any of the down-
gradient main stem sites (NED and ORO, Table 2). Interestingly,
all the headwater sites, with the exception of BET, have ANC, Na¥,
Ca?*, 8, NO;~, DOC, and DON yields that are an order of mag-
nitude more than the yields of main stem sites NED and ORO.

Concentrations of DON and DOC generally increased with
decreasing clevation, while inorganic N showed the opposite trend.
To illustrate, VWM seasonal concentrations of DOC significantly
increased from 0.35 mg L ™! at NAV t0 2.89 mg L ™! at ORO (Fig. 4)
with decreasing elevation (R? = 0.7473, p = 0.001, Fig. 4). Similarly,
the concentrations of DON decreased significantly with elevation
(R?=0.70,p = 0.002, Fig. 4) from 2.32 mg L ™! at NAV t0 8.10 mg
L~!at ORO. In contrast, VWM concentrations of nitrate increased
significantly (R2 =0.82, p = 0.002, Fig. 4) as clevation increased,
from 3.06 uM at ORO to 21.36 pM at NAV. Ammonium concen-
trations were generally near detection limits at all sites, but did show
a statistical increase with an increase in elevation. Thus, the contribu-
tion of DIN to the total dissolved N in the main stem increased with
clevation, with DIN (nitrate and ammonium) comprising greater
than 80% of total dissolved N at GLS5 and GL4, 39% at ALB and
31% of total dissolved N at ORO.

Yields of nitrate, DON, and DOC generally increased with eleva-
tion along the main stem, but the relationship was only statistically
significant in the case of nitrate (R* = 0.98, p = 0.001). The subal-
pine (CC) and montane (GG) headwater catchments had greater
yields of organic matter (DON and DOC) than alpine or foothills
headwater systems. In addition, CC and GG had greater DON
and DOC yields as compared to main stem sites at similar eleva-
tions (Table 2). For example, DOC yields from CC and GG were
14.4and 19 kg C ha~L, respectively, as compared to yields ranging
from 0.02 to 0.04 kg C ha™! at NED and ORO. Similar to the
weathering fluxes, BET had lower DOC, DON, and NO; ™ yields
as compared to the other headwater catchments, due to its lower
annual discharge.

Finally, it is often useful to look at the stoichiometry of nitro-
gen and carbon within a stream system. Recently, Taylor and
Townsend (2010) showed that the relationship of nitrate to the
ratio of DOC and nitrate is remarkably consistent across a wide
range of Earth’s major ecosystems. The DOC/NO;™ at our sites
ranged from a low of 0.41 to more than 1000 (Fig. 5). A scatterplot

of nitrate concentration versus the DOC/ NO;~ for 2009 stream
water samples at NAV, GL4, CC, GG, and BET shows that high

nitrate concentrations were associated with DOC/NO;~ less
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Fig. 5. Scatterplot of nitrate concentrations (jumol L™1) versus the dis-
solved organic C (DOC)/NO; ratio for 2009 stream water samples
at NAV, GL4, CC, GG, and BET sites. The inset figure is an enlarged
scatterplot with a DOC/NO;™ ratio range from 0 to 100.

than 5 (inset, Fig. 5). The high nitrate, low DOC/NO3_ ratios
were anchored by the high-clevation sites GL4 and NAV. The low
nitrate, high DOC/ NO3_ were anchored by the three lower eleva-
tion sites. However, it is worth noting that the DOC/NO;™ for
GG and BET ranged widely, from about 5 to more than 1000.

Dissolved Organic Matter Quality in Stream Water
We evaluated the chemical characteristics of DOM in the head-
water catchments using spectral measurements. The highest FI
values were at the lowest elevational site (BET), followed by the
alpine GL4 site (Fig. 6). At BET and GG the FI values varied little
around the mean of 1.57 and 1.44, respectively (Fig. 6). In contrast,
FI values at CC and GLS5 showed a scasonal pattern: decreasing
during snowmelt with a consistent increase on the recession limb

of the hydrograph. The volume-weighted SUVA values ranged
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Fig. 6. Crossplot between the dissolved organic matter (DOM) qual-
ity parameters specific UV absorbance (SUVA) and fluorescence
index (FI) for all samples from the study.
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from 1.0 at BET to 4.1 at CC. The SUVA values were highest
during snowmelt and then generally decreased with time at GL4
and GG, whereas there was little change in SUVA with time at CC
and BET. The higher FI values were generally associated with lower
SUVA values, with BET having a FI of 1.57 and a SUVA value of
1.0, while CC had the lowest FI (1.38) and the highest SUVA (4.1).
There was not a significant relationship between DOC concentra-
tion and either of the primary DOM quality parameters measured,
FI(p=0.22) and SUVA (p = 0.89). In contrast, SUVA and FI were
negatively related (Rz =0.40, p < 0.01, Fig. 6). For the small subset
of headwater and main stem samples (z = 13), the percentage of
hydrophobic organic acids (consisting mostly of fulvic and humic
acids) were measured. On average HPOA made up 53, 52, 46, 45,
43, and 39% of the DOM pool at BET, GG, ORO, WSF, ALB,
and GL4, respectively, between May and August 2009. For this
same set of samples, the Cory and McKnight (2005) PARAFAC
model reproduced the three-dimensional EEMs reasonably well,
with residuals less than 5% in all cases. Component 4, indicative
of reduced quinones, made up the largest percentage of the fluo-
rescing DOM pool (19-36%) at all sites. Component 2, related to
oxidized quinones, was the second largest contributor (13-18%),
while components 8 and 13, indicative of protein-like molecules,
contributed between 3% and 10% to the DOM pool. The sum
of components identified as microbial or algal in origin by Cory
and McKnight (2005), due to their inclusion in the Antarctic-only
sample set (components 3, 4, 6, 7, 8, and 9), contributed between
40 and 55% to the fluorescing DOM pool. The composition of
DOM as defined by the HPOA percentage and two components
identified by the Cory and McKnight (2005) PARAFAC model
were significantly related to elevation. There was a significant
negative relationship between elevation and the average HPOA
percentage (R? = 0.87, p = 0.02) and C2 component, thought to
be indicative of an oxidized quinone (R* = 0.83, p = 0.007). While
not significant, there was a positive relationship between protein-
like fluorophores, identified by model components C8 and C13,
and elevation (R? = 0.69, p = 0.07). For the upper elevation (WSF,
ALB, and GL4) main stem sites the fraction of DOM comprised
of HPOA decreased from June to August.

Soil Chemistry Along an Elevational Gradient
The soil sample analyses indicated little nitrate present in the soil;
the highest nitrate concentration was 0.03 mg N kg_l at ALB
(Table 3). Ammonium concentrations were slightly higher than
NO;7, ranging from 0.10 to 2.14 mg N kg_l. Microbial N was
generally greatest at high elevations (10.45 mg N kg™ at NAV)
and decreased moving down-gradient (1.97 mg N kg™! at BET).
The relatively unvegetated alpine sites have relatively low soil C/N
ratios, ranging between 13.9 and 15.3. Below the treeline, the ratio
increased to 29.7 at WSF, 29.1 at CC and 27.7 at GG. Surprisingly,
the C/N ratio decreased to 18.1 at BET, the lowest elevation site.

The soil C/N ratio decreased significantly with elevation (R? =
0.43, p = 0.003) (Fig. 7), with the exception of BET. The low soil

C/N ratio for BET is consistent with the high FI and low SUVA
of the DOM at that site. The soil C/N ratio also showed a strong
inverse relationship with VWM nitrate concentrations in stream
waters (R2 =0.46, p = 0.002). While not statistically significant,
the FI values generally decreased at higher soil C/N ratios (p =
0.09). Conversely, the soil C/N demonstrated a significant but
weak positive relationship with both DOC (R? = 0.25, p = 0.04)
and DON (R? =0.39, p = 0.05). However, the soil C/N ratio was
not found to be significant when predicting stream water DOC/
DON ratios (p = 0.14).

¢ Discussion

Our sampling of water quality in the Boulder Creek watershed
encompassed almost 2000 m of elevational change, from ORO
(1779 m) to NAV (3785 m). Precipitation increased with eleva-
tion, a common occurrence in the Rocky Mountains (Barry, 1973;
Korner, 2007). However, specific discharge did not: CC and GG
have similar water yields (1933 and 2391 m? ha™l, respectively),
despite CC receiving 75% more annual precipitation (Table I).
Similarly, GG and BET receive similar amounts of precipitation

(Table 1) but have very different water yields.

Both air temperature and the concentrations of base cations
increase going down the elevational gradient within the headwa-
ters and main stem stream sites (Table 1, Fig. 4). This is consistent
with studies that have shown that greater air temperature is gener-
ally correlated with greater chemical dissolution rates in headwater
catchments (Meybeck, 1987;Velbel et al., 1990; Drever and Zobrist,
1992). While there is the potential for high chemical weathering
rates in alpine areas due to high rates of physical erosion (Williams
etal., 2006), on a broad landscape scale, higher temperatures at

lower elevations promote greater concentrations of base cations.

The Ca/Na ratio in the main stem stream waters systematically
increased with elevation (Fig. 4), suggesting that selective weather-
ing could be occurring. Other studies in the Cascade Mountains
and Loch Vale watershed of the Colorado Front Range (Drever
and Hurcomb, 1986; Mast et al., 1990) showed that minor reac-

tive phases such as calcite and amphiboles make a greater relative

Table 3. Soil characteristics along an elevational gradient.

Site Soil /N NH,* NO,;~ Microbial N
mgN kg™!
NAV 13.9 2.14 0.02 10.45
GL4 15.3 0.25 0 4.52
ALB 14.5 0.84 0.03 8.35
SLO 17.9 0.17 0 3.10
WSF 29.7 0.12 0 4.25
CC 29.1 0.15 0 3.25
GG 27.7 0.10 0 2.79
BET 18.1 0.19 0.01 1.97
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Fig. 7. Regression analyses of fluorescence index (FI), dissolved organic N (DON), dissolved organic C (DOC), stream water DOC/DON, NO;~ and
clevation versus soil C/N ratio. In addition to the 2009 soil data, soil C/N ratios reported from 1998 and 1999 in Hood et al. (2003b) are included as

solid blue circles in this figure and regression analysis.

contribution to the solute load at higher elevations (up to 40%
of cations in basin derived from calcite), whereas the less reactive
phases such as plagioclase make a greater relative contribution
at lower elevation catchments. Selective chemical weathering at
higher elevations is consistent with increased physical weather-
ing at higher elevations due to freeze—thaw and other processes

(Williams et al., 2006).

However, the headwater sites show an almost inverse pattern with
the greatest Ca/Na values at the lowest elevation site (BET) and
lowest Ca/Na values at the subalpine site (CC). Similarly, the head-
water sites do not follow the general trend toward increasing fluxes
of weathering products with elevation along the main stem sites.
In particular, GG had Ca®*, ANC, and Si fluxes that are an order
of magnitude larger any of the other headwater sites. In addition
to greater weathering product fluxes, GG has the greatest DON
and DOC fluxes of any of the headwater sites (Table 2). Thus, the
hydrochemistry of headwater catchments along the elevational
gradient of Boulder Creck was different when compared to the
hydrochemistry of the main stem.

LCM Revisited: Extending the Model from the
Continental Divide to the Plains

The LCM saw the high-elevation system as one strongly influenced
by both climatic and topographic drivers. The model explicitly

links terrestrial ecosystems to each other and to aquatic ecosystems.

The heart of the model is that strong linkages are generated among
landscape components as a result of transport processes caused
by the rugged topography. These transport agents cause biogeo-
chemical amplification and attenuation of processes not observed

in most landscapes.

Our results suggest that there is value in extending the LCM con-
cept to lower-clevation headwater catchments. Concentrations
of geochemical weathering products were consistently higher
in streams draining headwater catchments when compared to
main stem sites at similar elevation. Similarly, fluxes of geo-
chemical weathering products were higher from headwater
basins (e.g., GG) than main stem basins at the same elevation
(e.g., NED). The Ca/Na ratio increased with decreasing elevation
in streams draining headwater catchment, while the opposite
trend occurred along the main stem (Fig. 4). These results are
consistent with more vigorous chemical weathering in headwa-
ter catchments when compared to the main stem. Thus, even in
lower-elevation headwater catchments, the rugged topography
appears to amplify the transport of geochemical weathering
products in surface waters. These results appear to disprove our
hypothesis that solute concentrations and fluxes in headwater
catchments along an elevational gradient are similar to those

along the main stem of the watershed.




Similarly, nutrient cycling appears to differ among headwater
basins when compared to main stem sites. While there is a general
decrease in nitrate concentrations and export at lower elevations,
all forested catchments do not respond the same. Comparing CC
and GG, two forested watersheds with similar DOC concentra-
tions and specific water yields, GG exported 10 times more nitrate
in 2009 than CC (Table 2). This difference is likely due to the
interactions between hydrology and nitrogen biogeochemistry.
Gordon Gulch has an intermittent snow pack, receiving more
precipitation as rain than CC (Table 1), resulting in the observed
nitrate increases during the summer months when the atmospheric
deposition flux potentially moves through the system too quickly
to be assimilated.

The quality of DOM appears to differ among headwater catch-
ments when compared to the main stem. For example, FI values
were relatively high at the lower-elevation catchments, with the
average FI of 1.57 at BET similar to and often higher than that of
high-elevation sites (Fig. 6). Similarly, there was little difference
among headwater catchments in the sum of components identi-
fied as microbial in the fluorescing DOM pool. The increasing
soil C/N ratios with decreasing elevation support the concept of
more progressively carbon-rich soil moving from the alpine to
montane ecosystem, consistent with previous work that shows
that DOC concentrations in surface waters are strongly cor-
related with soil organic C pools (Aitkenhead and McDowell,
2000). However, soil C/N within the foothill catchment (BET)
was less than any of the other forested sites, likely because the
deeply incised, steep slopes limit soil development and hence
accumulation of soil organic carbon pools. Thus, the rugged
topography of mountain catchments appears to drive unique bio-
geochemical cycling patterns consistent with the LCM, whether

at high-clevation alpine catchments, or lower-elevation montane

and foothill basins.

These results do not support our hypothesis that the character of
dissolved organic matter changes across an elevational gradient
in a predictable fashion from more labile types at high clevation
to more recalcitrant types at lower elevation. The stoichiometric
results provided by the DOC/NO; ™ ratio shed light on why the
quality of DOM changes with elevation in headwater catchments.
The carbon limitation and low stream water DOC/NO;™ ratios
(Fig. 5) in the alpine sites are largely a result of a landscape that
is dominated by large talus and exposed bedrock areas (Williams
etal., 1997; Campbell et al., 2000), with minimal soil develop-
ment and vegetation coverage. Further, soil C/N ratios less than
25 (Table 3) in the alpine are consistent with a system moving
toward net nitrification (Gundersen et al., 1998), resulting in
nitrate leaching, decreasing the DOC/NO;™ ratio in stream
water. In particular, the stream water DOC/NO;™ ratio at NAV
falls below the 3.5 threshold identified by Taylor and Townsend

(2010) for microbial biomass further inducing the rapid accrual

of nitrate in water (Fig. 5).

However, it is worth noting that the DOC/NO;™ ratio for GG
and BET ranged widely, from about 5 to more than 1000. In
contrast to CC and GG, BET appears to be carbon limited for
most of the year, with a soil C/N less than 25 (Table 3), simi-
lar to the highest-elevation sites. These stoichiometric results
suggest that headwater catchments at all elevations along the
Boulder Creck drainage are at times moving toward net nitri-
fication and the export of both nitrate and labile carbon in
surface waters, much different than the patterns reflected by
the main stem.

Evidence of nitrate subsidization is of particular concern in the
Colorado Front Range, as studies have shown that alpine areas are
becoming increasingly N-saturated due to N deposition (Baron et
al., 1994; Williams et al., 1996a; Campbell et al., 2000; Williams
and Tonnessen, 2000). Given these results, nitrogen saturation
within alpine areas could potentially lead to increased downstream
export of nitrate, causing periodic acidification and threatening
essential aquatic ecosystem services even in vegetated reaches at
lower elevations. Using nitrate concentrations in surface flow as
an index of N saturation (e.g., Williams et al., 2006; Williams and
Tonnessen, 2000), headwater catchments even at low elevation in
the Boulder Creek drainage are closer to N saturation than previ-
ously thought. This observation is particularly surprising given the
lower amounts of DIN in wetfall at BET and GG compared to
higher elevation sites (Fig. 3).

Is There Valuable Information in a
Space-For-Time Substitution Along an
Elevational Gradient When There Are

Changes in Ecosystem Type?

Altitudinal gradients are among the most powerful “natural
experiments” for testing ecological and evolutionary responses
of biota to geophysical influences, such as low air temperature
(Kérner, 2007). Mountains often have steep environmental
gradients given the changes in elevation, providing outdoor
laboratories that have stimulated research for centuries (von
Humboldt and Bonpland, 1807; Bonnier and Flahault, 1878;
Korner, 2003, 2004). These steep gradients in air temperature
and precipitation in the Boulder Creck watershed result in strati-
fication of ecosystem types along the altitudinal gradient from
Ponderosa pine forests in the foothills to alpine tundra near the
Continental Divide (Table 1). These changes in environmental
gradients with elevation in the Boulder Creek drainage such as
precipitation and soil organic carbon, and resulting changes in
ecosystem type, confound using the elevational gradient as a
space-for-time substitution to understand how ecosystem pro-
cesses and biogeochemical cycling may respond to changes in
climate or changes in the deposition of DIN in wetfall.

Given these caveats, it does appear that we can use the space-for-

time substitution for at least one climate change scenario. The

lowest elevation headwater catchment, BET, had the lowest yield
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for base cations and organic nutrients and the highest concentra-
tions of DOC and geochemical weathering products of all sites
sampled (Fig. 4). The unique chemistry and fluxes at BET as
compared to the other headwater catchments may be because of
differences in precipitation type. The percentage contribution of
snowfall to annual precipitation is about 60% or more from GG to
the Continental Divide (Table 1). In contrast, the snowfall contri-
bution to annual precipitation at BET is less than 20%. The lower
snowfall totals at BET are because it’s at a threshold where winter
air temperatures are near or above 0°C. Therefore, despite BET
and GG having similar amounts of annual precipitation (Table
1), specific discharge is much less at BET than GG (Fig. 2) due to
differences in precipitation regime. This suggests that even with no
changes in annual precipitation, a transition from predominately
snowfall to rainfall in annual precipitation results in a much lower

runoff ratio.

In turn, the rain-snow transition has a large bearing on biogeo-
chemical fluxes from headwater catchments. For example, the
high concentrations of base cations and DOC in the outflow
of BET when compared with higher clevation catchments is
consistent with increased rates of biogeochemical cycling with
increasing air temperature at lower elevations. However, the low
specific discharge in BET results in decreased fluxes of these
products. Similarly, the low flushing may be an indication of
lower rates of soil and groundwater recharge, resulting in the
higher Ca/Na ratios at BET (Fig. 4). Thus, these results suggest
a space-for-time substitution is warranted for at least some bio-
geochemical processes when there is a transition from the snow

to rain in annual precipitation.

¢ Summary

In summary, our results suggest that there is value in extending
the LCM concept to lower-clevation headwater catchments, as
the rugged mountain topography appears to drive unique biogeo-
chemical cycling patterns even in the lower montane and foothill
sampling sites. Using nitrate concentrations in surface flow as an
indicator of N saturation, even low elevation headwater catch-
ments in the Boulder Creck drainage are closer to N saturation
than previously thought. This observation is particularly surpris-
ing given the lower amounts of DIN in wetfall at BET and GG
compared to higher clevation sites.

Changes in environmental gradients with elevation in the Boulder
Creck drainage result in changes in ecosystem type and confound
using the elevational gradient as a space-for-time substitution to
understand how ecosystem processes and biogeochemical cycling
may respond to changes in climate or atmospheric deposition of
DIN. However, given these caveats, it does appear that these results
suggest a space-for-time substitution is warranted for at least some
biogeochemical processes when there is a switch from the snow to

rain transition in annual precipitation.

Acknowledgments

Support for this research came from National Science Foundation grants to the
Niwot Ridge Long-Term Ecological Research program (Award DEB-0423662),
RTB (NSE-EAR 0814457), and the Boulder Creek Critical Zone Observatory
(BC-CZO Award EAR 0724960). Logistical support was provided by the Insti-
tute of Arctic and Alpine’s Mountain Research Station. Additional sampling and

analytical support was provided by the (BC-CZO) and the USGS, Boulder, CO.

References

Aber, J., W. McDowell, K. Nadelhoffer, A. Magill, G. Berntson, M. Kamakea, S.
McNulty, W. Currie, L. Rustad, and I. Fernandez. 1998. Nitrogen satura-
tion in temperate forest ecosystems—Hypotheses revisited. Bioscience
48:921-934. doi:10.2307/1313296

Aber, J.D., K.J. Nadelhoffer, P. Steudler, and J.M. Melillo. 1989. Nitrogen
saturation in northern forest ecosystems. Bioscience 39:378-386.
doi:10.2307/1311067

Aiken, G.R., D.M. McKnight, K.A. Thorn, and E.M. Thurman. 1992. Isolation of
hydrophilic organic acids from water using nonionic macroporous resins.
Org. Geochem. 18:567-573. d0i:10.1016/0146-6380(92)90119-|

Aitkenhead, J.A., and W.H. McDowell. 2000. Soil C/N ratio as a predictor of
annual riverine DOC flux at local and global scales. Global Biogeochem.
Cycles 14:127-138. doi:10.1029/1999GB900083

Anderson, R.S., C.A. Riihimaki, E.B. Safran, and K.R. MacGregor. 2006. Facing
reality: Late Cenozoic evolution of smooth peaks, glacially ornamented
valleys, and deep river gorges of Colorado’s Front Range. Spec. Pap. Geol.
Soc. Am. 398:397-418. doi:10.1130/2006.2398(25).

Baron, J.S., D.S. Ojima, E.A. Holland, and W.J. Parton. 1994. Analysis of ni-
trogen saturation in Rocky Mountain tundra and forest—Implications for
aquatic systems. Biogeochemistry 27:61-82. doi:10.1007/BF00002571

Baron, J.S., H.M. Rueth, A.M. Wolfe, K.R. Nydick, E.J. Allstott, J.T. Minear, and
B. Moraska. 2000. Ecosystem responses to nitrogen deposition in the Col-
orado Front Range. Ecosystems 3:352-368. doi:10.1007/s100210000032

Barry, R. 1973. A climatological transect on the east slope of the Front Range,
Colorado. J. Arctic Alpine Res. 5:89-110. doi:10.2307/1550251

Billings, W.D. 1973. Arctic and alpine vegetations—Similarities, differ-
ences, and susceptibility to disturbance. Bioscience 23:697-704.
doi:10.2307/1296827

Bonnier, G., and Ch. Flahault. 1878. Sur les modifications des ve’ge’taux. Ann.
Sci. Nat. 7:93-125.

Bourgeron, P.S., H.C. Humphries, and L. Riboli-Sasco. 2009. Regional analy-
sis of social-ecological systems. Nat. Sci. Soc. 17:185-193. doi:10.1051/
nss/2009031

Bowman, W.D., and H. Steltzer. 1998. Positive feedbacks to anthropogenic ni-
trogen deposition in Rocky Mountain alpine tundra. Ambio 27:514-517.

Bowman, W.D., J.L. Gartner, K. Holland, and M. Wiedermann. 2006. Nitro-
gen critical loads for alpine vegetation and terrestrial ecosystem re-
sponse: Are we there yet? Ecol. Appl. 16:1183-1193. doi:10.1890/1051-
0761(2006)016[1183:NCLFAV]2.0.CO;2

Boxman, A\W.,, K. Blanck, T.E. Brandrud, B.A. Emmett, P. Gundersen, R.F. Ho-
gervorst, O.J. Kjonaas, H. Persson, and V. Timmermann. 1998. Vegeta-
tion and soil biota response to experimentally-changed nitrogen inputs
in coniferous forest ecosystems of the NITREX project. For. Ecol. Manage.
101:65-79. doi:10.1016/50378-1127(97)00126-6

Bradley, W.C. 1987. Erosion surfaces of the Colorado Front Range: A review.
p. 215-220. In W.L. Graf (ed.) Geomorphic systems of North America.
Centennial Spec. Vol. 2. Geological Society of America, Boulder, CO.

Burns, S.E., and PJ. Tonkin. 1982. Soil-geomorphic models and the spatial
distribution and development of alpine soils. p. 25—-44. In C.E. Thorn (ed.)
Space and time in geomorphology. George Allen and Unwin, London.

Caine, N. 1996. Streamflow patterns in the alpine environment of North
Boulder Creek, Colorado Front Range. Z. Geomorphol. 104(Suppl.):27-42.

Campbell, D.H., J.S. Baron, K.A. Tonnessen, P.D. Brooks, and P.F. Schuster.
2000. Controls on nitrogen flux in alpine/subalpine watersheds of Colo-
rado. Water Resour. Res. 36:37—47. doi:10.1029/1999WR900283

Carpenter, S.R., H.A. Mooney, J. Agard, D. Capistrano, R.S. DeFries, S. Diaz, T.
Dietz, A.K. Duraiappah, A. Oteng-Yeboah, H.M. Pereira, C. Perrings, W.V.
Reid, J. Sarukhan, R.J. Scholes, and A. Whyte. 2009. Science for managing
ecosystem services: Beyond the Millennium Ecosystem Assessment. Proc.
Natl. Acad. Sci. USA 106:1305-1312. doi:10.1073/pnas.0808772106

Chin, Y.P,, G.R. Aiken, and E. O’Loughlin. 1994. Molecular weight, polydisper-
sity, and spectroscopic propoerties of aquatic humic substances. Environ.
Sci. Technol. 28:1853-1858. doi:10.1021/es00060a015

Clow, D.W. 2010. Changes in the timing of snowmelt and streamflow in
Colorado: A Response to Recent Warming. J. Clim. 23:2293-2306.
doi:10.1175/2009JCLI2951.1

www.VadoseZoneJournal.org | 912



Cory, R.M., and D.M. McKnight. 2005. Fluorescence spectroscopy reveals ubig-
uitous presence of oxidized and reduced quinones in dissolved organic
matter. Environ. Sci. Technol. 39:8142-8149. doi:10.1021/es0506962

Creed, I.M., and L.E. Band. 1998. Export of nitrogen from a catchment
within a temperate forest: Evidence for a unifying mechanism regulated
by variable source area dynamics. Water Resour. Res. 34:3105-3120.
doi:10.1029/98WR01924

Dethier, D.P., and E.D. Lazarus. 2006. Geomorphic inferences from regolith
thickness, chemical denudation and CRN erosion rates near the glacial
limit, Boulder Creek catchment and vicinity, Colorado. Geomorphology
75:384-399. doi:10.1016/j.geomorph.2005.07.029

Diaz, S., and M. Cabido. 1997. Plant functional types and ecosystem function
in relation to global change. J. Veg. Sci. 8:463—-474.

Drever, J.I, and D.R. Hurcomb. 1986. Neutralization of atmospheric
acidity by chemical weathering in an alpine drainage basin in the
North Cascade Mountains. Geology 14:221-224. doi:10.1130/0091-
7613(1986)14<221:NOAABC>2.0.C0O;2

Drever, J.I., and J. Zobrist. 1992. Chemical weathering of silicate rocks as a
function of elevation in the southern Swiss Alps. Geochim. Cosmochim.
Acta 56:3209-3216. doi:10.1016/0016-7037(92)90298-W

Dunne, J.A., S.R. Saleska, M.L. Fischer, and J. Harte. 2004. Integrating ex-
perimental and gradient methods in ecological climate change research.
Ecology 85:904-916. doi:10.1890/03-8003

Erickson, T.A., M\W. Williams, and A. Winstral. 2005. Persistence of topo-
graphic controls on the spatial distribution of snow in rugged moun-
tain terrain, Colorado, United States. Water Resour. Res. 41:W04014,
doi:10.1029/2003WR002973

Fisher, S.G., N.B. Grimm, E. Marti, R.M. Holmes, and J.B. Jones. 1998. Mate-
rial spiraling in stream corridors: A telescoping ecosystem model. Ecosys-
tems 1:19-34. doi:10.1007/s100219900003

Fleischer, A., and M. Sternberg. 2006. The economic impact of global climate
change on Mediterranean rangeland ecosystems: A space-for-time ap-
proach. Ecol. Econ. 59:287-295. doi:10.1016/j.ecolecon.2005.10.016

Galloway, J.N., A.R. Townsend, J.W. Erisman, M. Bekunda, Z.C. Cai, J.R. Freney,
L.A. Martinelli, S.P. Seitzinger, and M.A. Sutton. 2008. Transformation of
the nitrogen cycle: Recent trends, questions, and potential solutions. Sci-
ence 320:889-892. doi:10.1126/science.1136674

Goodale, C.L., J.D. Aber, and W.H. McDowell. 2000. The long-term effects
of disturbance on organic and inorganic nitrogen export in the White
Mountains, New Hampshire. Ecosystems 3:433-450. doi:10.1007/
$100210000039

Gundersen, P, I. Callesen, and W. de Vries. 1998. Nitrate leaching in forest
ecosystems is related to forest floor C/N ratios. Environ. Pollut. 102:403—
407. doi:10.1016/50269-7491(98)80060-2

Heuer, K., P.D. Brooks, and K.A. Tonnessen. 1999. Nitrogen dynamics in
two high elevation catchments during spring snowmelt 1996, Rocky
Mountains, Colorado. Hydrol. Processes 13:2203-2214. doi:10.1002/
(SIC1)1099-1085(199910)13:14/15<2203::AID-HYP859>3.0.C0O;2-K

Heuer, K., K.A. Tonnessen, and G.P. Ingersoll. 2000. Comparison of precipita-
tion chemistry in the Central Rocky Mountains, Colorado, USA. Atmos.
Environ. 34:1713-1722. doi:10.1016/51352-2310(99)00430-6

Hood, E., D.M. McKnight, and M.W. Williams. 2003a. Sources and chemi-
cal character of dissolved organic carbon across an alpine/subalpine
ecotone, Green Lakes Valley, Colorado Front Range, United States. Water
Resour. Res. 39: 10.1029/2002WR001738. doi:10.1029/2002WR001738

Hood, EW., M.W. Williams, and N. Caine. 2003b. Landscape controls on
organic and inorganic nitrogen leaching across an alpine/subalpine ec-
otone, Green Lakes Valley, Colorado Front Range. Ecosystems 6:31-45.
doi:10.1007/s10021-002-0175-8

Hood, E., M.W. Williams, and D.M. McKnight. 2005. Sources of dissolved or-
ganic matter (DOM) in a Rocky Mountain stream using chemical fraction-
ation and stable isotopes. Biogeochemistry 74:231-255. doi:10.1007/
$10533-004-4322-5

IPCC. 2007. Climate Change (2007) Impacts, adaptation and vulnerability. /In
M.L. Parry et al. (ed.) Contribution of Working Group Il to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge Univ. Press, Cambridge, UK.

Isherwood, D., and A. Street. 1976. Biotite-induced grussification of the Boul-
der Creek granodiorite, Boulder County, Colorado. Geol. Soc. Am. Bull.
87:366—370. doi:10.1130/0016-7606(1976)87<366:BGOTBC>2.0.CO;2

Kareiva, P., S. Watts, R. McDonald, and T. Boucher. 2007. Domesticated na-
ture: Shaping landscapes and ecosystems for human welfare. Science
316:1866-1869. doi:10.1126/science.1140170

Kinner, D.A. 2003. Delineation and characterization of the Boulder Creek
Watershed and its sub-watersheds. /n S.F. Murphy et al. (ed.) Compre-
hensive water quality of the Boulder Creek Watershed, Colorado, during
high-flow and low-flow conditions, 2000. Water Resources Investigation
Report 03-4045. USGS, Denver, CO.

Kérner, C. 2003. The alpine life zone. p. 9-18. In C. Korner. Alpine plant life:
Functional plant ecology of high mountain ecosystems. 2nd ed. Springer-
Verlag, Berlin.

Korner, C. 2004. Mountain biodiversity, its causes and function. Ambio Spec.
Rep. 13:11-17.

Korner, C. 2007. The use of ‘altitude’ in ecological research. Trends Ecol. Evol.
22:569-574. doi:10.1016/j.tree.2007.09.006

Kuhn, M. 2001. The nutrient cycle through snow and ice, a review. Aquat. Sci.
63:150-167. doi:10.1007/PLO0001348

Kutiel, P., H. Kutiel, and H. Lavee. 2000. Vegetation response to possible sce-
narios of rainfall variations along a Mediterranean extreme arid climatic
transect. J. Arid Environ. 44:277-290. doi:10.1006/jare.1999.0602

Mast, M.A., J.I. Drever, and J. Baron. 1990. Chemical weathering in the Loch
Vale Watershed, Rocky Mountain National Park, Colorado. Water Resour.
Res. 26:2971-2978. doi:10.1029/WR026i012p02971

McKnight, D.M., E.W. Boyer, P.K. Westerhoff, PT. Doran, T. Kulbe, and D.T. An-
dersen. 2001. Spectrofluorometric characterization of dissolved organic
matter for indication of precursor organic material and aromaticity. Lim-
nol. Oceanogr. 46:38-48. doi:10.4319/10.2001.46.1.0038

Meybeck, M. 1987. Global chemical-weathering of surficial rocks estimat-
ed from river dissolved loads. Am. J. Sci. 287:401-428. doi:10.2475/
ajs.287.5.401

Miller, M.P., D.M. McKnight, R.M. Cory, M.W. Williams, and R.L. Runkel.
2006. Hyporheic exchange and fulvic acid redox reactions in an alpine
stream/wetland ecosystem, Colorado front range. Environ. Sci. Technol.
40:5943-5949. do0i:10.1021/es060635j

Monson, R.K., A.A. Turnipseed, J.P. Sparks, P.C. Harley, L.E. Scott-Denton, K.
Sparks, and T.E. Huxman. 2002. Carbon sequestration in a high-elevation,
subalpine forest. Glob. Change Biol. 8:459-478. doi:10.1046/j.1365-
2486.2002.00480.x

Mote, PW. 2006. Climate-driven variability and trends in mountain snowpack
in western North America. J. Clim. 19:6209-6220. doi:10.1175/JCLI3971.1

Murphy, S.F., P.L. Verplanck, and L.B. Barber (ed.) 2003. Comprehensive wa-
ter quality of the Boulder Creek Watershed, Colorado, during high-flow
and low-flow conditions, 2000. USGS Water-Resour. Invest. Rep. 03-4045.

National Atmospheric Deposition Program. 2009. National Atmospheric De-
position Program publications. Available at http://nadp.sws.uiuc.edu/lib
[verified 12 July 2011.] NADP Program Office. Illinois State Water Survey,
Champaign.

Niwot Ridge Long-Term Ecological Research Program. 2009. Available at
http://culter.colorado.edu/NWT/ [verified 12 July 2011.] Univ. of Colo-
rado, Boulder.

Nolin, AW., and C. Daly. 2006. Mapping “at risk” snow in the Pacific North-
west. J. Hydrometeorol. 7:1164-1171. doi:10.1175/JHM543.1

Rockstrom, J., W. Steffen, K. Noone, A. Persson, F.S. Chapin, E.F. Lambin,
T.M. Lenton, M. Scheffer, C. Folke, H.J. Schellnhuber, B. Nykvist, C.A.
de Wit, T. Hughes, S. van der Leeuw, H. Rodhe, S. Sorlin, P.K. Snyder, R.
Costanza, U. Svedin, M. Falkenmark, L. Karlberg, R.W. Corell, V.J. Fabry,
J. Hansen, B. Walker, D. Liverman, K. Richardson, P. Crutzen, and J.A.
Foley. 2009. A safe operating space for humanity. Nature 461:472—-475.
doi:10.1038/461472a

Seastedt, T.R., W.D. Bowman, T.N. Caine, D. McKnight, A. Townsend, and
M.W. Williams. 2004. The landscape continuum: A model for high-
elevation ecosystems. Bioscience 54:111-121. doi:10.1641/0006-
3568(2004)054[0111:TLCAMF]2.0.CO;2

Smil, V. 2001. Enriching the Earth: Fritz Haber, Carl Bosch and the Transfor-
mation of World Food Production. MIT Press, Cambridge, MA.

Steffen, W., P.J. Crutzen, and J.R. McNeill. 2007. The Anthropocene: Are hu-
mans now overwhelming the great forces of nature? Ambio 36:614—621.
doi:10.1579/0044-7447(2007)36[614:TAAHNO]2.0.CO;2

Suecker, J.K., J.N. Ryan, C. Kendall, and R.D. Jarrett. 2000. Determination
of hydrologic pathways during snowmelt for alpine/subalpine basins,
Rocky Mountain National Park, Colorado. Water Resour. Res. 36:63-75.
doi:10.1029/1999WR900296

Taylor, P.G., and A.R. Townsend. 2010. Stoichiometric control of organic car-
bon-nitrate relationships from soils to the sea. Nature 464:1178-1181.
doi:10.1038/nature08985

Townsend, A.R., and R.W. Howarth. 2010. Fixing the nitrogen problem. Sci.
Am. 302:64-71. doi:10.1038/scientificamerican0210-64

Vannote, R.L., G.W. Minshall, KW. Cummins, J.R. Sedell, and C.E. Cushing.
1980. River continuum concept. Can. J. Fish. Aquat. Sci. 37:130-137.
doi:10.1139/f80-017

Velbel, M.A., A.B. Taylor, and N.L. Romero. 1990. Effect of temperature on
feldspar weathering rates in alpine and non-alpine watersheds. Geol.
Soc. Am. Abstr. Program. 22:49.

Vergara, W., A.M. Deeb, A.M. Valencia, R.S. Bradley, B. Francou, A. Zarzar, A.
Grunwaldt, and S.M. Haeussling. 2007. Economic impacts of rapid glacier
retreat in the Andes. EOS 88:261-264. doi:10.1029/2007E0250001

von Humboldt, A., and A. Bonpland. 1807. Ideen zu einer Geographie der
Pflanzen nebst einem Naturgema™ Ide der Tropenla™ nder. Schoell and
Cotta Publishing, Paris.

Weishaar, J.L., G.R. Aiken, B.A. Bergamaschi, M.S. Fram, R. Fujii, and K. Mop-
per. 2003. Evaluation of specific ultraviolet absorbance as an indicator

www.VadoseZoneJournal.org | 913



of the chemical composition and reactivity of dissolved organic carbon.
Environ. Sci. Technol. 37:4702—4708. d0i:10.1021/es030360x

Western Regional Climate Center. 2009. Historical climate summaries. Avail-
able at http://www.wrcc.dri.edu/summary/Climsmco.html [verified 12
July 2011]. Western Regional Climate Center, Reno, NV.

Wickland, K.P., J.C. Neff, and G.R. Aiken. 2007. Dissolved organic carbon in
Alaskan boreal forest: Sources, chemical characteristics, and biodegrad-
ability. Ecosystems doi:10.1007/s10021-007-9101-4.

Williams, M\W,, J.S. Baron, N. Caine, R. Sommerfeld, and R. Sanford. 1996a.
Nitrogen saturation in the Rocky Mountains. Environ. Sci. Technol.
30:640-646. doi:10.1021/es950383e

Williams, M.\W., P.D. Brooks, and T. Seastedt. 1998. Nitrogen and car-
bon soil dynamics in response to climate change in a high-elevation
ecosystem in the Rocky Mountains, USA. Arct. Alp. Res. 30:26-30.
doi:10.2307/1551742

Williams, M.W., T. Davinroy, and P.D. Brooks. 1997. Organic and inorganic
nitrogen pools in talus fields and subtalus water, Green Lakes Valley,
Colorado Front Range. Hydrol. Processes 11:1747-1760. doi:10.1002/
(SIC1)1099-1085(19971030)11:13<1747::AID-HYP603>3.0.CO;2-B

Williams, M.\W., M. Knauf, N. Caine, F. Liu, and P.L. Verplanck. 2006. Geo-
chemistry and source waters of rock glacier outflow, Colorado Front
Range. Permafrost Periglacial Process. 17:13-33. doi:10.1002/ppp.535

Williams, M.W., M. Losleben, N. Caine, and D. Greenland. 1996b. Changes in
climate and hydrochemical responses in a high-elevation catchment in
the Rocky Mountains, USA. Limnol. Oceanogr. 41:939-946. doi:10.4319/
10.1996.41.5.0939

Williams, M.\W., M. Losleben, and H. Hamann. 2002. Alpine areas in the Colo-
rado Front Range as monitors of climate change and ecosystem response.
Geogr. Rev. 92:180-191. doi:10.2307/4140969

Williams, M.W., C. Seibold, and K. Chowanski. 2009. Storage and release of
solutes from a subalpine seasonal snowpack: Soil and stream water re-
sponse, Niwot Ridge, Colorado. Biogeochemistry 95:77-94. doi:10.1007/
$10533-009-9288-x

Williams, M.W., and K.A. Tonnessen. 2000. Critical loads for inorganic nitro-
gen deposition in the Colorado Front Range, USA. Ecol. Appl. 10:1648—
1665. doi:10.1890/1051-0761(2000)010[1648:CLFIND]2.0.CO;2

Worcester, P.G. 1960. A guide to the geology of the Boulder region, Boulder,
Colorado. Boulder Chamber of Commerce, Boulder, CO.




