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Abstract Alpine ecosystems are particularly sus-

ceptible to disturbance due to their short growing

seasons, sparse vegetation and thin soils. Increased

nitrogen deposition in wetfall and changes in climate

currently affect Green Lakes Valley within the Col-

orado Front Range. Research conducted within the

alpine links chronic nitrogen inputs to a suite of

ecological impacts, resulting in increased nitrate

export. The atmospheric nitrogen flux decreased by

0.56 kg ha-1 year-1 between 2000 and 2009, due to

decreased precipitation; however alpine nitrate yields

increased by 40 % relative to the previous decade

(1990–1999). Long term trends indicate that weath-

ering products such as sulfate, calcium, and silica have

also increased over the same period. The geochemical

composition of thawing permafrost, as indicated by

rock glacial and blockfield meltwater, suggests it is the

source of these weathering products. Furthermore,

mass balance models indicate the high ammonium

loads within glacial meltwater are rapidly nitrified,

contributing *0.5–1.4 kg N ha-1 to the growing

season nitrate flux from the alpine watershed. The

sustained export of these solutes during dry, summer

months is likely facilitated by thawing cryosphere

providing hydraulic connectivity late into the growing

season. This mechanism is further supported by the

lack of upward weathering or nitrogen solute trends in

a neighboring catchment which lacks permafrost and

glacial features. These findings suggest that reductions

of atmospheric nitrogen deposition alone may not

improve water quality, as cryospheric thaw exposes

soils to biological and geochemical processes that may

affect alpine nitrate concentrations as much as atmo-

spheric deposition trends.

Keywords Atmospheric deposition � Climate

change � Cryosphere � Nitrification �Weathering �
Mountain ecosystems

Introduction

Alpine systems are very susceptible to environmental

change due to their short growing seasons, sparse

vegetation, thin soils, and a harsh climate (Williams
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et al. 2002). Additionally, the complex topography and

landscape heterogeneity of these catchments makes it

challenging to quantify and explain changes in aquatic

nutrient fluxes (Seastedt et al. 2004).

Warming temperatures are likely responsible for

unprecedented rates of mountain glacier retreat world-

wide (e.g. Meier et al. 2007). In the western U.S.,

warmer air temperatures have decreased the propor-

tion of precipitation falling as snow (Knowles et al.

2006), decreased early snowpack snow-water equiv-

alent (Mote 2006), and led to earlier runoff during

snowmelt (e.g. Clow 2010; Regonda et al. 2005). Diaz

and Eischeid (2007) found that in the western U.S.

mean annual air temperature for the warmest month

from 1987 to 2006 was greater than the 10 �C Koppen

classification for 73 % of areas classified as having

alpine climates, placing the persistence of alpine

tundra at risk.

Anthropogenic emissions of NOx (nitrogen oxides)

and NH3 (ammonia) from energy production, trans-

portation, industry, and agricultural activities contrib-

ute to deposition of dissolved inorganic nitrogen (DIN =

NO3
- ? NH4

?) in high-elevation watersheds in the

western U.S. (Baron and Campbell 1997; Williams and

Tonnessen 2000). Deposition data indicate that DIN

concentrations in wetfall have increased steadily over

much of the Rocky Mountains in recent decades (e.g.

Burns 2003). This increase of DIN in wetfall at high

elevation in the Colorado Rocky Mountains has

resulted in this area becoming N-saturated (Williams

et al. 1996a), leading to higher concentrations of nitrate

in surface waters (Baron et al. 1994; Williams and

Tonnessen 2000), and shifted phytoplankton nutrient

limitation from predominant nitrogen (N) and joint N

and phosphorus (P) limitation to predominant P

limitation (Elser et al. 2009). An outstanding question

remains: is increased nitrate in surface waters of high-

elevation catchments in the Colorado Rockies from

nitrate in wetfall directly transported to surface waters,

or is it a result of net nitrification induced by DIN in

wetfall?

In the high mountain environment of the Colorado

Front Range the co-occurrence of climate change and

N deposition complicates the identification of N

deposition effects on ecosystem processes (Baron

et al. 2009). Ollinger et al. (2003) suggest that climate

is the overarching control on ecosystem processes,

confounding researchers’ attempts to quantify ecosys-

tem effects of N deposition and several studies report

climate effects exceeding those of atmospheric depo-

sition (e.g. Meixner et al. 2004; Rogora 2007). For

example, there may be enhanced weathering and

N-mineralization under a warmer climate (Hong et al.

2005), leading to increased N export to surface waters

(Henriksen and Hessen 1997). In the northern Rockies,

Saros et al. (2010) report significantly greater nitrate

(NO3
-) concentrations in glacial and snowmelt fed

lakes compared to those collecting snowmelt alone.

Similarly, Baron et al. (2009) report that recent NO3
-

concentration increases in Loch Vale watershed result

from melting ice in permafrost and rock glaciers. In

Green Lakes Valley (GLV), 45 years of glacial mass

balance and climate data show that recent increases in

summer air temperature have resulted in the Arikaree

Glacier crossing a threshold that will likely result in its

disappearance in the next several decades (Hoffman

et al. 2007). Finally, a recent synthesis suggests that

climate change impacts on nitrogen transport and

processing will be driven mostly by alteration in

hydrology (Baron et al. 2012).

Here we investigate the nexus between changing

climatic conditions and N deposition in GLV in the

Colorado Front Range. From 1983 to 2007, average

annual air temperatures in GLV increased 1.08 �C de-

cade-1 (Clow 2010) leading to a 15 positive degree-

day year-1 increase (Caine 2010). Long-term precip-

itation records show a decrease in annual precipitation

starting in 1999; with 2002 being one of the driest and

hottest years on record (Pielke et al. 2005) and

cumulative precipitation in 2000–2003 being below

the long-term average. Further evidence of a change in

precipitation can be seen by examining the snow depth

surveys, conducted at maximum accumulation that

began in 1997 (Erickson et al. 2005), the lowest mean

snow depth of 123 cm was recorded in 2002 (Williams

et al. 2006). In addition to changing amounts of

precipitation, evaluation of long-term discharge

records show that the date of centroid of discharge in

GLV has occurred earlier, changing at a rate of

-0.2 day year-1 at GL4 and -0.6 day year-1 at MART

(Hill 2008), suggesting that snowmelt is occurring

earlier in the season. Collectively, these observations

point to a warmer and drier GLV from 2000 to 2009, as

compared to the previous two decades. Thus, despite

increases in DIN concentrations in precipitation,

atmospheric N deposition has generally decreased

over the last decade in GLV. We evaluate the effects of

warming and drying on the spatiotemporal variability
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of nitrogen biogeochemistry in GLV through the

examination of long-term stream chemistry and cryo-

spheric data.

Methods

Site location

GLV is a 700-ha east-facing, high-elevation

(3,250–4,000 m) alpine catchment in close proximity

to large-scale urban and agricultural activities in the

Denver-Boulder-Fort Collins area (Fig. 1). As Boul-

der’s municipal water source, GLV has had restricted

public access since the 1950s, leaving the watershed

relatively undisturbed. The northern drainage divide is

Niwot Ridge, a Long-Term Ecological Research

(LTER) area and National Atmospheric Deposition

Program (NADP) site where environmental research

has been conducted since the early 1950s. The

continental, high-mountain climate of GLV has been

recorded continuously since the 1950s at alpine D1

(3,700 m) and subalpine C1 (3,021 m) meteorological

stations on Niwot Ridge; with a mean annual temper-

ature of -3.7 �C (Williams et al. 1996b).

The 9-ha Arikaree glacier (ARK) sits at the head of

GLV and is the source of North Boulder Creek

(Fig. 1), which starts as a braided first-order stream at

the Navajo (NAV) bench below ARK, flowing into a

series of lakes, including Green Lake 4 (GL4). The

GL4 watershed (225-ha) is defined by steep slopes,

glacial cirques, semi-permanent snowfields, exposed

bedrock, talus outcrops, sparse vegetation, and undev-

eloped soils; characteristics shared by other alpine

areas in the region. Bedrock in GLV is composed of

Precambrian schists and gneisses, the Silver Plume

quartz monzonite, and Audubon–Albion stock (Wil-

liams et al. 2006). Permafrost has been verified above

3,500 m on Niwot Ridge (Ives and Fahey 1971) and

more recently near Green Lake 5 (GL5; Leopold et al.

2008) and in the GL4 watershed (Janke 2005). In

addition to ARK, three rock-glacier/blockfield sites

have been sampled: an 8-ha lobate rock glacier (RG5)

at the foot of the north-facing side of Kiowa Peak and

two blockfield sites above GL4 (EN.4L and KIO.SW,

Fig. 1). Previous research has shown that about 65 %

of the discharge from GL4 in the mid 1990s is older

water from groundwater and blockfield areas and the

remaining 35 % is new snowmelt (Liu et al. 2004).

In contrast to GL4, the Albion (ALB) site is located

below the series of lakes at the ecotone between alpine

and subalpine (Fig. 1). This lower section has more

extensive vegetation and soil cover, compared to the

upper valley. The 8-ha Martinelli (3,380 m) catch-

ment represents a 1st-order, snow-field dominated

catchment (Fig. 1). The Martinelli (MART) catch-

ment has poorly developed soils, little vegetation,

deep winter snow cover (Caine and Swanson 1989),

and limited groundwater storage resulting in event

water contributing almost 80 % of streamflow (Liu

et al. 2004). In contrast to GL4, MART does not

contain any glacial features or permafrost due to its

southern aspect and lower elevation.

Sample collection and analysis

This study utilizes long-term data collected by the

Niwot Ridge LTER, including daily air temperature,

precipitation, stream discharge, and weekly wet

deposition and stream chemistry. Discharge has been

measured continuously since 1982 at GL4, ALB, and

MART from May through October. The duration of

discharge and stream chemistry measurements varies

from year to year due to access to the site, e.g. some

years may have 1 week of data for May and October

while other years have three or more weeks. Rating

curves developed from 30 years of stage height

readings at GL5 and NAV and discharge measure-

ments at GL4 were used to estimate discharge at GL5

and NAV. Stage heights taken approximately four

times per week at the ungauged sites (GL5 and NAV)

ensure that these rating curves can capture seasonal

changes in the relationship between discharge at these

sites and the downstream gauged site (GL4), however

uncertainty still exists and this could amount to

±10 % (Williams and Caine 2001). Cumulative

weekly discharge at ARK was estimated by scaling

the measured flows at NAV by the estimated propor-

tions of surface snow and ice in the two basins. More

specifically when there was 100 % snow cover above

NAV, the flow at ARK was calculated to be propor-

tional to the drainage areas, when the only snow and

ice in the NAV catchment is the ARK the flow at NAV

is set equal to that of the meltwater flow of the glacier

(ARK). Given the nature of this extrapolation, the flow

at ARK is less certain than at other sites throughout the

watershed; in some cases this uncertainty could be up

to ±30 %.
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Streams (NAV, GL4, GL5, ALB), glacial melt

(ARK), rock glacier (RG5), and blockfield (KIO,

EN4L) waters were sampled weekly for chemical

content from May through October, with collection

beginning in 1984 for all stream sites and the glacial

meltwater and in the mid to late 1990s for the rock

glacier and -blockfield waters. The NADP initiated

weekly sampling of wet deposition chemistry in 1984

at the Saddle site (3,500 m). All water samples were

analyzed for pH, acid neutralizing capacity (ANC,

measured via gran titration), conductance, major ions

and dissolved silica (Si), following the protocols

presented by Williams et al. (2006). Routine measure-

ments of dissolved organic carbon (DOC) began in

1998. Chemical yields were estimated as the product

of concentrations and the accumulated water discharge

for weekly intervals centered on the day of sampling.

Volume-weighted mean (VWM) concentrations for

individual species were calculated as annual mass flux

divided by annual discharge.

Statistical methods

Long-term trends in the concentration and flux of

calcium (Ca2?), nitrate (NO3
-), sulfate (SO4

2-), and

silica (Si) at GL4, MART, and ALB were analyzed

using the nonparametric seasonal Kendall test (Helsel

and Hirsch 1992). To assess long-term trends, seasons

were defined as a month, with the sample closest to the

midpoint of the month used for the test. By controlling

for monthly, i.e. seasonal, variation in concentration

this test can assess the presence or absence of long

term trends. In addition, this test allows us to

determine if any long-term trends are being driven

by certain parts of the sampling period (i.e. a given

month); this is especially important given that the

Fig. 1 Site location map of Green Lakes Valley. Temperature

and precipitation are measured at climate stations D1, Saddle,

and C1 (not shown, 3021 m). Weekly water samples were

collected at the ARK, Navajo bench (NAV), Green Lake 5

(GL5), Rock Glacier (RG5), Green Lake 4 (GL4), Albion

(ALB), and Martinelli (MART). Stream flow gauging stations

are located at GL4 and ALB. Water samples from blockfield

features started in the 1990s at KIO and EN.4L
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sampling period at these sites varies from year to year

due to changes in access. Analysis of variance

(ANOVA) was used to test for differences in the

chemical observations for the wet (1985–1999) and

dry (2000–2009) sampling periods. Significant differ-

ences were determined at the p \ 0.05 level.

Mass balance model

Given the documented role of in-stream processing of

nitrogen species within small streams (e.g. Bernal

et al. 2012; Hall et al. 2009; Hubbard et al. 2010;

Peterson et al. 2001), it is likely that nitrification,

uptake, and removal (e.g. denitrification) contribute to

the observed differences between sites and that these

rates have change over space and time. To estimate

how in-stream processes change within the alpine

portion of GLV, three reaches were modeled using the

historical database to estimate gains and losses of

NO3
-, ammonium (NH4

?), and a conservative tracer

(chloride, Cl-) within stream reaches. Three reaches

were defined by sampling locations within the

watershed: Arikaree to Navajo (ARK–NAV), Navajo

to the outlet of Green Lake 5 (NAV–GL5), and the

outlet of Green Lake 5 to outlet of Green Lake 4

(GL5–GL4). Regular discharge estimates are not

available prior to 2000 for NAV and thus our estimates

of solute gains and losses are confined to post-2000. In

addition, due to variability in the duration of discharge

measurements each year, the analysis is confined to

the months of June through September. Weekly flux

estimates for ARK, NAV, GL5, and GL4 were

calculated using weekly chemical measurements

(lmol L-1) and weekly average discharge values

(m3 day-1).

To achieve water balance between the upstream and

downstream site of each reach, it was assumed that

additional water was gained from minor tributaries,

soil water, groundwater, and periglacial features. The

three reaches have a few minor incoming tributaries,

estimated at less than 10 % of the flow, which

originate from the east face of Arikaree Peak, the

south side of Niwot Ridge, and from RG5, however

these systems are not gauged and there are no

discharge estimates. To estimate the net processing

of NO3
- and NH4

?, assumptions needed to be made

about the concentration of these solutes in the

incoming water. Incoming water could simply dilute

the upstream flux, i.e. N concentrations equal zero

(Eq. 1). Alternatively, incoming water brings addi-

tional solutes; two sets of estimates of NO3
-, NH4

?,

and Cl- concentrations were made in an effort to

provide an upper limit to the lateral influxes: (1)

incoming water had solute concentrations equal to that

at the upstream site or (2) incoming water had solute

concentrations equal to rock glacier (RG5) chemistry

(Eq. 2). In the latter cases, lateral water fluxes were

calculated by multiplying the appropriate solute

concentration by and the difference in discharge

(DQ) between the boundary sites of the reach. Gains

or losses of a solute (Si) within a reach were calculated

using the following mass balance equations:

Si ¼ Qds � Cds�Qus � Cus ð1Þ

Si ¼ Qds � Cds � Qus � Cus þ DQ � Cg or us

� �
; ð2Þ

where Q is the weekly discharge (m3 day-1), C is the

solute concentration with us, ds, and g designating the

upstream, downstream, and rock glacier sites, respec-

tively, S represents the gain or loss of solute

i (mol * day-1) with i designating the specific solute

(NO3
-, NH4

?, Cl-). Results were then normalized to

the length of the reach (mol m-1 day-1), with nega-

tive values representing a loss of solute and positive

values representing a gain, making them comparable

between reaches.

The assumption of using the upstream site’s

chemistry to characterize the lateral water influx is

based on studies documenting the positive relationship

with streamwater DIN concentrations and elevation in

GLV downstream of NAV (e.g. Hood et al. 2003). For

example, Hood et al. (2003) found that concentrations

of NO3
- decrease by a factor of five from NAV to

ALB to a subalpine site below Silver Lake, from an

annual average of 27 to 7.9 to 4.5 lmol L-1, respec-

tively. The third possibility, using rock glacier chem-

istry as a proxy for periglacial contributions, allows us

to estimate the net amount of in-stream processing

occurring if these features are the source of additional

water to the stream. A sensitivity analysis was

performed to determine the uncertainty of gains and

losses due to in-stream processes in a given reach; this

analysis used the following uncertainties for discharge

estimates: ±30 % at ARK, ±10 % at NAV and GL5,

and ±5 % at GL4. By examining the results of the Cl-

mass balance, we can determine which assumption

regarding the incoming water N chemistry best fits the

stream reach.
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Results

Precipitation, temperature, and stream discharge

Precipitation at Niwot Ridge varies with both space

and time. For example, the mean annual precipitation

at the alpine D1 climate station, 119 cm year-1 was

almost twice that of the 64 cm year-1 at the subalpine

C1 station. Mean annual precipitation has declined

during the 1985–2009 period by 1.66 mm year-1 at

D1 and 2.32 mm year-1 at C1, driven in large part by

a regional drought from 2000 to 2007 (Fig. 2b). These

declines resulted in a significantly (p \ 0.05) less

precipitation from 2000 to 2009 as compared to

1985–1999 at both D1 and C1. In addition to drier

conditions, GLV has also steadily warmed from 1985

to 2009, as indicated by mean annual temperatures

increasing by 0.5 �C per decade at D1 (Fig. 2a).

Water yield at GL4 averaged 91 cm year-1 for the

period 1985–2009, almost twice that of the

54 cm year-1 at ALB. Both sites saw a decline in

volume after 2000 corresponding with the regional

drought. However, when comparing average annual

discharge from 1985 to 1999 with that of 2000–2009,

there was no statistical difference between periods.

Discharge at MART averaged 92 cm year-1 for

1985–2009. Annual discharge at MART showed a

significant 40 % decrease (p = 0.005) between the

1985–1999 (110.2 cm year-1) and 2000–2009

(66.4 cm year-1) periods.

Nitrogen deposition

There was a significant increase (p \ 0.01) in DIN

concentrations in wet deposition between 1985 and

2009 (Fig. 2c). However individually, annual VWM

NO3
- and NH4

? concentrations did not show signif-

icant trends (p [ 0.05), due to significant decreases

in NO3
- since 2000, at a rate of 1 lM year-1

(p = 0.0001, NADP 2013). While annual VWM

NH4
? concentrations have also decreased in recent

years, there is no consistent trend. Long-term trends

are driven by concentration trends prior to 2000,

when NO3
- concentrations more than doubled from

\10 lM in 1985 to over 20 lM in 2000 and NH4
?

concentrations demonstrated a fivefold increase, from

\3 lM in 1985 to over 15 lM in 2004 (NADP 2013).

These trends in concentration combined with a general

decrease in precipitation since 2000, resulted in annual

deposition of DIN peaking in 2000 at approximately

9 kg N ha-1 year-1 (NADP 2013; Fig. 2d).

In addition to nitrogen, atmospheric deposition

delivers calcium and sulfate to these catchments.

Calcium concentration and total deposition steadily

increased over the study period by 3.1 mg L-1 year-1

and 1.6 kg ha-1 year-1, respectively (NADP, 2013,

Fig. S1). Recent work by Brahney et al. (2013)

documents increased calcium deposition throughout

the intermountain West due to increased mineral

aerosol emission likely caused by increased aridity

and human activities. In contrast to calcium, sulfate

concentrations in atmospheric deposition have

decreased steadily over the last 30 years (NADP,

2013, Fig. S1).

Stream chemistry

Concentrations and yields of geochemical weathering

products increased over the study period at GL4 and

ALB (Fig. 3). The trend of increasing annual VWM

concentrations of Ca2?, SO4
2-, and Si was driven in

part by an increase during drought years. For example,

at GL4, SO4
2-annual VWM concentrations increased

from *20 lM in the mid-1990s to over 50 lM in

2000. Interestingly, geochemical weathering product

yields also increased throughout the study period

(Fig. 3), despite the decrease in discharge during the

drought years. Calcium yield at GL4 increased signif-

icantly (p \ 0.01) at a rate of 0.63 kg ha-1 year-1.

Similarly, other weathering products increased signif-

icantly (p \ 0.01) with a 1.13 kg ha-1 year-1

increase in SO4
2- and a 0.22 kg ha-1 year-1 increase

in Si. ALB also demonstrated significant (p \ 0.01)

increasing trends in weathering product yields, with a

0.35 kg ha-1 year-1 increase in Ca2?, 0.40 kg ha-1

year-1 increase in SO4
2-, and a 0.19 kg ha-1 year-1

increase in Si yield (Fig. 3). Seasonal Kendall tests

indicate that these yields statistically increased for

each month of sampling (May through October) at

GL4 over the course of the study period. In contrast,

Ca2?, SO4
2-, and Si yield trends at ALB were driven

by increases during August and September; indicating

that when flow is dominated by snowmelt (June and

July) there were no statistical yield changes.

Concentration and yield trends of geochemical

weathering products at MART were inconsistent, with

both Ca2? and Si concentrations increasing over time

while SO4
2- concentrations decreased (Fig. 3). Ca2?
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and Si concentrations increased at a rate of 0.34 and

0.99 lM year-1, respectively, with maximum con-

centrations coinciding with the lowest precipitation

years in 2003 and 2004 (Fig. 3c, d). In contrast, SO4
2-

concentrations statistically decreased at a rate of

-0.30 lM year-1 with SO4
2- yields decreasing

within the catchment at a rate of -0.27 kg ha-1

year-1 (Fig. 3b). Seasonal Kendall tests indicate that

the decrease in SO4
2- yield from MART was driven

by the early part of the sampling period; May and June,

given that later in the year yield decreases were not

significant. While annual Si and Ca2? yields did not

show consistent trends over time, seasonal Kendall

tests indicate that Ca2? yields increased significantly

in June and August, while Si yields increased from

June to August over the study period.

The annual VWM NO3
- concentrations increased

significantly (p \ 0.001) at GL4, at a rate of

0.27 lM N year-1, while NO3
- VWM concentra-

tions decreased at ALB (p = 0.07) and MART

Fig. 2 Atmospheric

deposition in Green Lakes

Valley. Time series of

a mean annual temperature

(�C) at D1 (3,739 m)

b precipitation (cm) at D1,

c DIN concentration of wet

deposition (lM) and d the

total annual wet deposition

of DIN (kg ha-1) at the

Saddle NADP site

(3,520 m) for 1985–2009.

Precipitation was corrected

to account for blowing snow

as discussed in Williams

et al. (1998)
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(p = 0.05) at a rate of 0.13 lM N year-1 and

0.15 lM N year-1, respectively (Fig. 3a). The annual

yields of NO3
- at GL4 also increased significantly

(p \ 0.005); with ALB showing no significant change

and MART showing a decrease (p = 0.01) (Fig. 3f).

Seasonal Kendall tests indicate that the NO3
- yields

increased statistically in all months except July (May,

June, August–October) in GL4 and showed no statis-

tical changes in ALB with the exception of the month

of June. In MART, NO3
- yields statistically decreased

in the months from July to September, driving the

overall decreasing trend of NO3
- export from this

catchment.

Annual VWM NO3
- concentrations also varied

spatially, generally increasing with elevation within

GLV (Fig. 4a). The lowest mean annual NO3
- concen-

tration for the study period was found at ALB (6.1 lM),

the lowest elevation site; while the greatest concentra-

tions were found at NAV (mean = 28.1 lM). Interest-

ingly, the annual VWM concentrations of NO3
-

decreased from the NAV stream site to ARK glacial

meltwater. Given this pattern and the general trend of

stable or increasing flows between ARK and NAV, an

additional source of NO3
-, from in-stream processing or

lateral inputs, must occur between these sites. The

annual VWM concentrations of NO3
- increased sharply

during the drought years (2000–2003) at all sites, with

the exception of ALB and MART (Fig. 4a). Annual

VWM NH4
? concentrations were highest at ARK

(9.4 lM) and with a peak value of 22.2 lM in 2002

(Fig. 4b). The higher NH4
? concentrations at ARK have

been attributed to snowmelt release of NH4
? and the

lack of interaction with soils, i.e. minimal opportunity

for biological uptake and/or soil sorption, prior to

sampling (Hood et al. 2003). The annual VWM NH4
?

concentrations were always below 4 lM at all other

sites, with little spatial variation.

In order to assess how water chemistry changes in

response to drought, we followed the protocol of

Baron et al. (2009), separating data into two periods

corresponding to wet (1985–1999) and dry

(2000–2009) years, in order to account for differing

periods of record we only used data from June through

September. At GL4, the NO3
-, SO4

2-, and Ca2?

concentrations increased significantly (p \ 0.003)

between the two periods by 32, 110, and 37 %,

respectively (Table 1). At ALB weathering product

concentrations increased significantly (p \ 0.0001),

SO4
2- and Ca2? concentrations increased by 45 and

37 %, respectively; but NO3
- concentrations declined

(p = 0.03) between the two periods by 31 %

(Table 1). Similar to ALB, MART NO3
- concentra-

tions declined during the drier period (by 13 %) but

the weathering product concentrations did not show

consistent trends, with SO4
2- concentrations decreas-

ing by 19 % and Ca2? concentrations significantly

increasing (p \ 0.001) by 24 % (Table 1). For the

most part the change in solute yields between the two

periods was consistent with concentration changes. At

GL4, the NO3
- yield increased (p = 0.006) by 40 %

during the drought, from a mean of 1.7 to

2.3 kg ha-1 year-1 and SO4
2- and Ca2? yields also

increased (p \ 0.001) by 126 and 92 %, respectively

(Table 1). In contrast, NO3
- yield at ALB decreased

Fig. 3 Annual volume-weighted mean concentrations (lM)

and annual yield (kg ha-1 year-1) of NO3
- (a, f), SO4

2- (b, g),

Ca2? (c, h), and Si (d, i) at GL4 (black circles) and ALB (open

circles) and MART (grey circles). The annual average stream

discharge for each stream (e) and water yield (j) are provided for

reference. Note the change in y-axes scale between solutes,

discharge and water yield measurements
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(p = 0.04) by 40 % over the same period, while yields

of SO4
2- and Ca2? increased, though the increase in

Ca2? yield was not significant at p \ 0.05 (Table 1).

At the MART catchment without permafrost or glacial

features, the NO3
-, SO4

2- and Ca2? yields decreased

significantly by 44 % (p = 0.002) and 49 %

(p = 0.001), respectively during the drought years

(Table 1). Despite the increase in Ca2? concentrations

over the same period, Ca2? yields decreased 26 %,

though not significantly (p = 0.10) (Table 1).

Model results: in-stream gains and losses

In order to estimates both the flux of nitrogen coming

into the reach (from upstream and lateral inputs); it is

necessary to determine incoming water fluxes. Given

the uncertainty in the discharge estimates and thus the

amount of water gained in each reach, the maximum

range of values was determined and half of that range is

presented here (average ± half the range). From 2000

to 2009, the stream reach from ARK to NAV gained

Fig. 4 Historical a NO3
-

(lM) and b NH4
? (lM)

values for ARK, NAV, GL5,

GL4, ALB, and MART.

Values are annual VWM

with the exception of ARK,

where an arithmetic mean is

reported. Note that NO3
-

data starts in 1984, while

NH4
? was not measured

regularly until 1993

Biogeochemistry

123



15,944 ± 8629 m3 day-1 or 0.05 ± 0.03 m day-1,

NAV to GL5 gained 46,024 ± 11029 m3 day-1 or

0.05 ± 0.02 m day-1, and GL5 to GL4 gained

25,973 ± 13,022 m3 day-1 or 0.03 ± 0.02 m day-1.

The water balance downstream of ARK was the most

uncertain due to lack of precise estimates in glacial

meltwater flows. This uncertainty was propagated

through the mass balance model to calculate gains and

losses of solutes.

The Cl- mass balance results reveal that for ARK–

NAV the water coming in via lateral inputs (i.e. from

soil water, groundwater, small tributaries, snow melt)

to the reach most closely resembles the solute profile

of ARK, the upstream site, and not the rock glaciers.

Average change in Cl- between the sites was

0.04 ± 0.07 mol m-1 day-1 when lateral input con-

centrations are set equal to that of the upstream site.

In contrast if lateral inputs were set to have a

concentration of zero, the average change in Cl- was

-0.12 ± 0.16 mol m-1 day-1 and if the lateral inputs

are set to the concentration profile of the rock glacier

the average change in Cl-1 is 0.11 ± 0.09 mol m-1

day-1. Similarly, the Cl- results for the other two

reaches showed the same pattern: the estimated

change in Cl- was smallest when it was assumed that

concentration profile of water gained within the

reaches was similar to the upstream site. For NAV

to GL5, change in Cl- averaged 0.01 ± 0.04,

-0.15 ± 0.08, and 0.09 ± 0.06 mol m-1 day-1 for

lateral inputs equal to the upstream site, rock glacier,

and zero, respectively. For GL5 to GL4, change in

Cl- averaged 0.01 ± 0.06, -0.14 ± 0.15, and

0.08 ± 0.04 mol m-1 day-1 for lateral inputs equal

to the upstream site, rock glacier, and zero, respec-

tively. From these results we determined that assum-

ing the concentration of water gained by each reach

was equal to that of the upstream site most closely

matches the long term observations. However, this

does not exclude the idea of the mixing of multiple

sources, specifically the dilution of the rock glacier

signature by talus waters and/or snow; therefore the

following discussion will focus on the results from the

model which assumes that the lateral inputs of water

have nitrogen concentrations similar to that of the

upstream site, but the implications of rock glacier,

blockfield, and talus water contributions will also be

discussed.

Mass balance results assuming lateral inputs of N

equal to upstream concentrations, indicate that there

was a net gain of NO3
- between ARK and NAV ranging

from an average of 0.59 ± 1.30 mol m-1day-1 in June

to 1.27 ± 0.70 mol m-1day-1 in July and August from

2000 to 2009 (Fig. 5b). Between NAV, GL5, and GL4,

the mass-balance shows a switch to net losses of NO3
-,

ranging from -0.27 ± 0.40 m-1 day-1 in July (GL5–

GL4) to -0.74 ± 0.28 m-1 day-1 in Sept (NAV–

GL5); with a general trend towards increasing losses

later in the summer when flows are lower (Fig. 5b).

Mass balance results for NH4
? assuming lateral

stream inputs with NH4
? concentrations equal to the

upstream site, indicate that there is loss of NH4
?

between ARK and NAV, ranging from a monthly

Table 1 Mean annual concentration (lM), yield (kg ha-1 year-1), and percent change over time of select solutes for Green Lake 4

(GL4), Albion (ALB), and Martinelli (MART) catchments for the wet (1985–1999) and dry (2000–2009) climatic periods

Solute Green Lake 4 Albion Martinelli

1985–1999 2000–2009 % Change 1985–1999 2000–2009 % Change 1985–1999 2000–2009 % Change

Concentration

NO3
- 13.3 17.6 32* 7.0 4.8 -31* 16.6 14.5 -13

SO4
2- 19.5 41.0 110* 30.7 44.4 45* 19.4 15.8 -19

Ca2? 30.18 54.76 81* 58.4 80.0 37* 48.4 59.8 58*

Yield

NO3
- 1.7 2.3 40* 0.6 0.4 -40* 2.4 1.4 -44*

SO4
2- 16.7 37.7 126* 16.6 21.5 30* 9.7 5.0 -49*

Ca2? 10.7 20.6 92* 13.2 16.3 24 10.7 7.9 -26

Significant changes (p \ 0.05) are noted with an asterisk
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average of -0.42 ± 0.22 (Sept) to -0.98 ± 0.45

(June) mol m-1 day-1 (Fig. 5c). The amount of

NH4
? lost in this reach is significantly greater

(p \ 0.001) than the amount lost in any downstream

reach, which had a maximum average monthly loss

rate of -0.5 ± 0.03 mol m-1day-1 (June, GL5–

GL4).

Discussion

There is ample evidence that the elevated stream

NO3
- in high-elevation catchments throughout the

Colorado Front Range are caused, in part, by atmo-

spheric N deposition (Williams et al. 1996a). How-

ever, stream concentrations of NO3
- at GL4 have

Fig. 5 Average change in

Cl-, NO3
-, and NH4

?

fluxes (mol m-1 day-1) in

North Boulder Creek at

three reaches between 2000

and 2009. Calculations

assume lateral stream inputs

with concentrations equal to

upstream site. Error bars

indicate the variability of the

mean (i.e. one half the range

of all model output) at each

site for a given month

throughout the time period;

it should be noted that the

majority of this variation is

due to uncertainty in the

discharge estimates
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remained high despite a post-2000 decrease in atmo-

spheric delivery of N. While N leakage from N-sat-

urated soils (Brooks and Williams 1999) could explain

the continued increase in alpine export of NO3
- from

GL4, the concurrent decrease in precipitation suggests

that this mechanism is unlikely; specifically, with

decreased water delivery how would the N in soils be

delivered to the stream and how would N yields

increase? Thus there are likely other causal mecha-

nisms that contribute to stream NO3
- concentrations

and export; possibly climate-driven changes to the

physical environment and N-cycling in alpine and

subalpine regions.

Influence of periglacial features on surface water

chemistry

Chemical and isotopic mixing models suggest that

discharge at GL4 is a mixture of groundwater, block-

field water, and snowmelt; while snowmelt is the

dominant source of water to MART (Liu et al. 2004).

Given the changing temperature and precipitation one

would expect a decrease in snow cover and/or earlier

snowmelt at MART; however weekly mapping of snow

covered areas revealed no significant trend in the rate of

snow cover disappearance over time due to intra- and

inter-annual variability. However, there has been an

increase in the frequency of completely snow-free

summers since the onset of the drought (2000–2009) as

compared to the previous period (1985–1999).

Increased GL4 geochemical weathering product

fluxes during the drier post-2000 period support the

hypothesis that the upper GLV may already be

responding to climate change through melting of

stored water in permafrost and rock glaciers (Caine

2010). Past research has shown that for the GL5 rock

glacier (RG5), warming temperatures promote the

dissolution of pyrite, epidote, chlorite, and minor

calcite with the precipitation of silica and goethite,

resulting in a unique outflow signature (Williams et al.

2006). In addition, recent work in high elevation lakes

in Colorado has demonstrated that in cases where

SO4
2- is derived primarily from weathering sources,

as opposed to atmospheric deposition, concentrations

have significantly increased from 1985 to 2008,

coinciding with increased temperatures (Mast et al.

2011). Similar to the finding of Williams et al. (2006),

Mast et al. (2011) concluded that this SO4
2- was

largely derived from pyrite weathering. Comparing

the annual VWM concentrations of ions in GL4 to

various source waters demonstrates that during the dry

period GL4 chemistry shifted towards the rock-glacier

and blockfield melt signature (Fig. 6a), suggesting

increased rock-glacier melt and/or permafrost thaw

contributions to stream flow. The lack of similar

changing ion trends in MART (Fig. 6b) support the

idea that increased chemical weathering fluxes at GL4

and ALB are due to thawing of permafrost and melting

of glacier ice. This is consistent with the mechanism

hypothesized by Baron et al. (2009): thawing perma-

frost can serve as source water during dry years and

summer months after snowmelt. Here, permafrost

derived moisture provides a sufficient vector for

transporting material from rock glaciers, talus and

blockfield slopes into surface waters above GL4.

Research conducted in Europe supports the link

between climate and weathering rates in alpine

catchments. Warmer temperatures have been linked

to increased trends in conductivity, base cations, and

SO4
2- in the Italian Alps (Rogora et al. 2003) and

Austria (Wograth and Psenner 1995). Similarly, Thies

et al. (2007) showed that increasing cation and SO4
2-

concentrations in lake water were due primarily to

warming temperatures promoting rock-glacier melt, as

opposed to atmospheric deposition trends or catch-

ment geology. It is also possible that increased dust

deposition could be responsible for increased export of

calcium (Brahney et al. 2013) at GL4 and ALB,

however if this was the case one would expect similar

trends at MART, which were not observed.

The ARK and other ice features within GLV may

directly contribute NO3
- to the catchment. Saros et al.

(2010) demonstrated that the presence of glaciers

within alpine watersheds more strongly influence

NO3
- concentrations in high-elevation lake ecosys-

tems than any other geomorphic or biogeographic

characteristic; hypothesizing that relatively high sub-

limation and evaporation rates on glaciers concen-

trates N, resulting in high NO3
- concentration in

glacial meltwaters. They did not account for the

effects of other periglacial features such as rock

glaciers and/or permafrost in their comparison; given

that these features often covary with snow glaciers,

they could be important contributors to the Saros et al.

(2010) observations. Further, reduced contact with

watershed soils and microbes may contribute to the

higher NO3
- concentrations in glacial meltwater,

relative to seasonal snowpack melt.
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The water at ARK is sampled prior to contact with

in situ rock or soil surfaces, thus it is not surprising that

NH4
? and NO3

- values are more similar to snowpack

concentrations prior to contact with the ground than

snow melt (Williams et al. 2001; Williams et al. 2007).

While these observations are in line with the hypoth-

eses of Saros et al. (2010), the rapid transformation of

NH4
? within several hundred meters of ARK (Figs. 4,

7) indicates that microbial processes are also an

important contributor to NO3
- export in glacially fed

streams. Further, the direct conversion of NH4
? in

glacial meltwater to NO3
- adds between 0.5 and

1.4 kg N ha-1 year-1 to the GL4 watershed between

June and September, amounting to 12–31 % of the

annual DIN received via wet deposition in 2009.

In addition to the snow glacier (ARK), thawing

permafrost and rock glaciers could also enhance N

export. Studies have shown that high latitude catch-

ments characterized by discontinuous permafrost near

or at the 08 isotherm tend to have higher DIN

concentrations in surface water compared to water-

sheds with continuous permafrost (Jones et al. 2005).

A conceptual model for GLV proposed that summer

warming allows the 0� isotherm, separating frozen

surfaces from liquid water, to lower into the rock

glacier by the end of summer (Williams et al. 2006).

This recession exposes fresh mineral surfaces, thereby

enhancing geochemical weathering and increasing the

export of ions, as observed at GL4 and ALB (Fig. 3).

This process could also increase the export of NO3
-,

due to the presence of active microbes in rock glacier

outflows and sediment pockets within talus fields (Ley

et al. 2004). Thus, the observed increases in NO3
-

may also be a result of melting ice in rock glaciers

flushing microbially active sediments. Finally, thaw-

ing cryosphere provides an explanation for the

2 mm year-1 increase in discharge at GL4 in October

(1984 to present) when temperatures are such that

ablation and melting of the snow glacier should be

minimal (Hill 2008). Assuming that 50 % of this

increased baseflow is derived from thawing periglacial

features an additional 1.2–5.9 kg NO3–N enters the

stream each year. While this flux does not amount to a

large proportion of N entering the system on an annual

basis (\0.03 kg N ha-1 year-1, or less than 1 % of

the incoming DIN in wet deposition to GL4), given

that the majority of it enters during 1 month of the

year, it could make a substantial difference to late

season exports.

Increasing nitrification potential

Research has linked changing climatic conditions to N

dynamics; for example warm and wet periods accel-

erate NO3
- loss to surface waters due in part to

increased rates of mineralization (Hong et al. 2005),

Fig. 6 Ternary diagram for annual VWM of GL4 (a) and

MART (b), plotted with possible source waters: the VWM

chemistry values for NAV and ARK and mean concentrations

for snow (end of winter, prior to melt) and the rock glacier

(RG5) from 1985 to 2009. Talus water was characterized by

means from shorter time series of data, 2003–2010 for ENL4

and 2010 for KIO.SW. The 1985–1999 period (open circles)

was characterized by lower temperatures and higher precipita-

tion than the 2000–2009 period (red circles). Note: The HCO3
-

value in this figure is actually the measured ANC and axes

represent the normalized proportion of the anions and cations for

each sample. (Color figure online)
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while higher annual temperatures have been linked to

greater stream NO3
- concentrations (Murdoch et al.

1998). Trends in the long-term data and mass-balance

results support the connection between increased air

temperatures and altered N cycling.

There are three possible mechanisms for removing

NH4
? downstream from ARK: NH4

? can either be

taken up by vegetation, absorbed on ion exchange

sites, or nitrified. The high concentrations of NO3
-

and low concentrations of NH4
? at NAV as compared

to ARK (Fig. 5a) and lack of vegetation support the

hypothesis of nitrification as an important source of

NO3
- to NAV. Comparing the relationship between

gains of NO3
- and losses of NH4

? estimated by the

model for reach ARK–NAV, suggests that nitrification

of incoming glacier meltwater NH4
? is likely an

important process in July–September (open circles fall

on or parallel to the -1:1 line, Fig. 7b–d). This is

consistent with tracer study results at NAV showing

approximately identical rate coefficients for NO3
-

production and NH4
? decay within the stream and

neighboring wetland (Miller et al. 2006) and the

proposed mechanism to explain decreasing NH4
? and

increasing NO3
- concentrations as the meltwater

travels from ARK to NAV as discussed by Hood

et al. (2003). However, given that water added to the

reach between ARK and NAV is probably a combi-

nation of sources (i.e. contributions from blockfield-,

talus-water, and other periglacial features) it is likely

that some of the NH4
? is lost via uptake by plants

Fig. 7 Monthly relationships between the changes in NO3
- and

NH4
? (mol m-1 day-1) between ARK and NAV. Data points

are weekly output from the mass balance model, with negative

values corresponding to a loss and positive values corresponding

to a gain. The open circles assume that any water gained by the

stream reach has a N chemistry similar to that of the snow

glacier (ARK), while closed circles assume that the incoming

water has an N chemistry similar to the rock glacier. The -1:1

line represents nitrification of incoming NH4
? (upstream

influx ? lateral inputs). Points falling above the -1:1 line

suggest there are additional NO3
- sources to the stream, while

points below the -1:1 line represent biological uptake and/or

export of NH4
?
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(black circles parallel but below the -1:1 line,

Fig. 7b, c) and that additional NO3
- enters the stream

(black circles below the -1:1 line, Fig. 7a–c). Addi-

tional NO3
- could be gained via the exposure of

barren soils via permafrost thaw and glacier retreat,

providing substrate for increased mineralization and

subsequent nitrification of produced NH4
? to NO3

-

either within the soils or upstream of NAV.

Given that nitrification appears to be the integral

step in N leaching, it is important to assess how

climate influences mineralization and nitrification

rates. Research suggests that temperature dependent

soil microbial activity plays a major role in trans-

forming N from deposition into mobile NO3
- (Mur-

doch et al. 1998). Furthermore, past GLV research has

shown a great deal of microbial activity in tundra soils

and talus fields that nitrifies NH4
?, producing mobile

NO3
- (Nemergut et al. 2008). In fact, moist environ-

ments inside talus fields promote algal and fungal

growth, facilitating N-cycling even during winter

months under the snowpack (Ley et al. 2004).

Therefore, an increase in temperatures could further

enhance microbial production, potentially resulting in

increased NO3
- leaching.

Stoichiometric controls on N cycling

A meta-analysis by Taylor and Townsend (2010)

offers additional insight into the spatial patterns of

NO3
- concentrations in GLV. Their results indicate

that across a wide range of environments, DOC to

NO3
- molar ratios (DOC:NO3

-) strongly influence

NO3
-accumulation or uptake by regulating a host of

microbial processes. When this resource ratio falls

below a critical threshold of 3.5 for microbial biomass,

the onset of carbon limitation may drive the rapid

accrual of NO3
- in the system. This mechanistic

understanding of ecosystem nitrogen processing is in

line with our model results and the spatial trends in the

long-term data. High NO3
- concentrations correspond

to DOC:NO3
- below 3.5 (Fig. 8), particularly in the

blockfield (EN.4L, KIO.SW), rock glacier (RG5), and

glacial meltwater (ARK) sites. These sites are carbon

limited, resulting in little N assimilation, driving the

systems toward net nitrification. In contrast, increased

soil and vegetative cover provides more organic

carbon at ALB, increasing DOC:NO3
- to above 20,

resulting in an N-limited system with little stream

NO3
-. The DOC:NO3

- at GL5 and GL4 are near 3.5,

indicating that the lower elevation alpine extent is at

the threshold of moving from nitrogen to carbon

limitation.

Increased connectivity in a warming climate

Typically, the primary connectivity between terrestrial

soils and surface waters occurs during the spring

snowmelt season, with warmer temperatures and

Fig. 8 Scatterplot of DOC:

NO3
- (lM to lM) ratio

versus NO3
- (lM) for eight

sites in Green Lakes Valley.

Values are volume-

weighted annual means for

NAV, GL5, GL4, ALB and

arithmetic means for RG,

EN.4L, KIO.SW, and ARK.

The grey bar in the inset

represents the

stoichiometric threshold

identified by Taylor and

Townsend (2010)
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reduced summer precipitation restricting soil moisture

in high-elevation catchments and reducing the likeli-

hood of N export (Monson et al. 2002). However, as

mentioned earlier, other mechanisms such as perma-

frost thaw may facilitate the export of DIN in drier

months. Even in winter months, when cold tempera-

tures and snow cover reduce the opportunity for solute

flushing, NO3
- values remain higher than expected.

Clow et al. (2003) showed that groundwater flows

year-round in these alpine catchments, although these

inputs are primarily derived from talus fields, not the

tundra soils from which you might expect elevated

solute concentrations. Meltwater from rock glaciers,

blockfields and talus slopes may provide insight into

the year-round persistence of high solute concentra-

tions; with meltwater mixing with groundwater to

form surface waters in these catchments. Liu et al.

(2004) demonstrated that this is likely occurring, as

flowpaths in upper GLV shift towards stronger rock

glacier inputs in the summer months. Our findings

support this concept of year-round hydraulic connec-

tivity facilitating the export of NO3
-, with increasing

NO3
- concentrations at GL4 during every month in

the post-2000 drought period.

Conclusions

The historical stream chemistry data provide insight

into what the future holds for alpine and subalpine

catchments in a warmer world. The comparison

between the MART and GL4 catchments allows for

isolation of the effects of glacial and permafrost melt

to surface water chemistry, providing strong evidence

that these cryospheric features are the source of

increased weathering products and NO3
- fluxes later

in the growing season. In light of the drier and warmer

conditions present in the post-2000 period, GL4 may

have crossed a tipping point towards increasing

contribution of cryosphere melting to surface waters.

In contrast, the MART catchment has not demon-

strated a strong correlation between changing climate

and stream chemistry likely due to the lack of

cryospheric features. The lower elevation subalpine

sites (ALB) do not appear to be carbon limited, thus

minimizing the extent of net mineralization and

nitrification that seem to be driving the nitrate leaching

in the higher elevation alpine (e.g. NAV and GL4)

sites. These findings, taken in combination, confound

emission policies and associated water quality

improvements, as climate change and glacier melt

and thawing permafrost may effect NO3
- concentra-

tions as much, or more than atmospheric deposition

trends.

Acknowledgments Support for this research came from a

National Science Foundation grant to the Niwot Ridge Long-

Term Ecological Research program (DEB 0423662), EAR-

1124576, EAR-1248067/1027341, and an EAR Postdoctoral

Fellowship to RTB (NSF-EAR 0814457). Logistical support

was provided by the Institute of Arctic and Alpine’s Mountain

Research Station.

References

Baron JS, Campbell DH (1997) Nitrogen fluxes in a high ele-

vation Colorado Rocky Mountain basin. Hydrol Process

11(7):783–799

Baron JS, Ojima DS, Holland EA, Parton WJ (1994) Analysis of

nitrogen saturation potential in Rocky Mountain tundra and

forest: implications for aquatic systems. Biogeochemistry

27:61–82

Baron JS, Schmidt TM, Hartman MD (2009) Climate-induced

changes in high elevation stream nitrate dynamics. Glob

Change Biol 15(7):1777–1789

Baron JS, Hall EK, Nolan BT, Finlay JC, Bernhardt ES, Har-

rison J, Chan F, Boyer EW (2012) The interactive effects of

excess reactive nitrogen and climate change on aquatic

ecosystems and water resources of the United States.

Biogeochemistry 114(1–3):71–92

Bernal S, von Schiller D, Marti E, Sabater F (2012) In-stream

net uptake regulates inorganic nitrogen exports from

catchments under baseflow conditions. J Geophys Res

Biogeosci 117:G00N05. doi:10.1029/2012JG001985

Brahney J, Ballantyne AP, Sievers C, Neff JC (2013) Increasing

Ca2? deposition in the western US: the role of mineral

aerosols. Aeolian Res. doi:10.1016/j.aeolia.2013.04.003

Brooks PD, Williams MW (1999) Snowpack controls on

nitrogen cycling and export in seasonally snow-covered

catchments. Hydrol Process 13(14–15):2177–2190

Burns DA (2003) Atmospheric nitrogen deposition in the Rocky

Mountains of Colorado and southern Wyoming—a review

and new analysis of past study results. Atmos Environ

37:921–932

Caine N (2010) Recent hydrologic change in a Colorado alpine

basin: an indicator of permafrost thaw? Ann Glaciol

51(56):130–134

Caine N, Swanson FJ (1989) Geomorphic coupling of hillslope

and channel systems in 2 small mountain basins. Z Geo-

morphol 33(2):189–203

Clow DW (2010) Changes in the timing of snowmelt and

streamflow in Colorado: a response to recent warming.

J Clim 23(9):2293–2306

Clow DW, Schrott L, Webb R, Campbell DH, Torizzo A,

Dornblaser M (2003) Ground water occurrence and con-

tributions to streamflow in an alpine catchment, Colorado

Front Range. Ground Water 41(7):937–950

Biogeochemistry

123

http://dx.doi.org/10.1029/2012JG001985
http://dx.doi.org/10.1016/j.aeolia.2013.04.003


Diaz HF, Eischeid JK (2007) Disappearing ‘‘alpine tundra’’

Koppen climatic type in the western United States. Geo-

phys Res Lett 34(18):L18707

Elser JJ, Kyle M, Steger L, Nydick KR, Baron JS (2009)

Nutrient availability and phytoplankton nutrient limitation

across a gradient of atmospheric nitrogen deposition.

Ecology 90(11):3062–3073

Erickson TA, Williams MW, Winstral A (2005) Persistence of

topographic controls on the spatial distribution of snow in

rugged mountain terrain, Colorado, United States. Water

Resour Res 41(4):W04014

Hall RO, Baker MA, Arp CD, Koch BJ (2009) Hydrologic

control of nitrogen removal, storage, and export in a

mountain stream. Limnol Oceanogr 54:2128–2142

Helsel DR, Hirsch RM (1992) Statistical methods in water

resources. Elsevier, New York

Henriksen A, Hessen DO (1997) Whole catchment studies on

nitrogen cycling: nitrogen from mountains to fjords. Am-

bio 26(5):254–257

Hill KR (2008) Potential climate impacts on hydrochemistry,

source waters, and flow paths in two alpine catchments,

Green Lakes Valley, Colorado. Master’s Thesis, Depart-

ment of Geography, University of Colorado, p 193

Hoffman MJ, Fountain AG, Achuff JM (2007) 20th Century

variations in area of cirque glaciers and glacierets, Rocky

Mountain National Park, Rocky Mountains, Colorado,

USA. Ann Glaciol 46:349–354

Hong BG, Swaney DP, Woodbury PB, Weinstein DA (2005)

Long-term nitrate export pattern from Hubbard Brook

watershed 6 driven by climatic variation. Water Air Soil

Pollut 160:293–326

Hood EW, Williams MW, Caine N (2003) Landscape controls

on organic and inorganic nitrogen leaching across an

alpine/subalpine ecotone, Green Lakes Valley, Colorado

Front Range. Ecosystems 6:31–45

Hubbard KA Jr, Lautz LK, Mitchell JK, Mayer B, Hotchkiss ER

(2010) Evaluating nitrate uptake in a Rocky Mountain

stream using labeled 15 N and ambient stream chemistry.

Hydrol Process 24:3336–3344

Ives JD, Fahey BD (1971) Permafrost occurrence in the Front

Range, Colorado Rocky Mountains, USA. J Glaciol 10(58):

105–111

Janke JR (2005) Modeling past and future alpine permafrost

distribution in the Colorado Front Range. Earth Surf Proc

Land 30(12):1495–1508

Jones JB, Petrone KC, Finlay JC, Hinzman LD, Bolton WR

(2005) Nitrogen loss from watersheds of interior Alaska

underlain with discontinuous permafrost. Geophys Res

Lett 32(2):L02401

Knowles N, Dettinger MD, Cayan DR (2006) Trends in snowfall

versus rainfall in the Western United States. J Clim

19(18):4545–4559

Leopold M, Dethier D, Volkel J, Raab T, Rikert TC, Caine N

(2008) Using geophysical methods to study the shallow

subsurface of a sensitive alpine environment, Niwot Ridge,

Colorado Front Range, USA. Arct Antarct Alp Res 40(3):

519–530

Ley RE, Williams MW, Schmidt SK (2004) Microbial popula-

tion dynamics in an extreme environment: controlling

factors in talus soils at 3,750 m in the Colorado Rocky

Mountains. Biogeochemistry 68(3):313–335

Liu F, Williams MW, Caine N (2004) Source waters and flow

paths in an alpine catchment, Colorado Front Range, United

States. Water Resour Res 40:W09401. doi: 10.1029/2004

WR003076

Mast MA, Turk JT, Clow DW, Campbell DH (2011) Response

of lake chemistry to changes in atmospheric deposition and

climate in three high-elevation wilderness areas of Colo-

rado. Biogeochemistry 103:27–43

Meier MF, Dyurgerov MB, Rick UK, O’Neel S, Pfeffer WT,

Anderson RS, Anderson SP, Glazovsky AF (2007) Glaciers

dominate eustatic sea-level rise in the 21st century. Science

317(5841):1064–1067

Meixner T, Gutmann C, Bales R, Leydecker A, Sickman J,

Melack J, McConnell J (2004) Multidecadal hydrochemi-

cal response of a Sierra Nevada watershed: sensitivity to

weathering rate and changes in deposition. J Hydrol

285(1–4):272–285

Miller MP, McKnight DM, Cory RM, Williams MW, Runkel

RL (2006) Hyporheic exchange and fulvic acid redox

reactions in an alpine stream/wetland ecosystem, Colorado

front range. Environ Sci Technol 40(19):5943–5949

Monson RK, Turnipseed AA, Sparks JP, Harley PC, Scott-

Denton LE, Sparks K, Huxman TE (2002) Carbon

sequestration in a high-elevation, subalpine forest. Glob

Change Biol 8(5):459–478

Mote PW (2006) Climate-driven variability and trends in

mountain snowpack in western North America. J Clim

19(23):6209–6220

Murdoch PS, Burns DA, Lawrence GB (1998) Relation of climate

change to the acidification of surface waters by nitrogen

deposition. Environ Sci Technol 32(11):1642–1647

NADP (2013) National atmospheric deposition program data.

NADP program office, Illinois State Water Survey,

Champaign, IL

Nemergut DR, Townsend AR, Sattin SR, Freeman KR, Fierer N,

Neff JC, Bowman WD, Schadt CW, Weintraub MN,

Schmidt SK (2008) The effects of chronic nitrogen fertil-

ization on alpine tundra soil microbial communities:

implications for carbon and nitrogen cycling. Environ

Microbiol 10(11):3093–3105

Ollinger S, Sala O, Agren GI, Berg B, Davidson EA, Field CB,

Lerdau MT, Neff J, Scholes M, Sterner R (2003) New

frontiers in the study of element interactions. In: Melillo JM,

Field CB (eds) Interactions of the major biogeochemical

cycles, scientific committee on problems of the environment

(SCOPE). Island Press, Washington, DC, pp 63–90

Peterson BJ, Wollheim WM, Mulholland PJ, Webster JR, Meyer

JL, Tank JL, Marti E, Bowden WB, Valett HM, Hershey

AE, McDowell H, Dodds WK, Hamilton SK, Gregory S,

Morrall DD (2001) Control of nitrogen export from

watersheds by headwater streams. Science 292:86–90

Pielke RA, Doesken N, Bliss O, Green T, Chaffin C, Salas JD,

Woodhouse CA, Lukas JJ, Wolter K (2005) Drought 2002

in Colorado: an unprecedented drought or a routine

drought? Pure Appl Geophys 162(8–9):1455–1479

Regonda SK, Rajagopalan B, Clark M, Pitlick J (2005) Seasonal

cycle shifts in hydroclimatology over the western United

States. J Clim 18(2):372–384

Rogora M (2007) Synchronous trends in N–NO3 export from

N-saturated river catchments in relation to climate. Bio-

geochemistry 86(3):251–268

Biogeochemistry

123

http://dx.doi.org/10.1029/2004WR003076
http://dx.doi.org/10.1029/2004WR003076


Rogora M, Mosello R, Arisci S (2003) The effect of climate

warming on the hydrochemistry of alpine lakes. Water Air

Soil Pollut 148:347–361

Saros JE, Rose KC, Clow DW, Stephens VC, Nurse AB, Arnett

HA, Stone JR, Williamson CE, Wolfe AP (2010) Melting

alpine glaciers enrich high-elevation lakes with reactive

nitrogen. Environ Sci Technol 44(13):4891–4896

Seastedt TR, Bowman WD, Caine TN, McKnight D, Townsend

A, Williams MW (2004) The landscape continuum: a model

for high-elevation ecosystems. Bioscience 54(2):111–121

Taylor P, Townsend A (2010) Stoichiometric control of organic

carbon–nitrate relationships from soils to the sea. Nature

464(7292):1178–1181

Thies H, Nickus U, Mair V, Tessadri R, Tait D, Thaler B,

Psenner R (2007) Unexpected response of high alpine lake

waters to climate warming. Environ Sci Technol 41(21):

7424–7429

Williams MW, Caine N (2001) Hydrology and hydrochemistry.

In: Bowman WD, Seastedt TR (eds) Structure and function

of an alpine ecosystem: Niwot Ridge. Oxford University

Press, New York, pp 75–96

Williams MW, Tonnessen KA (2000) Critical loads for inor-

ganic nitrogen deposition in the Colorado Front Range,

USA. Ecol Appl 10(6):1648–1665

Williams MW, Baron JS, Caine N, Sommerfeld R, Sanford R

(1996a) Nitrogen saturation in the rocky mountains.

Environ Sci Technol 30:640–646

Williams MW, Losleben M, Caine N, Greenland D (1996b)

Changes in climate and hydrochemical responses in a high-

elevation catchment in the Rocky Mountains, USA. Lim-

nol Oceanogr 41(5):939–946

Williams MW, Bardsley T, Rikkers M (1998) Overestimation of

snow depth and inorganic nitrogen wetfall using NADP

data, Niwot Ridge, CO. Atmos Environ 32(22):3827–3833

Williams MW, Hood E, Caine N (2001) Role of organic nitrogen

in the nitrogen cycle of a high-elevation catchment, Colo-

rado Front Range. Water Resour Res 37(10):2569–2581

Williams MW, Losleben MV, Hamann HB (2002) Alpine areas

in the Colorado Front Range as monitors of climate change

and ecosystem response. Geogr Rev 92(2):180–191

Williams MW, Knauf M, Caine N, Liu F, Verplanck PL (2006)

Geochemistry and source waters of rock glacier outflow,

Colorado Front Range. Permafr Periglac Process 17(1):13–33

Williams MW, Knauf M, Cory R, Caine N, Liu F (2007) Nitrate

content and potential microbial signature of rock glacier

outflow, Colorado Front Range. Earth Surf Proc Land

32(7):1032–1047

Wograth S, Psenner R (1995) Seasonal, annual and long-term

variability in the water chemistry of a remote high moun-

tain lake: acid rain versus natural changes. Water Air Soil

Pollut 85(2):359–364

Biogeochemistry

123


	Thawing glacial and permafrost features contribute to nitrogen export from Green Lakes Valley, Colorado Front Range, USA
	Abstract
	Introduction
	Methods
	Site location
	Sample collection and analysis
	Statistical methods
	Mass balance model

	Results
	Precipitation, temperature, and stream discharge
	Nitrogen deposition
	Stream chemistry
	Model results: in-stream gains and losses

	Discussion
	Influence of periglacial features on surface water chemistry
	Increasing nitrification potential
	Stoichiometric controls on N cycling
	Increased connectivity in a warming climate

	Conclusions
	Acknowledgments
	References


