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Abstract Atmospheric deposition is a primary source of reactive nitrogen (Nr) to undisturbed watersheds
of the Great Lakes region of the U.S,, raising concerns over whether enhanced delivery over recent decades
has affected lake ecosystems. The National Atmospheric Deposition Program (NADP) has been measuring Nr
deposition in this region for over 35 years. Here we explore the relationships among NADP-measured Nr
deposition, nitrogen stable isotopes (3'°N) in lake sediments, and the response of algal communities in 28
lakes situated in national parks of the western Great Lakes region of the U.S. We find that 36% of the lakes
preserve a sediment 8'°N record that is statistically correlated with some form of Nr deposition (total
dissolved inorganic N, nitrate, or ammonium). Furthermore, measured long-term (since 1982) nitrogen
biogeochemistry and inferred critical nitrogen loads suggest that watershed nitrogen retention and climate
strongly affect whether sediment §'°N is related to Nr deposition in lake sediment records. Measurements of
algal change over the last ~ 150 years suggest that Nr deposition, in-lake nutrient cycling, and watershed
inputs are important factors affecting diatom community composition, in addition to direct climatic effects
on lake physical limnology. The findings suggest that bulk sediment 5'°N does reflect Nr deposition in some
instances. In addition, this study highlights the interactive effects of Nr deposition and climate variability.

1. Introduction

The atmospheric deposition of nitrogen (N) is a primary source of fixed N to aquatic ecosystems in the Great
Lakes region of the U.S. Lake Superior not only gets an estimated 70% of its incoming nitrate (NO3) from the
atmosphere and about 27% of all N from direct deposition but also produces a significant amount internally
through nitrification [Finlay et al., 2007; Sterner et al., 2007]. The global doubling of N in the environment as a
result of human activities has led to significant loading of reactive N (Nr) to historically N limited aquatic
ecosystems [Elser et al., 2009]. Boreal lakes in North America and Europe, which were historically N limited, have
experienced sufficient Nr deposition to increase algal productivity in some cases [Axler et al.,, 1994; Bergstrém
and Jansson, 2006]. Nr deposition and algal N requirements have also been strongly linked to changes in algal
communities in alpine lakes [Lafrancois et al., 2003; Wolfe et al., 2003; Saros et al., 2005; Hobbs et al., 2010].

Nitrogen inputs to the Great Lakes region and climate warming have been suggested as two dominant
stressors on aquatic ecosystems [McDonald et al, 2010]. The idea that ecosystems have a threshold for
stressors, such as Nr deposition, has been quantified in various studies as a critical load [Baron, 2006; Pardo
et al,, 2011; Saros et al.,, 2011]. In lakes of the western Great Lakes region of the U.S., the main impact of Nr
deposition is likely to be increased productivity [Axler et al., 1994; Daggett et al., 2015], as the acid-neutralizing
capacity of the soils and surface waters suggests there is low or no sensitivity to acidification [Stottlemyer
et al., 1998; Kallemeyn et al., 2003]. When considering the impacts to lakes from Nr deposition and climate
warming, the reality is likely an interactive stress [Hobbs et al., 2010; Baron et al., 2013].

Nr saturation of a watershed occurs when atmospheric N inputs exceed the capacity of the ecosystem
to assimilate it [Aber et al., 1989; Stoddard, 1994]. Nr saturation has generally impacted forests of the
Upper Midwest U.S. to a lesser degree than intact forests of Europe or the northeast U.S. [Dise and
Wright, 1995; Driscoll et al., 2003]. There are four stages of watershed N loss due to saturation proposed
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by Aber et al. [1989] and described empirically by Stoddard [1994]: (0) little or no NO3 leakage from the
watershed during the growing season, with small amounts of NOs in the snowmelt runoff; (1) minimal
NO;3 leakage during the growing season but high concentrations of NOs in runoff pulses and spring N
limitation is delayed in lakes; (2) watershed NO5 uptake is less efficient with a loss of NO3 during the winter
and spring and to the groundwater during the growing season; (3) no N sinks in the watershed and all
inputs, including mineralized N, are lost. Generally, lakes in the early stages (0 and 1) of watershed N loss
tend to be in regions of low Nr deposition, while lakes in the later stages (2 and 3) are often in regions
of high atmospheric deposition [Stoddard, 1994].

The measured deposition of dissolved inorganic nitrogen (DIN) in precipitation has been shown to correlate
well with Nr loading in high-elevation lakes [Williams et al., 1996; Mast et al., 2014] and lakes in forested water-
sheds [Canham et al., 2012]. A number of studies have demonstrated the utility of stable isotopes of nitrate-N
(3"°N-NO3) as a tool for assessing the source contributions of NO, to a site [Elliott et al., 2007; Nanus et al,,
2008]. Lake sediment 8'°N records have been used as a proxy to broadly infer the extent of changes in atmo-
spheric Nr over time [Holtgrieve et al., 2011; Wolfe et al., 2013] and to infer ecological changes induced by Nr
deposition [Wolfe et al., 2003]. Less clear is whether or not sediment §'>N directly reflects the measured DIN
load from the atmosphere.

In this study we address two main questions: (1) Do sediment &'>N records faithfully record measured Nr
deposition (kg ha™") across a range of northern lakes, and (2) are recent changes in lake algal (mainly diatom)
communities related to the deposition of Nr? Here we show that measured Nr deposition correlates with lake
sediment §'°N in a number of lakes and that those lakes are located in watersheds which are suspected of
having high N retention where shallow subsurface flow during snowmelt is the main pathway for NOs trans-
port. Furthermore, in the majority of lakes, diatom community change is correlated with sediment §'°N,
which we suggest reflects inputs of nutrients—both directly through atmospheric deposition and indirectly
through watershed contributions—and climate variability.

2. Materials and Methods
2.1. Study Sites

This study focuses on 28 lakes situated in the vicinity of Lake Superior and Lake Michigan in the western Great
Lakes region of the United States (Figure 1). Twenty-four are located in national parks, while three others are
located along the north shore highlands of Lake Superior. The study units include: Voyageurs National Park,
near Grand Portage National Monument, Isle Royale National Park, Apostle Islands National Lakeshore, St.
Croix National Scenic Riverway, Pictured Rocks National Lakeshore, and Sleeping Bear Dunes National
Lakeshore (Table 1). The lakes cover large gradients in physical and chemical characteristics (Table 1). Most
watersheds are within the Northern Forests ecoregion [Commission for Environmental Cooperation, 1997]
and generally dominated by spruce (Picea spp.), fir (Abies spp.), aspen (Populus spp.), and birch (Betula
spp.). Sleeping Bear and St. Croix are situated in the North Central Hardwood Forests ecoregion, dominated
by northern hardwoods of maple (Acer spp.), beech (Fagus grandifolia), and birch (Betula spp.). The climate of
the region is cold continental—warm in the summer and very cold in the winter—with the majority of annual
precipitation falling as snow. The dominant air masses that control the weather are generally from the north
for most of year and the south in the spring to summer. The wind shifts from northwest-southwest to south-
southwest in late winter (March) associated with an increase in low-pressure systems across the Upper Great
Lakes [Stottlemyer et al, 1998]. This increases atmospheric concentrations of Nr from urban sources in
late winter.

Most of the parks have been directly impacted by human activity or stochastic events in the past that could
impact the long-term sediment records of 8'°N and algal community turnover. Almost all the parks were
settled in the late 1800s by Euro-Americans who altered the landscape by logging, land clearance, and
dam construction [Edlund et al., 2011]. At Sleeping Bear there was a period of land clearance and small-scale
farming from 1900 to 1950; the park was established in 1970. At Voyageurs (established 1975), logging began
in the late 1800s and continued into the early 1900s, small-scale mining at Rainy lake took place in the late
1800s and dam construction in the early 1900s has continued to regulate water levels in the parks’ largest
lakes. Apostle Islands was established in 1970; the islands were settled in the late 1800s and farming, logging,
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Figure 1. Map of NADP Nr deposition data for 2010 [NADP, NRSP-3, 2010]. Study units are (1) Voyageurs National Park, (2)
greater Minnesota, (3) near Grand Portage National Monument, (4) Isle Royale National Park, (5) Apostle Islands National
Lakeshore, (6) St. Croix National Scenic Riverway, (7) Pictured Rocks National Lakeshore, and (7) Sleeping Bear Dunes
National Lakeshore. Nr deposition trends used for each of the study units are below the map with loess smooth curve fit to
each. Unit for Nr deposition is kg ha~' of DIN expressed as molecular weight (NO3-N and NH4-N).

stone quarrying, and commercial fishing took place until the 1950s. Pictured Rocks was designated as National
Lakeshore in 1966; the area was logged in the late 1800s until 1910. St. Croix was one of the original scenic rivers
under the National Wild and Scenic Rivers Act of 1968. At Isle Royale, small-scale copper mining took place
sporadically in the late 1800s to early 1900s, logging took place in the early 1900s, and large fires burned in
1936 [Scarpino, 2011]. Isle Royale was designated a wilderness area in 1976. The Wallace Lake watershed at
Isle Royale has been the site of long-term biogeochemical monitoring since 1982 [Stottlemyer et al., 1998].
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(continued)

Table 1.
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Field methods for the Wallace Lake long-
term site are described in Stottlemyer [1997]
and Stottlemyer et al. [1998]. Methods and
variables addressed in this study (NO3, NH,,
flow, wet deposition chemistry, and snow-
pack) have remained consistent throughout
the period of monitoring.

2.2, Sediment Coring and Dating

All lakes, with the exception of Wallace
Lake, were cored as part of previous studies
(Table 1). The same methods were used for
each lake; a sediment core was recovered
from canoe or boat using a piston-type corer
[Wright, 1991]. Cores were subsampled at a
resolution of 0.5-1.0cm, freeze-dried and
prepared for diatom and geochemical analy-
sis. Geochronology was established through
21%p decay (measured as 2'°Po) by alpha
spectrometry at the St. Croix Watershed
Research Station [Eakins and Morrison, 1978].
The constant rate of supply (CRS) model
was used to estimate sediment age and dry
mass accumulation rate (DMAR) based on
the distribution of excess (i.e., unsupported)
219 above the depth at which background
(or supported) and excess 2'°Pb activity are
in equilibrium [Appleby and Oldfield, 1978;
Appleby, 2001]. All sediments were archived
at the St. Croix Watershed Research Station
until further analysis of nitrogen stable iso-
topes for this study.

2.3. Nitrogen Stable Isotopes

A total of 510 sediment core samples were
analyzed for total N concentration and stable
isotopic ratio (8'°N). Analysis was conducted
by the University of California-Davis, Stable
Isotope Facility, using a PDZ Europa ANCA-
GSL elemental analyzer interfaced to a PDZ
Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK). Quality control
measures included the analysis of triplicate
samples, where the coefficient of variation
(CV) for %N was <5% (median of 1%) and
the standard deviation for §'°N was < 0.2%o
(median of 0.08%o). In addition, a project stan-
dard consisting of the same sediment core
interval was analyzed with each run of 8'°N
and had a CV of 2.5% N and a standard devia-
tion of 0.12%o &'°N across all the runs.

2.4. Subfossil Diatom Remains

Samples for diatom analysis were prepared
and enumerated using the protocols of
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Battarbee et al. [2001] as detailed in National Parks Service (NPS) publications and reports [Ramstack et al., 2008;
Edlund et al., 2011]. A minimum of 400 diatom valves were counted in each sample with identification based
on regional taxonomic floras and monographs such as Patrick and Reimer [1966, 1975], Camburn et al. [1978,
1984-1986], Krammer and Lange-Bertalot [1986-1991], Cumming et al. [1995], Reavie and Smol [1998],
Camburn and Charles [2000], Fallu et al. [2000], and the primary literature [e.g., Koppen, 1975]. For major taxa,
digital images were taken and maintained in a database to achieve consistent taxonomy. All diatom counts
were converted to percent abundances by taxon relative to total diatom counts in each sample.

2.5. Numerical Analysis

National Atmospheric Deposition Program (NADP) data were downloaded for each of the locations in the
vicinity of the study sites [National Atmospheric Deposition Program (NADP), NRSP-3, 2010] (Table 1). The
NADP site nearest to each lake was used for regression analysis. In order to directly compare the NADP
deposition data to sediment records, the measured DIN loads (total, NOs, and NH,) were averaged over an
interval of time corresponding to the number of years represented by each sediment interval for each core.
Simple linear regression was used to test whether sediment 8'°N and measured deposition chemistry (DIN,
NH,, and NOs) were correlated for each lake. Pearson’s product-moment correlation values and p values were
used to determine the significance of the correlations. This approach is similar to that in other studies com-
paring instrumental and paleolimnological data [Battarbee et al., 2002]. Detrended correspondence analysis
(DCA) was used to summarize the dominant gradient (i.e., DCA axis 1) of diatom compositional turnover [Hill
and Gauch, 1980]. All diatom species were included in the analysis, detrending was by segments with down
weighting of rare taxa, and nonlinear rescaling was applied. When summarized stratigraphically, the DCA axis
1 scores show the amount of turnover between samples over time in units of standard deviation (SD). A test
for significance of DCA axis 1 was carried out by comparing with a random model (broken-stick model)
[Jackson, 1993]. We also tested the diatom records for significant zonations using a hierarchical cluster
analysis constrained to time with a Bray-Curtis dissimilarity metric. The zonations were also compared to
broken-stick model to infer significance. All numerical analyses were carried out using R [R Core Team, 2013].

2.6. Lake Thermal Properties

In order to test the possible role climatic effects may have on structuring diatom communities by influencing
lake thermal properties, we modeled the duration of stratification and number of ice-free days for four of our
study lakes [Edlund et al., 2014]. Detailed model validation can be found in Edlund et al. [2014]. Briefly, the
model MINLAKE was used to predict the variables of interest from measured weather data (air temperature,
wind speed, solar radiation, dew point temperature, precipitation, and sunshine percentage). MINLAKE uses
weather data and lake physical parameters to describe the heat transfer with depth in the lake and is
calibrated against measured water temperature data [Fang et al., 2010]. Weather data dating back to 1962 from
International Falls, MN, and Duluth, MN, were used in the model. With historical weather data sets the model
predicts historical lake thermal properties. We are therefore able to compile a data set of various lake thermal
properties, summarized at an annual resolution, to directly compare to our diatom DCA axis 1 scores.

3. Results
3.1. Sediment Dating

Each of the sediment cores was readily dated using 2'°Pb. Near-surface 2'°Pb activities were high (10-123 pCig™";
median of 28 pCig™") indicating low rates of sediment accumulation, and downcore profiles were monotonic
to near-exponential indicating relatively constant DMAR as would be expected for remote and minimally
disturbed wilderness lakes (Figure S1 in the supporting information). The resulting age-depth models had a
low degree of uncertainty in the upper section of the cores that would overlap with the NADP data records
(i.e., post-1980). With the goal of this study to compare measured data to sediment core records, good age
control for the period of interest (1980-2010) is imperative. The calculated error (standard deviation) from
the CRS age models for each lake over this time period is + 1 year (n=136; mean of 1.1 years; 25th percentile
of 0.73 years; 75th percentile of 1.4 years; Figure 2).

3.2. Sediment Diagenesis

Postdepositional diagenetic alterations of sediment §'°N are a potential concern in the interpretation of sedi-
ment records [Teranes and Bernasconi, 2000; Gélman et al., 2009; Holtgrieve et al., 2011; Brahney et al., 2014].
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Diagenetic changes reported in the litera-
ture indicate that no uniform pattern (deple-
tion or enrichment) of sediment §'°N is
S prevalent [Gdlman et al., 2009]. However, in
cases where microbial alteration of the sedi-
ment is suspected, there has been a slight
4 depletion in 8">N (0.3-0.7%o) which is coun-
terintuitive to kinetic fractionation, which
suggests a preferential loss of "*N and an
enrichment of the sediment &'°N. In many
cases the possible diagenetic depletion is
much smaller than the range in &'°N
observed in the sediment core. Therefore,
| | | | u . | bulk sediment 8'°N should be viewed as a
00 05 10 15 20 25 30 conservative estimate of the §'°N of algal
F--{ [ }----- - ° or aquatic biomass. Studies demonstrating
years that bulk sediment 8'°N is a conservative

estimate have been undertaken using mod-

Figure 2. Density plot of the CRS Pb age model error over the els [Brahney et al, 2014] and by isolating the
period of the NADP data. Vertical line is the peak of the density algal photosynthate [Enders et al,, 2008]
curve at 0.93. Boxplot beneath the density curve is the median with galp Y * ’

25th and 75th percentile box. To explicitly address this issue, we analyzed

three lakes from our data set with sediment
cores taken ~10years apart and from the same location within each lake (Figure 3). Core sites were relocated
through GPS, and the resulting 2'°Pb profiles of the core pairs closely overlapped, confirming the core site
match (Figure 3). The nitrogen isotope records for all three lakes demonstrate that the primary trend over time
was preserved in sediment layers of the same age (all data, r=0.9; p < 0.001), but with some deviations suggest-
ing a diagenetic effect in the older core pair. In Nipisiquit, a near-surface spike in 5'°N was not preserved in the
newer core, indicating preferential loss of the lighter isotope over time. However, the two profiles rapidly con-
verge below this depth, indicating a relatively short period of postburial alteration of the 5'>N record (Figure 3).
In the other two lakes there is an offset of 0.2-0.3%0 between the two records. In August Lake the newer core is
more depleted, while in Tettegouche the newer core is more enriched. The cause of these deviations is unclear
but may represent fine-scale spatial variability within lakes, or in the case of Tettegouche, the enrichment of
older sediments due to microbial fractionation [Gdlman et al., 2009]. The important observation is that the
primary trend of sediment 5'°N with depth remains stable.

Density
0.4

0.2

0.0

210

3.3. Lake Sediment Nitrogen Isotopes

The absolute 3'°N values for the sediment cores ranged from —2.51 to 5.27%o. We analyze the sediment §'°N
trends as z scores, where z=(mean — x)/standard deviation, which standardizes the trends among all the
records and allows for direct comparison. The temporal trend in sediment §'°N is variable among lakes,
although within individual parks there are some consistent patterns (Figure 4). For example, each of the sedi-
ment cores from VOYA have a background (pre-1900) value of ~3%o, while lakes in ISRO have background
values that are more variable and depleted (Figure 4).

The trends in 8'°N from Voyageurs lakes are quite stable (range 0.15-4.96%o; variance 1.0); a couple of the
lakes, Mukooda and Ek, exhibit a depletion in 8'°N beginning around 1950 (Figure 4). The Isle Royale lakes
have §'°N trends that are more variable (range —0.94-2.93%o; variance 1.3); Ahmik, Intermediate, and
Richie Lake exhibit a depletion in §'°N that begins circa 1970, while Desor Lake shows a depletion at around
1950. Outer Lagoon in Apostle Islands has very low variance (range —2.23 to —0.14%o; variance 0.4) and also
shows a depletion beginning around 1950. The lakes near Grand Portage, Speckled Trout and Swamp,
have slowly declining trends in 5'°N which begin in the late 1800s for Swamp Lake and around 1940 for
Speckled Trout Lake (range —2.51-0.27%o; variance 0.67). Unlike any of the other lakes, Grand Sable
and Beaver Lake on Pictured Rocks show an increasing trend, in particular an enrichment that begins
circa 1970. Lake St. Croix has the most enriched §'°N values and little variability in the trend (range
3.94-5.27%o; variance 0.18). The lakes on Sleeping Bear (Bass, Florence, and Manitou) show the most
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variability in 8'°N trends (range —1.11-3.99%o; variance 2.15) and all three lakes show a depletion in the trend
beginning around 1980 (postpark establishment) with greater change occurring in the early 1900s during a
period of small-scale farming.

3.4. NADP Data

The National Atmospheric Deposition Program has records that extend back to 1980 at some sites. Of interest
to our study are the records of nitrate (NO3), ammonium (NH,), and dissolved inorganic nitrogen (DIN) load
(kgha™"). NADP maps detail the spatial gradient of Nr deposition across our study region [NADP, NRSP-3,
2010] (Figure 1). Generally, sites in the southern and eastern portions receive significantly higher loads of atmo-
spheric Nr than sites near Lake Superior. The Nr deposition is variable across our study region (Figure 1). The
station on Isle Royale has the lowest deposition (~1.5kgha™"), while the Douglas Lake station on the Upper
Peninsula of Michigan (MI09) has the highest deposition (~5 kg ha™"), followed by the Chassell station (MI99)
near Houghton, Michigan, on Lake Superior (~4kgha™") and Voyageurs (~4kgha™").
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Figure 4. Sediment 3'"°N profiles for all the study lakes, except lakes with duplicate cores (Tettegouche, August, and Nipisiquit).
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There is not a strong interannual correlation among the NADP sites; however, the decreasing trend in atmo-
spheric DIN deposition in recent years can be seen at many of the sites (Figure 1). Over the period of NADP
monitoring there has been a transition from NO3; dominating the Nr deposition, to deposition of NH, being
higher (Figures S2 and S3). It is unclear whether this transition in the predominant form of inorganic Nr has
impacted the isotopic ratio of DIN deposition. The assessment of the 5'°N-NO3 and 5'°N-NH, in precipitation
is a large data gap for this region. The opposing trends in NO3 and NHy, yield an overall trend in inorganic
nitrogen deposition that appears to have changed very little over the period of record.

3.5. Climatic Factors and Lake Thermal Properties

The MINLAKE model was used to describe the temperature-depth relationships in four of our study lakes from
1962 to 2011 (Cruiser and Little Trout, Voyageurs NP, and Siskiwit and Richie, Isle Royale). The model per-
formed well for deep lakes but was not useful for shallow lakes (e.g., Wallace and Ahmik Lake, Isle Royale)
where prolonged periods of stratification were not observed. The modeled parameter, duration of stratifica-
tion (in days), was found to be the most sensitive to weather [Edlund et al., 2014]. The duration of stratification
in lakes on Isle Royale show a variable response to weather. Both lakes experienced prolonged periods of stra-
tification in the late-1990s and a steadily increasing period of open water each year (Figure 5). The lakes in
Voyageurs have very similar trends in thermal properties with a peak in the duration of stratification in early
the 2000s, and a bimodel trend in length of open water with peaks in the early 1980s and early 2000s.

3.6. Algal Paleoecology

Diatom records for 19 of the study lakes are described in detail in previous publications (references in Table 1)
and are summarized only briefly here. Wallace Lake, which is a new record, is presented in more detail. Diatom
community turnover, including zones with significant shifts, is included for individual lakes in the supporting
information (Figure S4). In general, lakes from Voyageurs show a fairly consistent trajectory of community turn-
over through time with some evidence of very recent changes (circa 1990) in the diatom communities (Figure 6).
Turnover of diatom assemblages in lakes on Isle Royale was minimal (stable) up to the early 1900s, followed by
minor changes up to approximately 1950, then a period of greatest turnover between 1950 and ~1970 and
becoming more stable thereafter (Figure 6). Lakes at Sleeping Bear Dunes show much greater turnover in their
diatom communities than that in the other parks, especially during the period of 1900 to 1950, when land
clearance and small-scale farming briefly took hold. The lakes in Pictured Rocks and Apostle Islands show a
consistent, steadily changing diatom turnover over the last ~ 150 years.

The subfossil diatom record for Wallace Lake is similar to many of the other shallower lakes in the data set,
where benthic species predominate (Figure S5) [Edlund et al., 2011]. The planktonic species which appear
in Wallace Lake after ~1920 (Cyclotella michiganiana and Discostella stelligera) are true euplankton and would
suggest the presence of a defined epilimnion for at least part of the summer and possibly an increasing N:P
supply [Saros and Anderson, 2015] (Figure S5). Also, after 1920 chrysophytes increase, further suggesting a
planktonic environment and increase in dissolved organic matter [Daggett et al., 2015]. This shift in the dia-
tom communities at around 1920 is the most significant one over the last 170 years, with another minor shift
taking place around 2000. The later shift is characterized more by changes in the benthic and tychoplank-
tonic communities amongst generalist taxa (e.g., Staurosira construens).

Many of the diatom records contain taxa that are known to respond to nutrient additions, N in particular
[Saros et al., 2005; Daggett et al., 2015]. Fragilaria crotonensis, Asterionella formosa, and Tabellaria flocculosa
are all examples of indicator taxa that have responded positively to in situ experimental nutrient additions.
All but four lakes (Outer Lagoon, APIS; Florence Lake, SLBE; Wallace Lake, ISRO; and Harvey Lake, ISRO) con-
tained at least one of these indicator taxa, and half of them contained two or more (Table S1).

4, Discussion
4.1. Correlation of NADP Data and Lake Sediment Nitrogen Isotopes

Ten out of 28 lakes (36%) were found to have a relationship between bulk sediment §'°N and some form of
annual inorganic nitrogen (total, NOs, or NH,) deposition (kg ha™") (Figure 7). N isotopes in some lakes were
correlated with more than one N form (Table 2). Four (14%) were found to have a significant negative rela-
tionship between sediment §'°N and total atmospheric DIN deposition, while in seven others (25%) §'°N
was significantly correlated with NH,* with an additional two lakes having strong negative relationships
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(p < 0.1). Atmospheric nitrate deposition was
significantly correlated with bulk sediment
8"N in four of the lakes (14%). These find-
ings suggest that the nitrogen isotopic sig-
nature of atmospheric DIN deposition
preserved in the sediments of northern lakes
is highly variable.

In lakes where §'°N is correlated with atmo-
spheric DIN deposition, the relationship is
negative, with greater deposition reflecting
a more depleted isotopic signature (Figure
S6). Recent work by Geng et al. [2014] sug-
gests that the changes in acidity of the
atmosphere from inputs of anthropogenic
N and S may yield a more depleted
5'°N-NO; due to influences on the atmo-
spheric partitioning of NOs from gas to aero-
sol phase. In addition, depleted sources of N
from fossil fuel combustion and agricultural
activities (such as the use of anhydrous
ammonia as a fertilizer) can contribute
directly to a more depleted atmospheric
DIN pool [Nanus et al, 2008; Ellis et al.,
2013; Walters and Goodwin, 2015]. The
8"°N-NO; in precipitation has been shown
to reflect NO, sources and has been found
to range between —7 and +2%o [Elliott
et al, 2007; Nanus et al., 2008]. We found
that 8'>N-NO3 in precipitation collected at
Isle Royale and the north shore highlands
of Lake Superior ranged from —5 to 0%o
based on limited sampling in 2014 (D.
Toczydlowski, unpublished data, 2015). The
negative relationships we find in some lakes
suggest that greater atmospheric deposition
of an isotopically depleted DIN yields a more
depleted bulk sediment 5'°N (Figure S6).

The lakes with sediment &'°N records that
correlate with atmospheric DIN deposition
are located in three main areas: Isle Royale,
Apostle Islands, and the Lake Superior
highlands of Minnesota. Few or no lakes in
Pictured Rocks, Voyageurs, and St. Croix,
which have higher atmospheric DIN loads
(Figure 1), exhibit a relationship between
DIN deposition and sediment §'°N. We
suspect that these regional differences
result from a combination of atmospheric
N deposition patterns, physical factors (e.g.,
watershed area), lake nutrient limitation,
and local hydrology (including lake water
residence time). Each of these factors ulti-
mately influences or is influenced by the
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retention of N in the watershed [Stoddard,
1994], which we propose (and discuss
below) determines whether Nr deposition
is recorded in the lake sediment 8'°N.

4.2. Influence of Critical Loads and
Watershed Nitrogen Retention on
Sediment 5'°N

The concept of a critical load of Nr for eco-
systems pertains to the threshold where
detrimental ecological effects begin to take
place compared with the current under-
standing of the ecosystem. The critical
loads for Northern Forests that dominate
the study area range from 5 to
7kgNha~'yr™' [Pardo et al., 2011], which
is equivalent to measured rates of Nr
deposition in the Lake Michigan region.
The implication is that study lakes in the
high deposition areas potentially exceed
critical loads or are in the later stages of
watershed N loss (in the sense of Stoddard
[1994]), which would lead to much less Nr
retention in the watershed. Our sediment
core results suggest that sediment §'°N
best reflects DIN deposition in lakes that
are in watersheds with lower Nr deposition
and high nitrogen retention.

The passage of Nr through a forested
watershed will clearly impact the isotopic
signature of both DIN and organic N being
exported to lakes. The proportion of atmo-
spherically derived DIN that is unprocessed
and exported from forests can be quite
variable and seems to depend on the
hydrologic and topographic characteristics
of the watershed [Rose et al, 2015]. The
greatest fractionation is likely to be during
the rate-limiting steps of the N cycle
[Kendall et al., 2007]. Previous studies have
shown that microbial processing (e.g., nitri-
fication) of DIN in soils and subsequent
8"°N of soil can closely reflect the §'°N of

stream NOj3 [Houlton and Bai, 2009; Mnich and Houlton, 2015]. Greater DIN deposition would promote higher
fractionation in watershed soils, and therefore, a more enriched §'°N NO5 would leach from the forest soils.
Conversely, with less DIN deposition there is greater N retention in the soils and less fractionation yielding a
more depleted §'°N-NOs. Previous sediment core studies of long-term nitrogen cycling in forested land-
scapes have found that greater N availability yields a more enriched lake sediment 8'>N [Hu et al, 2001;
McLauchlan et al., 2007]. Furthermore, Canham et al. [2012] suggest that lakes with large watershed to lake
area ratios would be more susceptible to N saturation (from high Nr deposition), owing to a greater area of
forested land contributing N. In the Voyageurs lakes, which generally do not show a relationship between
sediment 8">N and Nr deposition trends, the water column has higher DIN concentrations and the watershed
to lake area ratio is generally high (Table 1). We find that the §'°N of the sediment records from Voyageur

HOBBS ET AL.

NITROGEN DEPOSITION TO NORTHERN LAKES

12


https://www.researchgate.net/publication/40482829_Imprint_of_denitrifying_bacteria_on_the_global_terrestrial_biosphere?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/270398338_Drivers_of_atmospheric_nitrate_processing_and_export_in_forested_catchments?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/226445925_Effects_of_Holocene_Alnus_Expansion_on_Aquatic_Productivity_Nitrogen_Cycling_and_Soil_Development_in_Southwestern_Alaska?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/281540264_Evidence_for_a_uniformly_small_isotope_effect_of_nitrogen_leaching_loss_Results_from_disturbed_ecosystems_in_seasonally_dry_climates?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==

@AG U Global Biogeochemical Cycles 10.1002/2015GB005228
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Figure 7. Barplot of the correlation coefficients for annual Nr deposi-
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tion (total) and sediment 8"°N. Black bars are lakes in the vicinity of
western Lake Superior (ISRO, greater MN, and nr GRPO), grey bars are  Canham et al. [2012] showed that direct Nr
lakes in VOYA, and white bars are lakes in vicinity of Upper Michigan deposition accounted for a higher propor-
(SLBE and PIRO). Asterisks represent statistical significance betweenany  tion of total N input to lakes with high
form of Nr deposition and sediment ' °N. watershed N retention. When available DIN
is limiting, there is less fractionation and in
accordance with Rayleigh distillation the §'°N of the DIN pool will resemble the initial source when it is con-
sumed [Kendall et al, 2007]. Our data suggest that lakes in watersheds with low Nr deposition, high
watershed N retention, and resulting N limitation in the lake water column, preserve a sediment §'°N that

reflects DIN deposition.

Lastly, we have focused on the deposition and passage of DIN through the watershed; however, organic N
(dissolved Nq,g or particulate No) is likely to be as important or possibly greater in proportion for the N
inputs to lakes. With no data available for the study watersheds on ES’SN—NOrg and fractionation, we can only
speculate as to the processes that might affect the N, that ends up in the lake. Stottlemyer and Toczydlowski
[2006] found that similar processes likely mediate the output of DIN and DON from the watershed, which sug-
gests a similar rate-limiting step in the cycling of N in the soils and therefore similar fractionation steps. In the
lake, the assimilation of DIN by aquatic producers carries a small enrichment factor; however, denitrification
of organics in the bottom sediments can have a much greater fractionation [Talbot, 2001]. Ultimately, what
we are measuring as the bulk sediment 8"°N is organic N which is either allochthonous (e.g., watershed soils
and plant debris) or autochthonous (e.g., algal or microbial biomass). By explicitly testing the diagenetic
environment in three of our lakes and confirming that the primary trend of 8'°N in bulk sediment is pre-
served, we have established that postdepositional mineralization of organic N does not shape our records.

4.3. Wallace Lake Nitrogen Biogeochemistry

The biogeochemistry of the Wallace Lake watershed on Isle Royale has been intensively studied since 1982
[Stottlemyer et al., 1998]. There has also been a precipitation-monitoring station within the watershed since
1983 (formerly station MI97). There has been a decrease in atmospheric inputs of DIN over time. Data from
this station show a significant correlation between atmospheric DIN load and the sediment §'°N record of
Wallace Lake (Figure 8; n=15; r=-0.52; p=0.045).

Based on the flow-weighted annual concentrations of NOs-N in the inflow to Wallace Lake and the nearby
precipitation station, atmospheric DIN does not appear to drive the concentrations of NO3-N leaving the
watershed. Rather, NO3-N trends are controlled by the indirect effects of climate on watershed biogeochem-
istry—in particular, the net soil-N mineralization rates that are influenced by subsurface hydrology during
snowmelt [Stottlemyer et al, 1998]. This shallow subsurface flow has been shown to be a major factor
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Table 2. Correlation Coefficients Between NADP Data, Diatom Turnover, and Sediment 31°N

Correlation Correlation Correlation Correlation

Coefficient Coefficient Coefficient Coefficient
Lake Park 3"°N-DIN 5'°N-NH, 3"°N-NO3 3"°N-DCA axis 1
Outer Lagoon APIS —0.72%¥ —0.56%* —0.72%¥ 0.2
Tetagouche Lake greater MN —0.75%* —0.86%* -0.094 ns
August greater MN 0.12 -0.022 0.35 ns
Nipisiquit greater MN -0.33 -0.11 -0.54 ns
Harvey Lake ISRO -0.33 -0.28 -0.27 0.62*%*
Richie Lake ISRO 0.48 0.23 0.78%* —0.83%*
Wallace Lake ISRO —0.52%* —0.22% —0.49* -0.37
Desor Lake ISRO -0.52 -0.49 -0.45 —0.89%*
Intermediate Lake ISRO -0.66 —0.85%* 0.018 ns
Ahmik Lake ISRO —0.7%* —0.66%* —0.65%* —0.78%*
Lake Superior, Moskey Inlet ISRO -0.41 -0.25 -0.52 ns
Siskiwit Lake ISRO -0.81 —0.99% 0.94 —0.83%*
Swamp Lake nr GRPO 0.35 0.46 0.25 ns
Speckled Trout Lake nr GRPO -0.41 -0.47 -0.36 ns
Grand Sable PIRO -0.73 -0.69 -0.76 0.48
Beaver Lake PIRO 0.14 -0.17 0.55 —0.76%*
Lake St. Croix 6B SACN -0.3 -0.44 -0.13 ns
Bass Lake SLBE -0.28 —0.61** 0.15 0.83%*
Lake Manitou SLBE -0.31 -0.56 0.016 0.47
Florence Lake SLBE 04 —0.81%* 0.68 -0.37
Cruiser Lake VOYA -0.15 -0.01 -0.34 —0.81%*
Ek Lake VOYA 0.56 0.6 0.41 0.8%*
Peary Lake VOYA -0.27 -0.64 0.43 —0.94%*
Namakan Lake VOYA 0.64 0.76%* 0.35 —0.49%*
Kabetogama Lake VOYA 0.32 0.5 -0.07 —0.77**
Rainy Lake VOYA 0.05 -0.12 0.36 -0.24
Little Trout VOYA -0.45 -0.36 -0.38 -0.06
Mukooda Lake VOYA 0.3 0.069 —0.68%* ns®

*Statistical significance of p < 0.1.
**Statistical significance of p < 0.05.
ns = not sampled.

controlling NOs contributions, and solutes, in general, (e.g., dissolved organic carbon and dissolved organic N)
to Wallace Lake and lakes in similar northern watersheds [Stottlemyer and Toczydlowski, 2006; Rose et al., 2015].
In addition, preliminary isotopic data (6'20 and 8'°N) on stream NO5-N suggest that the main source is snow-
melt and contributions from riparian alder (Toczydlowski, unpublished data). What this has meant for Wallace
Lake is an increase in volume-weighted NOs-N concentrations over time.

There is a coincident shift in both NO5 concentration and §'°N at ~ 1995, with sediment §'°N becoming more
depleted and both NO5 and sediment §'°N becoming more variable (Figure 8); there is no significant relation-
ship between inflow NO3-N concentrations and sediment 8'°N at finer (interannual) timescales. This coinci-
dent shift in NO3 concentrations and sediment 3'°N is more likely a result of changes in the timing and
amount of subsurface flow. Indeed, the reduction in surface runoff over time increases the probability that
a higher fraction of water entering the lake is from subsurface flow. This finding adds validity to our specula-
tion that in watersheds with high N retention and substantial subsurface flow, the resulting 8'°N-DIN is
depleted. Overall, the N retention characteristics of the Wallace Lake watershed conform to the early stages
described by Stoddard [1994] [Stottlemyer and Toczydlowski, 2006; Stottlemyer et al., 1998]. It appears that the
sediment §'°N record in Wallace Lake reflects both the N from direct deposition to the lake surface and
contributions from the watershed.

4.4. Long-Term Nitrogen Cycling in Northern Lakes

Of the 28 lakes in this study, 14 exhibit a sedimentary profile showing a gradual depletion of sediment §'°N
beginning in the midtwentieth century, which is similar to other lake sediment records from North America
[Holtgrieve et al., 2011]. This trend is also consistent with human alteration of the global composition and
concentration of atmospheric nitrogen (Figure 9) [Hastings et al., 2009]. While the specific mechanisms
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Figure 8. Wallace Lake sediment core and watershed biogeochemistry.
(top) relationship between sediment 5"°N and total annual Nr
deposition. (middle) Measured flow-weighted NO3 discharge from
Wallace Lake (grey circles) and sediment 315N (black circles). (bottom)
Relationship between measured flow-weighted NO3 discharge from
Wallace Lake and diatom community turnover.

controlling the isotopic composition of
atmospheric DIN are not fully understood
[Geng et al., 2014], it is likely driven by
human alterations to global cycles of both
N and S (in the sense of Galloway et al.
[2003]) which influence atmospheric acidity.

In a study by Holtgrieve et al.[2011] 25 out of
33 lakes (76%) preserved a long-term sedi-
ment 5'°N record similar to that found in
the Greenland Summit ice core which
showed a depletion of NO3-5"°N beginning
in the midtwentieth century [Hastings et al.,
2009]. In those lakes from Holtgrieve et al.
[2011] that were temperate or boreal, half
(5 of 10) had a sediment &'°N record similar
to the Hastings et al. [2009] ice core record.
Such profiles of §'°N have been cited—
along with other indicators of human alter-
nation of global biogeochemical cycles—as
evidence for the onset of the Anthropocene
[Wolfe et al, 2013]. Similar to the work of
Holtgrieve et al. [2011], we find that 52% of
our northern lake data set exhibits the char-
acteristic profile of the Anthropocene.

In areas of high Nr deposition where the cri-
tical load has been approached or exceeded,
the assimilative capacity of the watershed for
Nr has been reduced. The deposition rates
across our study region are sufficient to
induce ecological changes in both terrestrial
[Pardo et al., 2011] and aquatic ecosystems
[Baron et al., 2011; Saros et al, 2011]. In a
modeling exercise, Ellis et al. [2013] found
that the Northern Forests ecoregion of the
Great Lakes is currently in excess of pub-
lished critical Nr loads. This raises the ques-
tion of whether the sediment §'°N record,
be it driven directly by atmospheric Nr or
not, might also be related to ecological
changes in lakes?

4.5. Algal Change in Lakes

We find that sediment §'°N correlates with
diatom turnover (as DCA axis 1 scores) in
12 of the 19 lakes (63%) for which we have
diatom records. Only five of these lakes
(25%) have "N records that correlate with
some form of atmospheric DIN load. We
propose three possible scenarios under
which Nr inputs might correlate with turn-
over in diatom communities: (1) systems
dominated by direct atmospheric deposi-
tion of Nr to the lake surface (high
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° watershed N retention), (2) systems with
high deposition of atmospheric Nr and
leakage of Nr from the watershed (low
watershed N retention), and (3) systems
with active in-lake sequestration of atmo-
spheric N, by cyanobacteria. Furthermore,
N is not the sole contributing nutrient to
algal turnover in lakes, and the role of phos-
phorus (P) cycling is equally important.
Recent in situ nutrient enrichment experi-
ments in lakes on Isle Royale have also
found that F. crotonensis and Asterionella
formosa respond to P additions as well as
N [Daggett et al., 2015]. Certainly, the role
: : : : : of P is paramount in the growth of cyano-
1800 1850 1900 1950 2000 bacteria [Schindler, 2012]. We also acknowl-
edge the role that climate variability may
have on internal P cycling due to changes
in water column stratification and oxygen
demand [Hupfer and Lewandowski, 2008]
and the direct effect that changes in stratification can have on diatom communities [Riihland et al., 2015].
Therefore, we cannot ignore the possible interactive stresses that climate variability and nutrient (N and P)
inputs have on the aquatic ecosystem [Baron et al., 2013].

4.5.1. High Watershed N Retention

In Ahmik Lake on Isle Royale, total DIN, NOs, and NH,4 deposition and diatom turnover (DCA axis 1 scores) all
correlate with the sediment §'°N (Table 2). Ahmik Lake has a small surface area, shallow depth and low water
column DIN. Because of the shallow depth, there is not a strong planktonic community [Edlund et al., 2011].
However, a notable shift in diatom assemblages in the late 1970s involves an increase in Fragilaria crotonen-
sis, a species that responds strongly to N additions [Saros et al., 2005]. This diatom shift also correlates with the
marked depletion in sediment 5'°N. Similarly, Bass Lake at Sleeping Bear Dunes, where NH,* deposition
correlates with sediment 8'°N, the diatom assemblages contain Asterionella formosa and F. crotonensis, the
former also responding strongly to N additions [Saros et al., 2005]. In general, the presence of indicator
diatom species with high N requirements (Table S1) in those lakes with a sediment §'°N record correlated
with diatom turnover and Nr deposition (~25% of the lakes) supports the observation that atmospheric
inputs can play a role in algal shifts.

sediment 5'5N (z-score)
1
|

Figure 9. Sediment 3'°N from all cores standardized as z scores.
Loess smooth curve in red.

There is no relationship between sediment 5'°N and the diatom turnover in Wallace Lake. However, the
increase in NO3-N concentrations in the lake is significantly correlated with diatom turnover in the lake
(Figure 8; r=0.74; p=0.01). This relationship suggests that watershed inputs of NOs—or possibly both N
and P—are driving changes in community composition of the diatoms in Wallace Lake. Thus, while the iso-
topic signature of the atmospheric DIN appears preserved in the lake sediment record, the diatom commu-
nity turnover is mediated to a greater degree by nutrient inputs from the watershed. Given the previous work
of Stottlemyer and Toczydlowski [2006], it appears that climatic changes that affect the transport of NOs from
the watershed via shallow subsurface hydrology are an important factor indirectly influencing diatom
community change. Furthermore, given that the diatom communities also show an increase in planktonic
cyclotelloids, it is possible that some portion of diatom turnover is attributable to the direct effects of climate
on lake thermal properties [Riihland et al., 2015].

4.5.2. Low Watershed N Retention

Many of the lakes in this study exhibit a relationship between long-term diatom turnover and sediment §'°N
but show no evidence that Nr deposition is significantly related to community turnover. It is possible that the
input of DIN from the watershed is influencing the sediment §'°N record, while both N and P from the
watershed would influence a portion of the variability in diatom assemblages. The majority of the lakes in
Voyageurs are a good example of the influence of watershed DIN. The sediment §'°N records from this region
are enriched relative to others, suggesting ample nitrogen availability [Hu et al., 2001], and four of the six lakes
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7 So—o with diatom records show significant corre-
- lations of sediment 3'°N with diatom turn-
o, over (but no correlation with atmospheric
° o Nr deposition). We are not including
® Namakan Lake in Voyageurs in the six lakes
he with diatom records (Table 2) because it has
° been shown that hydrologic changes from
damming this lake likely impacted the dia-
. tom communities [Serieyssol et al., 2009].
4.5.3. Fixation of Atmospheric N,
An alternative explanation for the correla-
o’ tion between diatom turnover and sedi-
ment 8'°N is that the algal communities
0y = themselves are processing and fractionating
, | | , incoming DIN. Algae that have the ability to
fix atmospheric N,, i.e., the heterocystous
cyanobacteria, can directly impact the N
supply to lakes and thereby alter sediment
. 5'°N [Patoine et al,, 2006]. The abundance
\ of this type of algae can be detected in sedi-
o ment records through the analysis of sedi-
0 mentary pigments. In Richie Lake on Isle
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observed in recent years, an increase that
Figure 10. Sediment profiles from Richie Lake on Isle Royale National is corroborated by the presence of carote-
Park, Michigan. (top) Sediment 3"°N profile over time; gray shaded noids of bloom-forming and Ny-fixing
area post-1950. (middle) Diatom community turnover as DCA axis 1 cyanobacteria in the sediment record

scores over time (SD units). (bottom) Biomarker of N,-fixing cyanobac-

(Figure 10). Moreover, there is a strong
teria over time; aphanizophyll carotenoid in sediment organic matter.

relationship between the cyanobacterial
carotenoid, aphanizophyll, which is charac-
teristic of N, fixers, and the sediment 515N (Figure 10; r=—0.54; p=0.02). There is also a very strong relationship
between aphanizophyll and the diatom turnover (Figure 10; r=—0.83; p < 0.001), suggesting a common nutri-
ent driver (P) for both cyanobacteria and diatoms, or alternatively that N fixed by cyanobacteria is impacting
diatom community turnover [Cottingham et al., 2015]. Notable are diatom species (Asterionella formosa and
Fragilaria crotonensis) that are able to capitalize on the addition of Nr to the lake nitrogen pool via N, fixation.
Similar relationships between sediment §'°N and diatom turnover are present in Desor Lake (r=—0.89;
p < 0.001), where sediment 3'°N does not appear to be related directly to measured Nr deposition and colonial
cyanobacteria have been observed in the lake. Richie and Desor lakes highlight how the algal communities
can shape the sediment 8"°N record. Similar observations have been made in previous work from southern
Saskatchewan, Canada, where a strong linear relationship between sedimentary pigments and §'°N were
attributed to Nr fixation by algae [Leavitt et al., 2006].

4.5.4. Lake Thermal Properties and Diatom Community Turnover

As acknowledged earlier in this section, nutrient inputs alone are not responsible for all the observed shifts in
diatom communities over time. Studies from this region have found that the direct influence of climate on
lake thermal properties can impact the structure of diatom communities [Saros et al., 2012; Riihland et al.,
2010, 2015]. The primary mechanism for this influence is the link between air temperature and stratification
and mixing of the lake water column, where a prolonged period of stratification promotes an abundant
planktonic habitat and changes in mixing depth favor certain planktonic diatom species. The previous work
by Edlund et al. [2014] found that weather had the greatest influence on the duration of stratification in lakes
of this region. When we compare the duration of lake stratification and the number of ice-free days in a year
to the diatom DCA axis 1 scores for four of our lakes, we do not find any significant relationships. We acknowledge
that the number of samples is low (n=6) in some cases which may impact our analysis. However, there are
coincident shifts in the diatom communities during periods of changes to the thermal properties (Figure 5).
In Richie Lake there is a weak positive relationship between DCA axis 1 scores and duration of stratification
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(r=0.79; p=0.06) suggesting that periods of prolonged stratification have an influence on structuring diatom
assemblages. It is also possible for lake stratification to influence internal nutrient loading which may in turn
impact diatom communities. While lake thermal properties do not appear to be a strong predictor of diatom
community turnover in the four lakes tested, further work may reveal a more useful trend across the region.

5. Conclusions

Our study suggests that about 36% of lakes in these western Great Lakes parks of the U.S. preserve a sedi-
mentary record of 5"°N that reflects measured Nr deposition. An observable relationship between bulk sedi-
ment 8"°N and measured Nr deposition appears to rely on watershed N retention. There are two scenarios of
watershed N retention and associated interpretations of the sediment §'°N record: (1) if the watershed has
high N retention, Nr deposition is below a critical load, and the water column is N limited—a correlation
between Nr deposition and sediment &'°>N may be observable; and (2) if the watershed has low N retention,
Nr deposition exceeds critical load, and the lake has a relatively enriched bulk sediment §'>°N—there is unli-
kely to be a correlation between Nr deposition and sediment 3'>N In regions of high N retention, and climatic
changes can also affect the transport of NOs from the watershed via shallow subsurface flow, highlighting
how two ecosystem stressors may interact with one another.

The correlation of lake algal communities with sediment §'>N—whether influenced by atmospheric Nr to the
lake surface, watershed inputs, or N, fixers—is significant in the majority (63%) of our study lakes. We pro-
pose scenarios that describe the various Nr inputs: (1) direct deposition of Nr to the lake and shallow subsur-
face flow from the watershed, (2) high Nr deposition and indirect inputs of Nr from the watershed, and (3)
active sequestration and fixation of atmospheric N, by cyanobacteria. Given the paucity of long-term records
of Nr deposition (pre-NADP), additional research exploring the relationship between Nr deposition and
sediment 5'°N, and the contexts in which this relationship is strongest, would be worthwhile.

References

Aber, J. D,, K. J. Nadelhoffer, P. Steudler, and J. M. Melillo (1989), Nitrogen saturation in northern forest ecosystems, Bioscience, 39, 378-386.

Appleby, P. G. (2001), Chronostratigraphic techniques in recent sediments, in Tracking Environmental Change Using Lake Sediments. Basin
Analysis, Coring, and Chronological Techniques, edited by W. M. Last and J. P. Smol, pp. 171-203, Kluwer, Dortrecht.

Appleby, P. G., and F. Oldfield (1978), The calculation of lead-210 dates assuming a constant rate of supply of the unsupported lead-210 to
the sediment, Catena, 5, 1-8.

Axler, R, C. Rose, and C. Tikkanen (1994), Phytoplankton nutrient deficiency as related to atmospheric nitrogen deposition in northern
Minnesota acid-sensitive lakes, Can. J. Fish. Aquat. Sci., 51, 1281-1296.

Baron, J. (2006), Hindcasting nitrogen deposition to determine an ecological critical load, Ecol. Appl., 16, 433-439.

Baron, J. S., C. T. Driscoll, J. L. Stoddard, and E. E. Richer (2011), Empirical critical loads of atmospheric nitrogen deposition for nutrient
enrichment and acidification of sensitive US lakes, BioScience, 61, 602-613.
Baron, J. S., E. K. Hall, B. T. Nolan, J. C. Finlay, E. S. Bernhardt, J. A. Harrison, F. Chan, and E. W. Boyer (2013), The interactive effects of excess
reactive nitrogen and climate change on aquatic ecosystems and water resources of the United States, Biogeochemistry, 114, 71-92.
Battarbee, R. W,, V. J. Jones, R. J. Flower, N. G. Cameron, H. Bennion, L. Carvalho, and S. Juggins (2001), Diatoms, in Tracking Environmental
Change Using Lake Sediments, Terr. Algal Siliceous Indic., vol. 3, edited by J. P. Smol, H. J. B. Birks, and W. M. Last, pp. 155-202, Kluwer Acad.,
Dordrecht, Netherlands.

Battarbee, R. W., J. Grytnes, R. Thompson, P. Appleby, J. Catalan, A. Korhola, H. J. B. Birks, E. Heegaard, and A. Lami (2002), Comparing paleo-
limnological and instrumental evidence of climate change for remote mountain lakes over the last 200 years, J. Paleolimnol., 28, 161-179.

Bergstrém, A., and M. Jansson (2006), Atmospheric nitrogen deposition has caused nitrogen enrichment and eutrophication of lakes in the
Northern Hemisphere, Global Change Biol., 12, 635-643.

Brahney, J., A. P. Ballantyne, B. L. Turner, S. A. Spaulding, M. Otu, and J. C. Neff (2014), Separating the influences of diagenesis, productivity
and anthropogenic nitrogen deposition on sedimentary 3N variations, Org. Geochem., 75, 140-150.

Camburn, K. E., and D. F. Charles (2000), Diatoms of Low-Alkalinity Lakes in the Northeastern United States, Spec. Publ., vol. 18, Acad. of Nat. Sci.,
Philadelphia, Pa.

Camburn, K. E., R. L. Lowe, and D. L. Stoneburner (1978), The haptobenthic diatom flora of Long Branch Creek, South Carolina, Nova Hedwigia,
30, 149-279.

Camburn, K. E., J. C. Kingston, and D. F. Charles (Eds.) (1984-1986), PIRLA diatom iconograph, PIRLA Unpublished Rep. Ser., Rep. 3.—Electr.
Power Res. Inst., Palo Alto, Calif.

Canham, C. D., M. L. Pace, K. C. Weathers, E. W. McNeil, B. L. Bedford, L. Murphy, and S. Quinn (2012), Nitrogen deposition and lake nitrogen
concentrations: A regional analysis of terrestrial controls and aquatic linkages, Ecosphere, 3(7), 1-16.

Commission for Environmental Cooperation (1997), Ecological Regions of North America: Toward a Common Perspective, 71 pp., Comm. for
Environ. Coop., Montreal, Canada.

Christensen, V. G, G. A. Payne, and L. W. Kallemeyn (2004), Effects of changes in reservoir operations on water quality and trophic-state
indicators in Voyageurs National Park, northern Minnesota, 2001-03, U.S. Geol. Surv. Sci. Invest. Rep. 2004-5044, 42 pp.

Cottingham, K., H. Ewing, M. Greer, and C. Carey (2015), Cyanobacteria as biological drivers of lake nitrogen and phosphorus cycling,
Ecosphere, 6(1), 1-19.

Cumming, B. F., S. E. Wilson, R. I. Hall, and J. P. Smol (1995), Diatoms from British Columbia (Canada) lakes and their relationship to salinity,
nutrients and other limnological variables, Bibl. Diatomol., 31, 1-207.

HOBBS ET AL.

NITROGEN DEPOSITION TO NORTHERN LAKES 18


https://www.researchgate.net/publication/257538678_The_Interactive_Effects_of_Excess_Reactive_Nitrogen_and_Climate_Change_on_Aquatic_Ecosystems_and_Water_Resources_of_the_United_States?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/257538678_The_Interactive_Effects_of_Excess_Reactive_Nitrogen_and_Climate_Change_on_Aquatic_Ecosystems_and_Water_Resources_of_the_United_States?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/227801693_Atmospheric_nitrogen_deposition_has_caused_nitrogen_enrichment_and_eutrophication_of_lakes_in_the_northern_hemisphere?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/227801693_Atmospheric_nitrogen_deposition_has_caused_nitrogen_enrichment_and_eutrophication_of_lakes_in_the_northern_hemisphere?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/264005686_Separating_the_influences_of_diagenesis_productivity_and_anthropogenic_nitrogen_deposition_on_sedimentary_d15N_variations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/264005686_Separating_the_influences_of_diagenesis_productivity_and_anthropogenic_nitrogen_deposition_on_sedimentary_d15N_variations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/264005686_Separating_the_influences_of_diagenesis_productivity_and_anthropogenic_nitrogen_deposition_on_sedimentary_d15N_variations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/264005686_Separating_the_influences_of_diagenesis_productivity_and_anthropogenic_nitrogen_deposition_on_sedimentary_d15N_variations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/266347332_Nitrogen_deposition_and_lake_nitrogen_concentrations_A_regional_analysis_of_terrestrial_controls_and_aquatic_linkages?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/266347332_Nitrogen_deposition_and_lake_nitrogen_concentrations_A_regional_analysis_of_terrestrial_controls_and_aquatic_linkages?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/7070763_Hindcasting_Nitrogen_Deposition_To_Determine_An_Ecological_Critical_Load?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/257944526_Empirical_Critical_Loads_of_Atmospheric_Nitrogen_Deposition_for_Nutrient_Enrichment_and_Acidification_of_Sensitive_US_Lakes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/257944526_Empirical_Critical_Loads_of_Atmospheric_Nitrogen_Deposition_for_Nutrient_Enrichment_and_Acidification_of_Sensitive_US_Lakes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/237184393_Phytoplankton_Nutrient_Deficiency_as_Related_to_Atmospheric_Nitrogen_Deposition_in_Northern_Minnesota_Acid-Sensitive_Lakes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/237184393_Phytoplankton_Nutrient_Deficiency_as_Related_to_Atmospheric_Nitrogen_Deposition_in_Northern_Minnesota_Acid-Sensitive_Lakes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/236935009_The_haptobenthic_diatom_flora_of_Long_Branch_Creek_South_Carolina?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/236935009_The_haptobenthic_diatom_flora_of_Long_Branch_Creek_South_Carolina?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/220048321_Ecological_Regions_Of_North_America_Toward_a_Common_Perspective?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/220048321_Ecological_Regions_Of_North_America_Toward_a_Common_Perspective?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/273098821_Cyanobacteria_As_Biological_Drivers_of_Lake_Nitrogen_and_Phosphorus_Cycling?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/273098821_Cyanobacteria_As_Biological_Drivers_of_Lake_Nitrogen_and_Phosphorus_Cycling?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/229355815_The_calculation_of_lead-210_dates_assuming_a_Constant_Rate_of_Supply_of_unsupported_210Pb_to_the_sediment?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/229355815_The_calculation_of_lead-210_dates_assuming_a_Constant_Rate_of_Supply_of_unsupported_210Pb_to_the_sediment?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==

@AG U Global Biogeochemical Cycles 10.1002/2015GB005228

Daggett, C. T., J. E. Saros, B. M. Lafrancois, K. S. Simon, and A. Amirbahman (2015), Effects of increased concentrations of inorganic
nitrogen and dissolved organic matter on phytoplankton in boreal lakes with differing nutrient limitation patterns, Aquat. Sci.,
doi:10.1007/500027-015-0396-5.

Damstra, R. A., D. VanderMeulen, and J. Elias (2014), Monitoring water quality of inland lakes, Great Lakes Network, 2012: Data summary
report, Nat. Resour. Data Ser. NPS/GLKN/NRDS—2014/629, Natl. Park Serv., Fort Collins, Colo.

Dise, N., and R. Wright (1995), Nitrogen leaching from European forests in relation to nitrogen deposition, For. Ecol. Manage., 71, 153-161.

Drevnick, P. E. etal. (2007), Deposition and cycling of sulfur controls mercury accumulation in Isle Royale Fish, Environ. Sci. Technol., 41, 7266-727.

Driscoll, C. T., D. Whitall, J. Aber, E. Boyer, M. Castro, C. Cronan, C. L. Goodale, P. Groffman, C. Hopkinson, and K. Lambert (2003), Nitrogen
pollution in the northeastern United States: Sources, effects, and management options, BioScience, 53(4), 357-374.

Eakins, J. D., and R. T. Morrison (1978), A new procedure for the determination of lead-210 in lake and marine sediments, Int. J. Radiat. Appl.
Instrum., 29, 531-536.

Edlund, M. B., J. M. Ramstack, and D. R. Engstrom (2007), Evaluating historical trends in nutrient concentrations from Swamp Lake sediments,
Grand Portage Reservation, northeastern Minnesota, Final Rep. Project 8607-AZJ00, p. 19, St. Croix Watershed Research Station,
Marine on St. Croix, Minn.

Edlund, M. B., D. R. Engstrom, L. D. Triplett, B. M. Lafrancois, and P. R. Leavitt (2009), Twentieth century eutrophication of the St. Croix River
(Minnesota-Wisconsin, USA) reconstructed from the sediments of its natural impoundment, J. Paleolimnol., 41, 641-657.

Edlund, M. B., J. M. Ramstack, D. R. Engstrom, J. E. Elias, and B. Moraska Lafrancois (201 1), Biomonitoring using diatoms and paleolimnology in
the western Great Lakes national parks, Nat. Resour. Tech. Rep. NPS/GLKN/NRTR—2011/447, Natl. Park Serv., Fort Collins, Colo.

Edlund, M. B., J. E. Aimendinger, D. R. Engstrom, X. Fang, J. Elias, and U. Gafvert (2014), Modeling the effects of past climate change on lakes in
Isle Royale and Voyageurs national p arks, Nat. Resour. Tech. Rep. NPS/GLKN/NRTR—2014/909, Natl. Park Serv., Fort Collins, Colo.

Elliott, E., C. Kendall, S. Wankel, and D. Burns (2007), Nitrogen isotopes as indicators of NO, source contributions to atmospheric nitrate
deposition across the Midwestern and Northeastern United States, Environ. Sci. Technol., 41, 7661-7667.

Ellis, R. A., D. J. Jacob, M. P. Sulprizio, L. Zhang, C. D. Holmes, B. A. Schichtel, T. Blett, E. Porter, L. H. Pardo, and J. A. Lynch (2013), Present and
future nitrogen deposition to national parks in the United States: Critical load exceedances, Atmos. Chem. Phys., 13, 9083-9095.

Elser, J. ), T. Andersen, J. S. Baron, A-K. Bergstrom, M. Jansson, M. Kyle, K. R. Nydick, L. Steger, and D. O. Hessen (2009), Shifts in lake N:P
stoichiometry and nutrient limitation driven by atmospheric nitrogen deposition, Science, 326, 835-837.

Enders, S., M. Pagani, S. Pantoja, J. Baron, and A. Wolfe (2008), Compound-specific stable isotopes of organic compounds from lake sediments
track recent environmental changes in an alpine ecosystem, Rocky Mountain National Park, Colorado, Limnol. Oceanogr., 53, 1468-1478.

Engstrom, D. R, S. Balogh, and E. Swain (2007), History of mercury inputs to Minnesota lakes: Influences of watershed disturbance and
localized atmospheric deposition, Limnol. Oceanogr., 52, 2467-2483.

Fallu, M.-A,, N. Allaire, and R. Peinitz (2000), Freshwater diatoms from northern Québec and Labrador (Canada). Species-environment
relationships in lakes of boreal forest, forest-tundra and tundra regions, Bibl. Diatomol., 45, 1-200.

Fang, X., S.R. Alam, P. Jacobson, D. Pereira, and H. Stefan (2010), Simulations of water quality in cisco lakes in Minnesota, Unpublished report
prepared for the Minnesota Dept. of Nat. Resour., Minneapolis, Minnesota.

Finlay, J., R. W. Sterner, and S. Kumar (2007), Isotopic evidence for in-lake production of accumulating nitrate in Lake Superior, Ecol. Appl., 17,
2323-2332.

Galloway, J., J. Aber, J. Erisman, and S. Seitzinger (2003), The nitrogen cascade, BioScience, 53, 341-356.

Galman, V., J. Rydberg, and C. Bigler (2009), Decadal diagenetic effects on d13C and 515N studied in varved lake sediment, Limnol. Oceanogr.,
54,917-924.

Geng, L., B. Alexander, J. Cole-Dai, E. J. Steig, J. Savarino, E. D. Sofen, and A. J. Schauer (2014), Nitrogen isotopes in ice core nitrate linked to
anthropogenic atmospheric acidity change, Proc. Natl. Acad. Sci. U.S.A., 111(16), 5808-5812, d0i:10.1073/pnas.1319441111.

Hastings, M., J. Jarvis, and E. Steig (2009), Anthropogenic impacts on nitrogen isotopes of ice-core nitrate, Science, 324, 1288.

Hill, M., and H. Gauch (1980), Detrended correspondance analysis—An improved ordination technique, Vegetatio, 42, 47-58.

Hobbs, W. O., R. J. Telford, H. J. B. Birks, J. E. Saros, R. R. O. Hazewinkel, B. B. Perren, E. Saulnier-Talbot, and A. P. Wolfe (2010), Quantifying
recent ecological changes in remote lakes of North America and Greenland using sediment diatom assemblages, PLoS One, 5(4, €10026),
doi:10.1371/journal.pone.0010026.

Holtgrieve, G. W.,, et al. (2011), A coherent signature of anthropogenic nitrogen deposition to remote watersheds of the Northern Hemisphere,
Science, 334, 1545-1548.

Houlton, B. Z., and E. Bai (2009), Imprint of denitrifying bacteria on the global terrestrial biosphere, Proc. Natl. Acad. Sci. U.S.A., 106(51),
21,713-21,716.

Hu, F., B. Finney, and L. Brubaker (2001), Effects of Holocene Alnus expansion on aquatic productivity, nitrogen cycling, and soil development
in southwestern Alaska, Ecosystems, 4, 358-368.

Hupfer, M., and J. Lewandowski (2008), Oxygen controls the phosphorus release from lake sediments—A long-lasting paradigm in limnology,
Int. Rev. Hydrobiol., 93(4-5), 415-432.

Jackson, D. A. (1993), Stopping rules in principal components analysis: A comparison of heuristical and statistical approaches, Ecology, 74,
2204-2214.

Kallemeyn, L. W. (2000), A comparison of fish communities from 32 inland lakes in Isle Royale National Park, 1929 and 1995-1997, U.S. Geol.
Surv. Biol. Resour. Div. Biol. Sci. Rep. USGS/BRD/BSR2000-0004, Columbia Environ. Res. Center, Columbia, Missouri.

Kallemeyn, L. W,, K. L. Holmberg, J. A. Perry, and B. Y. Odde (2003), Aquatic synthesis for Voyageurs National Park, U.S. Geol. Surv., Inf. and
Tech. Rep. 2003-0001, 95 p.

Kendall, C,, E. M. Elliott, and S. D. Wankel (2007), Tracing anthropogenic inputs of nitrogen to ecosystems, in Stable Isotopes in Ecology and
Environmental Science, vol. 2, edited by R. Michener and K. Lajtha, pp. 375-449, Blackwell, Oxford, U. K.

Koppen, J. D. (1975), A morphological and taxonomic consideration of Tabellaria (Bacillariophyceae) from the north central United States,
J. Phycol., 11, 236-244.

Kraft, G. J,, D. J. Mechenich, C. Mechenich, J. E. Cook, and S. M. Seiler (2010), Assessment of natural resource conditions: Isle Royale National
Park, Natl. Resour. Rep. NPS/NRPC/WRD/NRR—2010/237, Natl. Park Serv., Fort Collins, Colo.

Krammer, K., and H. Lange-Bertalot (1986-1991), Bacillariophyceae, in Siisswasser Flora Von Mitteleuropa, Band 2/1-4, edited by H. Ettl et al.,
Gustav Fischer Verlag, Stuttgart, Germany, and New York.

Lafrancois, B., K. Nydick, and B. Caruso (2003), Influence of nitrogen on phytoplankton biomass and community composition in fifteen Snowy
Range Lakes (Wyoming, USA), Arct. Antarct. Alp. Res., 35, 499-508.

Lafrancois, B. M., S. Magdalene, and D. K. Johnson (2009a), Recent water quality trends and a comparison to sediment-core records for two
riverine lakes of the Upper Mississippi River basin: Lake St. Croix and Lake Pepin, J. Paleolimnol., 41, 603-622.

HOBBS ET AL.

NITROGEN DEPOSITION TO NORTHERN LAKES 19


http://dx.doi.org/10.1007/s00027-015-0396-5
http://dx.doi.org/10.1073/pnas.1319441111
http://dx.doi.org/10.1371/journal.pone.0010026
https://www.researchgate.net/publication/5773629_Nitrogen_Isotopes_as_Indicators_of_NO_x_Source_Contributions_to_Atmospheric_Nitrate_Deposition_Across_the_Midwestern_and_Northeastern_United_States?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/5773629_Nitrogen_Isotopes_as_Indicators_of_NO_x_Source_Contributions_to_Atmospheric_Nitrate_Deposition_Across_the_Midwestern_and_Northeastern_United_States?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/258738830_Present_and_future_nitrogen_deposition_to_national_parks_in_the_United_States_Critical_load_exceedances?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/258738830_Present_and_future_nitrogen_deposition_to_national_parks_in_the_United_States_Critical_load_exceedances?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/237231195_Compound-Specific_Stable_Isotopes_of_Organic_Compounds_From_Lake_Sediments_Track_Recent_Environmental_Changes_in_an_Alpine_Ecosystem_Rocky_Mountain_National_Park_Colorado_United_States_of_America?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/237231195_Compound-Specific_Stable_Isotopes_of_Organic_Compounds_From_Lake_Sediments_Track_Recent_Environmental_Changes_in_an_Alpine_Ecosystem_Rocky_Mountain_National_Park_Colorado_United_States_of_America?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/40482829_Imprint_of_denitrifying_bacteria_on_the_global_terrestrial_biosphere?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/40482829_Imprint_of_denitrifying_bacteria_on_the_global_terrestrial_biosphere?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/229192078_Stopping_Rules_in_Principal_Components_Analysis_A_Comparison_of_Heuristical_and_Statistical_Approaches?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/229192078_Stopping_Rules_in_Principal_Components_Analysis_A_Comparison_of_Heuristical_and_Statistical_Approaches?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/222504566_Nitrogen_leaching_from_European_forests_in_relation_to_nitrogen_deposition_71_153-161?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/261445234_Nitrogen_isotopes_in_ice_core_nitrate_linked_to_anthropogenic_atmospheric_acidity_change?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/261445234_Nitrogen_isotopes_in_ice_core_nitrate_linked_to_anthropogenic_atmospheric_acidity_change?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/26268378_Anthropogenic_Impacts_on_Nitrogen_Isotopes_of_Ice-Core_Nitrate?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/43023761_Quantifying_Recent_Ecological_Changes_in_Remote_Lakes_of_North_America_and_Greenland_Using_Sediment_Diatom_Assemblages?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/43023761_Quantifying_Recent_Ecological_Changes_in_Remote_Lakes_of_North_America_and_Greenland_Using_Sediment_Diatom_Assemblages?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/43023761_Quantifying_Recent_Ecological_Changes_in_Remote_Lakes_of_North_America_and_Greenland_Using_Sediment_Diatom_Assemblages?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/226445925_Effects_of_Holocene_Alnus_Expansion_on_Aquatic_Productivity_Nitrogen_Cycling_and_Soil_Development_in_Southwestern_Alaska?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/226445925_Effects_of_Holocene_Alnus_Expansion_on_Aquatic_Productivity_Nitrogen_Cycling_and_Soil_Development_in_Southwestern_Alaska?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/235047614_Aquatic_Synthesis_for_Voyageurs_National_Park?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/235047614_Aquatic_Synthesis_for_Voyageurs_National_Park?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/230150485_A_morphological_and_taxonomic_consideration_of_Tabellaria_Bacillariophyceae_from_the_northern_United_States?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/230150485_A_morphological_and_taxonomic_consideration_of_Tabellaria_Bacillariophyceae_from_the_northern_United_States?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/256185832_A_new_procedure_for_the_determination_of_lead-210_in_lake_and_marine_sediments?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/256185832_A_new_procedure_for_the_determination_of_lead-210_in_lake_and_marine_sediments?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/226011315_Twentieth_century_eutrophication_of_the_St_Croix_River_Minnesota-Wisconsin_USA_reconstructed_from_the_sediments_of_its_natural_impoundment?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/226011315_Twentieth_century_eutrophication_of_the_St_Croix_River_Minnesota-Wisconsin_USA_reconstructed_from_the_sediments_of_its_natural_impoundment?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/242147180_Biomonitoring_using_diatoms_and_paleolimnology_in_the_Western_Great_Lakes_National_Parks?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/242147180_Biomonitoring_using_diatoms_and_paleolimnology_in_the_Western_Great_Lakes_National_Parks?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/227745232_Oxygen_Controls_the_Phosphorus_Release_from_Lake_Sediments_-_a_Long-Lasting_Paradigm_in_Limnology?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/227745232_Oxygen_Controls_the_Phosphorus_Release_from_Lake_Sediments_-_a_Long-Lasting_Paradigm_in_Limnology?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/235712322_Influence_of_Nitrogen_on_Phytoplankton_Biomass_and_Community_Composition_in_Fifteen_Snowy_Range_Lakes_Wyoming_USA?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/235712322_Influence_of_Nitrogen_on_Phytoplankton_Biomass_and_Community_Composition_in_Fifteen_Snowy_Range_Lakes_Wyoming_USA?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/225165122_Recent_water_quality_trends_and_a_comparison_to_sediment-core_records_for_two_riverine_lakes_of_the_Upper_Mississippi_River_basin_Lake_St_Croix_and_Lake_Pepin?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/225165122_Recent_water_quality_trends_and_a_comparison_to_sediment-core_records_for_two_riverine_lakes_of_the_Upper_Mississippi_River_basin_Lake_St_Croix_and_Lake_Pepin?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/254475043_History_of_mercury_inputs_to_Minnesota_lakes_Influences_of_watershed_disturbance_and_localized_atmospheric_deposition?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/254475043_History_of_mercury_inputs_to_Minnesota_lakes_Influences_of_watershed_disturbance_and_localized_atmospheric_deposition?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/232707648_Freshwater_Diatoms_from_Northern_Quebec_and_Labrador_Canada_Species-Environment_Relationships_in_Lakes_of_Boreal_Forest_Forest-Tundra_and_Tundra_Regions?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/232707648_Freshwater_Diatoms_from_Northern_Quebec_and_Labrador_Canada_Species-Environment_Relationships_in_Lakes_of_Boreal_Forest_Forest-Tundra_and_Tundra_Regions?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/5637711_Isotopic_evidence_for_in-lake_production_of_accumulating_nitrate_in_Lake_Superior?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/5637711_Isotopic_evidence_for_in-lake_production_of_accumulating_nitrate_in_Lake_Superior?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/228050985_Tracing_Anthropogenic_Inputs_of_Nitrogen_to_Ecosystems?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/228050985_Tracing_Anthropogenic_Inputs_of_Nitrogen_to_Ecosystems?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==

@AG U Global Biogeochemical Cycles 10.1002/2015GB005228

Lafrancois, B. M., M. Watkins, and R. M. Maki (2009b), Water quality conditions and patterns on the Grand Portage Reservation and Grand
Portage National Monument, Minnesota—Implications for nutrient criteria development and future monitoring, U.S. Dep. of the Inter.,
Natl. Park Serv. Natl. Resour. Tech. Rep. NPS/GLKN/NRTR-2009/223, 57 pp.

Leavitt, P. R, C. S. Brock, C. Ebel, and A. Patoine (2006), Landscape-scale effects of urban nitrogen on a chain of freshwater lakes in central
North America, Limnol. Oceanogr., 51, 2262-2277.

Mast, M., D. Clow, and J. Baron (2014), Links between N deposition and nitrate export from a high-elevation watershed in the Colorado Front
Range, Environ. Sci. Technol., 48, 14,258-14,265.

McDonald, C., N. Urban, and C. Casey (2010), Modeling historical trends in Lake Superior total nitrogen concentrations, J. Great Lakes Res.,
36, 715-721.

McLauchlan, K., J. Craine, W. Oswald, P. Leavitt, and G. Likens (2007), Changes in nitrogen cycling during the past century in a northern
hardwood forest, Proc. Natl. Acad. Sci. U.S.A., 104, 7466-7470.

Mechenich, C, G. J. Kraft, S. W. Szczytko, and D. J. Mechenich (2006), Assessment of coastal water resources and watershed conditions at
Pictured Rocks National Lakeshore, Wisconsin, Natl. Resour. Tech. Rep. NPS/NRWRD/NRTR—2006/361, Natl. Park Serv., Fort Collins, Colo.

Mnich, M. E., and B. Z. Houlton (2015), Evidence for a uniformly small isotope effect of nitrogen leaching loss: Results from disturbed
ecosystems in seasonally dry climates, Oecologia, doi:10.1007/s00442-015-3433-0.

Nanus, L., M. W. Williams, D. H. Campbell, E. M. Elliott, and C. Kendall (2008), Evaluating regional patterns in nitrate sources to watersheds in
National Parks of the Rocky Mountains using nitrate isotopes, Environ. Sci. Technol., 42(17), 6487-6493, doi:10.1021/es800739%.

National Atmospheric Deposition Program (NADP), NRSP-3 (2010), NADP program office, lllinois State Water Surv., 2204 Griffith Dr., Champaign,
1161820.

Pardo, L.H., M. E. Fenn, C. L. Goodale, L. H. Geiser, C. T. Driscoll, E. B. Allen, J. S. Baron, R. Bobbink, W. D. Bowman, and C. M. Clark (2011), Effects
of nitrogen deposition and empirical nitrogen critical loads for ecoregions of the United States, Ecol. Appl., 21, 3049-3082.

Patoine, A., M. D. Graham, and P. R. Leavitt (2006), Spatial variation of nitrogen fixation in lakes of the northern Great Plains, Limnol. Oceanogr.,
51,1665-1677.

Patrick, R., and C. W. Reimer (1966), The Diatoms of the United States, Exclusive of Alaska and Hawaii, Volume 1-Fragilariaceae, Eunotiaceae,
Achnanthaceae, Naviculaceae, Acad. Nat. Sci. Philadelphia Monogr., vol. 13, Acad. of Nat. Sci., Philadelphia, Pa.

Patrick, R., and C. W. Reimer (1975), The Diatoms of the United States, Exclusive of Alaska and Hawaii, Part 1-Entomoneidaceae, Cymbellaceae,
Gomphonemaceae, Epithemaceae, vol. 2, Acad. Nat. Sci. Philadelphia Monogr., vol. 13, Acad. of Nat. Sci., Philadelphia, Pa.

R Core Team (2013), R: A Language and Environment for Statistical Computing, R Found. for Stat. Comput., Vienna, Austria. [Available at
http://www.R-project.org/.]

Ramstack, J. M., M. B. Edlund, D. R. Engstrom, B. M. Lafrancois, and J. E. Elias (2008), Diatom monitoring protocol, Version 1.0, National Park
Service, Great Lakes Network, Ashland, Wisconsin, NPS/GLKN/NRR—2008/068, Natl. Park Serv., Fort Collins, Colo.

Reavie, E. D., and J. P. Smol (1998), Freshwater diatoms from the St. Lawrence River, Bibl. Diatomol., 41, 1-137.

Rose, L., S. Sebestyen, E. Elliott, and K. Koba (2015), Drivers of atmospheric nitrate processing and export in forested catchments, Water Resour. Res.,
51,1333-1352, doi:10.1002/2014WR015716.

Ruhland, K. M., A. M. Paterson, K. Hargan, A. Jenkin, B. J. Clark, and J. P. Smol (2010), Reorganization of algal communities in the Lake of the
Woods (Ontario, Canada) in response to turn-of-the-century damming and recent warming, Limnol. Oceanogr., 55, 2433-2451.

Ruhland, K. M., A. M. Paterson, and J. P. Smol (2015), Lake diatom responses to warming: Reviewing the evidence, J. Paleolimnol., 54(1), 1-35.

Saros, J,, T. Michel, S. Interlandi, and A. Wolfe (2005), Resource requirements of Asterionella formosa and Fragilaria crotonensis in oligotrophic
alpine lakes: Implications for recent phytoplankton community reorganizations, Can. J. Fish. Aquat. Sci., 62, 1681-1689.

Saros, J. E,, and N. J. Anderson (2015), The ecology of the planktonic diatom Cyclotella and its implications for global environmental change
studies, Biol. Rev., 90, 522-541.

Saros, J. E., D. W. Clow, T. Blett, and A. P. Wolfe (2011), Critical nitrogen deposition loads in high-elevation lakes of the Western US inferred
from paleolimnological records, Water Air Soil Pollut., 216(1-4), 193-202, doi:10.1007/s11270-010-0526-6.

Saros, J. E,, J. R. Stone, G. T. Pederson, K. E. H. Slemmons, T. Spanbauer, A. Schleip, D. Cahl, C. E. Williamson, and D. R. Engstrom (2012),
Climate-induced changes in lake ecosystem structure inferred from coupled neo and paleoecological approaches, Ecology, 93, 2155-2164.

Scarpino, P.V.(2011), Isle Royale National Park: Balancing human and natural history in a maritime park, Proceedings of the The George Wright
Forum, 28, 182-198.

Schindler, D. (2012), The dilemma of controlling cultural eutrophication of lakes, Proc. R. Soc. B, 279, 4322-4333.

Serieyssol, C. A, M. B. Edlund, and L. W. Kallemeyn (2009), Impacts of settlement, damming, and hydromanagement in two boreal lakes:
A comparative paleolimnological study, J. Paleolimnol., 42, 497-513.

Sterner, R. W., E. Anagnostovu, S. Brovold, G. S. Bullerjahn, J. C. Finlay, S. Kumar, R. M. L. McKay, and R. M. Sherrell (2007), Increasing stoichiometric
imbalance in North America’s largest lake: Nitrification in Lake Superior, Geophys. Res. Lett., 34, L10406, doi:10.1029/2006GL028861.

Stoddard, J. L. (1994), Long-term changes in watershed retention of nitrogen. Its causes and aquatic consequences, in Environmental
Chemistry of Lakes and Reservoirs, Adv. Chem., vol. 237, edited by L. A. Baker, pp. 223-284, Am. Chem. Soc., Washington, D. C.

Stottlemyer, R. (1997), Stream water chemistry in watersheds receiving different atmospheric inputs of H*, NH,4, NOs ™, and 50472, J. Am.
Water Resour. Astron., 33(4), 767-779.

Stottlemyer, R., and D. Toczydlowski (2006), Effect of reduced winter precipitation and increased temperature on watershed solute flux,
1988-2002, Northern Michigan, Biogeochemistry, 77, 409-440.

Stottlemyer, R., D. Toczydlowski, and R. Herrmann (1998), Biogeochemistry of a Mature Boreal Ecosystem: Isle Royale National Park, Michigan,
Sci. Monogr. NPS/NRUSGS/NRSM-98/01, Natl. Park Serv., Washington, D. C.

Talbot, M. R. (2001), Nitrogen Isotopes in Paleolimnology, in Tracking Environmental Change Using Lake Sediments, Phys. Geochem. Methods,
vol. 2, edited by J. P. Smol and W. M. Last, pp. 401-439, Kluwer Acad., Dordrecht, Netherlands.

Teranes, J., and S. Bernasconi (2000), The record of nitrate utilization and productivity limitation provided by "N values in lake organic
matter—A study of sediment trap and core sediments from Baldeggersee, Switzerland, Limnol. Oceanogr., 45, 801-813.

Walters, W., and S. Goodwin (2015), The nitrogen stable isotope composition (815N) of vehicle emitted NO,, Environ. Sci. Technol., 49, 2278-2285.

Williams, M., J. Baron, N. Caine, and R. Sommerfeld (1996), Nitrogen saturation in the Rocky Mountains, Environ. Sci. Technol., 30, 640-646.

Wolfe, A,, A. Van Gorp, and J. Baron (2003), Recent ecological and biogeochemical changes in alpine lakes of Rocky Mountain National Park
(Colorado, USA): A response to anthropogenic nitrogen deposition, Geobiology, 1, 153-168.

Wolfe, A. P., W. O. Hobbs, H. H. Birks, J. P. Briner, S. U. Holmgren, O. Ingdlfsson, S. S. Kaushal, G. H. Miller, M. Pagani, and J. E. Saros (2013),
Stratigraphic expressions of the Holocene-Anthropocene transition revealed in sediments from remote lakes, Earth Sci. Rev., 116, 17-34.

Wright, H. E. (1991), Coring tips, J. Paleolimnol., 6, 37-49.

HOBBS ET AL.

NITROGEN DEPOSITION TO NORTHERN LAKES 20


http://dx.doi.org/10.1007/s00442-015-3433-0
http://dx.doi.org/10.1021/es800739e
http://www.R-project.org/
http://dx.doi.org/10.1002/2014WR015716
http://dx.doi.org/10.1007/s11270-010-0526-6
http://dx.doi.org/10.1029/2006GL028861
https://www.researchgate.net/publication/253498560_Landscape-scale_effects_of_urban_nitrogen_on_a_chain_of_freshwater_lakes_in_central_North_America?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/253498560_Landscape-scale_effects_of_urban_nitrogen_on_a_chain_of_freshwater_lakes_in_central_North_America?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/268228425_Links_between_N_Deposition_and_Nitrate_Export_from_a_High-Elevation_Watershed_in_the_Colorado_Front_Range?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/268228425_Links_between_N_Deposition_and_Nitrate_Export_from_a_High-Elevation_Watershed_in_the_Colorado_Front_Range?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/270398338_Drivers_of_atmospheric_nitrate_processing_and_export_in_forested_catchments?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/270398338_Drivers_of_atmospheric_nitrate_processing_and_export_in_forested_catchments?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/274739150_Lake_diatom_responses_to_warming_Reviewing_the_evidence?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/259061587_Nitrogen_Saturation_in_the_Rocky_Mountains?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/281540264_Evidence_for_a_uniformly_small_isotope_effect_of_nitrogen_leaching_loss_Results_from_disturbed_ecosystems_in_seasonally_dry_climates?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/281540264_Evidence_for_a_uniformly_small_isotope_effect_of_nitrogen_leaching_loss_Results_from_disturbed_ecosystems_in_seasonally_dry_climates?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/232695440_Modeling_Historical_Trends_in_Lake_Superior_Total_Nitrogen_Concentrations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/232695440_Modeling_Historical_Trends_in_Lake_Superior_Total_Nitrogen_Concentrations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/284777257_The_diatoms_of_the_United_States_exclusive_of_Alaska_and_Hawaii_Volume_2_Part_1-Entomoneidaceae_Cymbellaceae_Gomphonemaceae_Epithemaceae?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/284777257_The_diatoms_of_the_United_States_exclusive_of_Alaska_and_Hawaii_Volume_2_Part_1-Entomoneidaceae_Cymbellaceae_Gomphonemaceae_Epithemaceae?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/267511800_Freshwater_diatoms_from_the_St_Lawrence_River?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/225735358_Critical_Nitrogen_Deposition_Loads_in_High-elevation_Lakes_of_the_Western_US_Inferred_from_Paleolimnological_Records?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/225735358_Critical_Nitrogen_Deposition_Loads_in_High-elevation_Lakes_of_the_Western_US_Inferred_from_Paleolimnological_Records?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/226596285_Impacts_of_settlement_damming_and_hydromanagement_in_two_boreal_lakes_A_comparative_paleolimnological_study?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/226596285_Impacts_of_settlement_damming_and_hydromanagement_in_two_boreal_lakes_A_comparative_paleolimnological_study?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/225102612_Effect_of_Reduced_Winter_Precipitation_and_Increased_Temperature_on_Watershed_Solute_Flux_1988-2002_Northern_Michigan?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/225102612_Effect_of_Reduced_Winter_Precipitation_and_Increased_Temperature_on_Watershed_Solute_Flux_1988-2002_Northern_Michigan?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/271534738_The_Nitrogen_Stable_Isotope_Composition_d15N_of_Vehicle_Emitted_NOx?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/271534738_The_Nitrogen_Stable_Isotope_Composition_d15N_of_Vehicle_Emitted_NOx?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/271534738_The_Nitrogen_Stable_Isotope_Composition_d15N_of_Vehicle_Emitted_NOx?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/234842336_Stratigraphic_expressions_of_the_Holocene-Anthropocene_transition_revealed_in_sediments_from_remote_lakes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/234842336_Stratigraphic_expressions_of_the_Holocene-Anthropocene_transition_revealed_in_sediments_from_remote_lakes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/23266454_Evaluating_Regional_Patterns_in_Nitrate_Sources_to_Watersheds_in_National_Parks_of_the_Rocky_Mountains_using_Nitrate_Isotopes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/23266454_Evaluating_Regional_Patterns_in_Nitrate_Sources_to_Watersheds_in_National_Parks_of_the_Rocky_Mountains_using_Nitrate_Isotopes?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/263015857_The_ecology_of_the_planktonic_diatom_Cyclotella_and_its_implications_for_global_environmental_change_studies_Cyclotella_and_global_change?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/263015857_The_ecology_of_the_planktonic_diatom_Cyclotella_and_its_implications_for_global_environmental_change_studies_Cyclotella_and_global_change?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/230794167_Increasing_stoichiometric_imbalance_in_North_America's_largest_lake_Nitrification_in_Lake_Superior?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/230794167_Increasing_stoichiometric_imbalance_in_North_America's_largest_lake_Nitrification_in_Lake_Superior?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/241764826_Spatial_variation_of_nitrogen_fixation_in_lakes_of_the_northern_Great_Plains?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/241764826_Spatial_variation_of_nitrogen_fixation_in_lakes_of_the_northern_Great_Plains?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/237175729_Resource_requirements_of_Asterionella_formosa_and_Fragilaria_crotonensis_in_oligotrophic_alpine_lakes_Implications_for_recent_phytoplankton_community_reorganizations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/237175729_Resource_requirements_of_Asterionella_formosa_and_Fragilaria_crotonensis_in_oligotrophic_alpine_lakes_Implications_for_recent_phytoplankton_community_reorganizations?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/230724002_The_dilemma_of_controlling_cultural_eutrophicaion_of_lake?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/228808826_Recent_ecological_and_biogeochemical_changes_in_alpine_lakes_of_Rocky_Mountain_National_Park_Colorado_USA_A_response_to_anthropogenic_nitrogen_deposition?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/228808826_Recent_ecological_and_biogeochemical_changes_in_alpine_lakes_of_Rocky_Mountain_National_Park_Colorado_USA_A_response_to_anthropogenic_nitrogen_deposition?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/247837455_The_Diatoms_of_the_United_States_Exclusive_of_Alaska_and_Hawaii?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/247837455_The_Diatoms_of_the_United_States_Exclusive_of_Alaska_and_Hawaii?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/280885125_The_record_of_nitrate_utilization_and_productivity_limitation_provided_by_d15N_values_in_lake_organic_matter_-_A_study_of_sediment_trap_and_core_sediments_from_Baldeggersee_Switzerland?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/280885125_The_record_of_nitrate_utilization_and_productivity_limitation_provided_by_d15N_values_in_lake_organic_matter_-_A_study_of_sediment_trap_and_core_sediments_from_Baldeggersee_Switzerland?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/280885125_The_record_of_nitrate_utilization_and_productivity_limitation_provided_by_d15N_values_in_lake_organic_matter_-_A_study_of_sediment_trap_and_core_sediments_from_Baldeggersee_Switzerland?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/280885125_The_record_of_nitrate_utilization_and_productivity_limitation_provided_by_d15N_values_in_lake_organic_matter_-_A_study_of_sediment_trap_and_core_sediments_from_Baldeggersee_Switzerland?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/274015857_Team_RDCR_A_Language_And_Environment_For_Statistical_Computing_R_Foundation_for_Statistical_Computing_Vienna_Austria?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/274015857_Team_RDCR_A_Language_And_Environment_For_Statistical_Computing_R_Foundation_for_Statistical_Computing_Vienna_Austria?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/286036450_Stream_water_chemistry_in_watersheds_receiving_different_atmospheric_inputs_of_H_NH4_NO3_-_and_SO4_2-1?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/286036450_Stream_water_chemistry_in_watersheds_receiving_different_atmospheric_inputs_of_H_NH4_NO3_-_and_SO4_2-1?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==
https://www.researchgate.net/publication/286036450_Stream_water_chemistry_in_watersheds_receiving_different_atmospheric_inputs_of_H_NH4_NO3_-_and_SO4_2-1?el=1_x_8&enrichId=rgreq-154cd24b3ce3f0c163a17d31e532da6d-XXX&enrichSource=Y292ZXJQYWdlOzI5ODg5OTQyNjtBUzozNDIwNTEzNDMzNTU5MDRAMTQ1ODU2MjgwMzY3OA==


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


