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Abstract: Atmospheric nutrient loading through wet and dry deposition is one of the least understood,
yet can be one of the most important, pathways of nutrient transport into lakes and reservoirs.
Nutrients, specifically phosphorus and nitrogen, are essential for aquatic life but in excess can
cause accelerated algae growth and eutrophication and can be a major factor that causes harmful
algal blooms (HABs) that occur in lakes and reservoirs. Utah Lake is subject to eutrophication and
HABs. It is susceptible to atmospheric deposition due to its large surface area to volume ratio, high
phosphorous levels in local soils, and proximity to Great Basin dust sources. In this study we collected
and analyzed eight months of atmospheric deposition data from five locations near Utah Lake.
Our data showed that atmospheric deposition to Utah Lake over the 8-month period was between 8
to 350 Mg (metric tonne) of total phosphorus and 46 to 460 Mg of dissolved inorganic nitrogen. This
large range is based on which samples were used in the estimate with the larger numbers including
results from “contaminated samples”. These nutrient loading values are significant for Utah Lake
in that it has been estimated that only about 17 Mg year−1 of phosphorus and about 200 Mg year−1

of nitrogen are needed to support a eutrophic level of algal growth. We found that atmospheric
deposition is a major contributor to the eutrophic nutrient load of Utah Lake.

Keywords: Utah Lake; phosphorus; nitrogen; atmospheric deposition; eutrophication; harmful
algal blooms

1. Introduction

1.1. Study Goals and Importance

Nutrients have been the focus of considerable scientific research in relation to eutrophication and
also the growth of harmful algal blooms (HABs) [1,2]. Nutrients can enter an aquatic ecosystem in
a variety of ways: surface tributaries, storm and wastewater discharges, groundwater, and from the
atmosphere. Of these different avenues, atmospheric deposition is commonly neglected during the
formation of a nutrient budget as in most areas it is not considered a significant source. Recently, with
the increased focus on eutrophication of water bodies by nitrogen (N) and phosphorus (P), studies
have found that atmospheric deposition is an important part of the total nutrient budget for many
aquatic ecosystems [3–6].

Shallow lakes such as Utah Lake might be even more susceptible to atmospheric deposition
because of their large surface area to volume ratios. Despite these characteristics, atmospheric
deposition is commonly neglected with respect to the nutrient budgets of Utah Lake [7]. The objective
of this work is to: (1) quantify the atmospheric loading of total phosphorous (TP) and dissolved
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inorganic nitrogen (DIN) to Utah Lake, (2) evaluate the spatial variability of TP and DIN loads over the
surface of Utah Lake, and (3) characterize the temporal variability of TP and DIN loads among seasons.

This case study is important as it clearly demonstrates, with field-sample data, the importance
and magnitude of atmospheric nutrient loadings. For Utah Lake, and we suspect for many other lakes
and reservoirs, reducing nutrient loads from other sources may be costly and because atmospheric
loads were neglected, may not produce the expected results. In the case of Utah Lake, we show that
atmospheric loads can support a eutrophic level of algae growth.

1.2. Utah Lake Water Quality Background

There is increased interest recently in nutrient loadings to Utah Lake [8]. There is a controversy
about the cost and effectiveness of reducing the large nutrient loadings from waste water treatment
plants (WTTPs). There is agreement that the WTTPs contribute significant loads to Utah Lake, but there
is disagreement on whether reducing or even eliminating these loads would significantly affect algal
growth in Utah Lake. Currently phosphorous is not a limiting nutrient in Utah Lake and is present in
excess. The debate is whether reducing WTTP TP loadings would be sufficient to reduce phosphorus
loads such that they could be limiting to overall algal growth, as well as to limit HABs [7–9]. Many
well-understood factors can be limiting for excessive algal growth and the occurrence of HABs. These
include light levels, water clarity, water temperatures, slow-moving or stagnant waters, and high
nutrient levels [10–12]. Of these factors, only nutrients can usually be controlled. In Utah Lake
many of these factors affect algal growth and depending on climatology and seasonal effects can be
limiting [13,14]. For example, at certain times of the year, light penetration (Secchi depth measurements
of only a few centimeters) can be so low as to be a limiting factor in algal growth [7,8,15–17].

In 2004, Utah Lake was listed on Utah’s §303(d) list for exceedance of state criteria for total
phosphorus (TP) and total dissolved solids (TDS) concentrations. The State of Utah’s Division of
Water Quality conducted a study to calculate total phosphorus loadings to Utah Lake. The sources
that were included in this study were tributaries (including WWTPs), groundwater, springs, and
miscellaneous surface flows. Of the total phosphorus loading, the tributaries were found to contribute
97.2% [7]. Atmospheric deposition was not considered, mainly because little to no information was
available. Since that time, Abu-Hmeidan, Williams and Miller [15] found that historic sediments in the
lake have high phosphorous concentrations that affect water quality. Laboratory tests showed that
Utah Lake sediments can contribute anywhere between 0.24 to 19 mg/L of TP to water in laboratory
columns. This study also showed that soils on the Utah Lake shore are historic sediments that have
high phosphorous values, up to 1000 mg/kg with average values over 700 mg/kg [15].

Merritt and Miller [9] completed an extensive eutrophic and nutrient loading evaluation for Utah
Lake. They confirmed TP loadings from the earlier analysis by the Utah Department of Water Quality
(DWQ) and studies by the engineering firm Psomas based on water inflows. They evaluated the impact
of these loadings using the Larsen and Mercier Trophic State Model and the Carlson Trophic State
Index Model [18,19]. They concluded that the actual lake state is currently moderately eutrophic, but P
and N loadings estimated from water inflows to the lake are some 15 to 20 times larger than needed to
support a eutrophic level of algal growth. They also found that for these estimated loadings, the N/P
ratio was approximately 8, which indicates that nitrogen would be more limiting than P if nutrients
are the limiting factor. They noted that this may have some impact, though tenuous, on the presence
of HABs in the lake at times. Overall, Merritt and Miller [9] concluded that phosphorus and nitrogen
loadings from water inflows could not be reduced sufficiently to make nutrients the limiting factors to
algal growth. They reported that light limitation, via the high natural turbidity of the lake, was likely
the overall limiting factor. They recommended quantification of atmospheric nutrient deposition to
better understand the feasibility of nutrient control studies and make these studies more accurate.
These recommendations were submitted before recent research that indicates that lake sediments may
also be a large nutrient source to Utah Lake [15]. Based on the Larsen–Mercier Model, they concluded
that only 17 Mg (tons) year−1 of phosphorus was needed to support the current moderately eutrophic
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state of the lake (Note on units, English tons from previous studies have been directly converted to
Metric tonnes (Mg) which is 1000 kg. This was done to maintain significant figures as the nutrient
estimates have significant uncertainty and a more precise conversion would have resulting in numbers
with higher precision than is warranted by the data). Using a N/P ratio of 12 for the algae, this means
about 200 Mg (tons) year−1 of nitrogen would be needed by Utah Lake algae. Current estimated
nutrient loadings are much higher than this, even without considering atmospheric deposition or
sediment sources, and Merritt and Miller [9] noted it would not be feasible to reduce nutrient loadings
to this level by improving WWTP effluent concentrations.

1.3. Deposition Clssification and Collection

The National Atmospheric Deposition Program (NADP), the primary atmospheric deposition
monitoring program in the United States, does not measure TP in precipitation samples. As a result,
little data are available for atmospheric deposition of TP in Utah. However, there have been several
studies performed in the Western United States with regard to nitrogen deposition. In these studies,
nitrate deposition in the Utah Wasatch Front produced concentrations as high as 2.0 kg/ha N [20].

There are three main classifications of atmospheric deposition: bulk deposition, wet deposition,
and dry deposition. Bulk deposition has been the most common form of atmospheric collection for
decades [21,22]. Recently, it has become increasingly common to collect both wet and dry deposition.
Wet deposition is defined as the process by which atmospheric pollutants become associated with
cloud or precipitation droplets (or particles) and subsequently delivered to the earth’s surface during
precipitation. Dry deposition is the process whereby gases and aerosols are deposited directly
from the atmosphere to surfaces. Dry deposition sources principally include particulates from the
burning of fossil fuels, forest fires, wind erosion of soil, aerosols from agricultural practices, and plant
pollen [3,4,23].

Sampling devices used in the collection of atmospheric deposition vary, depending on the type of
deposition to be measured. It is common for researches to collect samples using wet–dry samplers.
In these samplers, both wet and dry deposition samples are collected using two buckets and a moisture
sensor. The bucket corresponding to either wet or dry deposition is left open to the atmosphere
depending on whether wet deposition or dry deposition is being collected. The moisture sensor is
used to close one bucket and open the other when conditions change [24].

1.4. Utah Lake Description

Utah Lake (see Figures 1 and 2) is a shallow, eutrophic, basin-bottom lake in a semi-arid region.
It is the third largest freshwater lake west of the Mississippi River in surface area and has the largest
surface area of any freshwater lake in Utah. Utah Lake rests in Utah Valley and is generally bounded
by several municipal areas on the south, east, and north, and a sparsely populated area to the west.
It has an average depth of 2.7 m (9 ft.), a max depth of 4.3 m (14 ft.), and a surface area of approximately
364 km2 (90,000 acres).

Inflow to Utah Lake is approximately 800,000,000 m3 per year (725,000 acre-feet) with significant
variation [7]. The primary sources of water to the lake are snowpack runoff from the Wasatch and
Uinta Mountains and small streams and creeks. In addition to precipitation and groundwater, the lake
has at least fifteen key tributaries. The major tributaries include the American Fork River, Benjamin
Slough, Hobble Creek, Mill Race Creek, Provo River, and the Spanish Fork River. The Provo River and
the Spanish Fork River account for approximately 60% of the inflow into Utah Lake [7]. The Jordan
River is the only surface outlet and discharges northward toward the Great Salt Lake.
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Figure 1. Utah Lake is a large freshwater lake in northern Utah which has a surface area of about 360 
square km (140 square miles) with an average depth of 2.7 m (9 feet) and a maximum depth of only 
4.3 m (14 feet). Also shown on the map are the five atmospheric deposition sampling sites used in this 
study. 

Figure 1. Utah Lake is a large freshwater lake in northern Utah which has a surface area of about
360 square km (140 square miles) with an average depth of 2.7 m (9 feet) and a maximum depth of
only 4.3 m (14 feet). Also shown on the map are the five atmospheric deposition sampling sites used in
this study.
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Figure 2. The Jordan River basin that contains both the inflows and outflow for Utah Lake (figure 
created from [25]). 

The area surrounding Utah Lake has an average annual precipitation of approximately 33 cm 
(13 inches) [26]. Approximately 50% of the water flowing into Utah Lake is lost to evaporation each 
year. This high evaporation rate coupled with the very shallow nature of Utah Lake results in 
moderately high levels of dissolved solids (TDS), averaging about 900 mg/L and ranging from about 
500 mg/L during very wet years to about 2000 mg/L during very dry years [9]. Water is turbid because 
of re-suspended sediments from the shallow lake and the fact that lake water is at or near 
precipitation levels for calcium carbonate minerals.  

2. Materials and Methods 
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Figure 2. The Jordan River basin that contains both the inflows and outflow for Utah Lake (figure
created from [25]).

The area surrounding Utah Lake has an average annual precipitation of approximately 33 cm
(13 inches) [26]. Approximately 50% of the water flowing into Utah Lake is lost to evaporation each year.
This high evaporation rate coupled with the very shallow nature of Utah Lake results in moderately
high levels of dissolved solids (TDS), averaging about 900 mg/L and ranging from about 500 mg/L
during very wet years to about 2000 mg/L during very dry years [9]. Water is turbid because of
re-suspended sediments from the shallow lake and the fact that lake water is at or near precipitation
levels for calcium carbonate minerals.

2. Materials and Methods

2.1. Sampling Methods and Locations

To characterize atmospheric depositional patterns on Utah Lake, we established a network of five
sampling stations (see Figure 1) where we deployed automated samplers. All of these five locations
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were situated near the Utah Lake shore line. We distributed the locations around the parameter of Utah
Lake to obtain a representative measure of the total atmospheric deposition across the lake surface.
We selected the sites to distribute around the lake as evenly as possible and based on site access.
We designed these samplers to operate similar to the Aerochem Metrics (ACM) bucket collectors
used by the NADP. Placement of each sampler followed protocols similar to those established by the
NADP [24]. Table 1 provides a site information for each sampling site and indicates if the site is in
compliance with NADP, or if it is not, why that site is not compliant with the NADP protocol.

Table 1. Site information and compliance of each site with NAPD site selection protocols. Not all
protocols were followed as we are interested in local transport in addition to long-range transport.

Issue Lake Shore Mosida Saratoga
Springs Pump Station Orem WWTP

Latitude −111.787781 −111.927626 −111.868827 −111.895347 −111.735528

Longitude 40.11229 40.076452 40.283815 40.359414 40.276158

Irrigation
sources Compliant

Central Pivot
irrigation 380 m
from collector

Compliant
Central Pivot

irrigation 500 m
from collector

Wheel line
irrigation

500 m from site

≥5 m from
Equipment Solar Panel Solar Panel Solar Panel Solar Panel Solar Panel

≥5 m from
Collector

3 m from
collector Compliant Compliant Compliant Compliant

≥10 m from
Collector

Access road is
7 m from
collector

Compliant Compliant Compliant Compliant

≥20 m from
Collector

Horse corral
10 m from
collector

Compliant Compliant Compliant Compliant

≥30 m from
Collector

Farm Shed
15 m from
collector

Compliant
Small gravel

driveway 25 m
from collector

Compliant Compliant

≥100 m from
Collector Compliant Compliant Compliant Compliant

Parking lot
60 m from
collector

≥500 m from
Collector Compliant Compliant Compliant Compliant Compliant

≥1 km from
Collector Compliant Compliant Compliant Compliant Compliant

NAPD Site
Classification R I S S U

Each automated sampler consisted of two polyethylene buckets on an elevated table with a
moveable cover. These buckets measured 0.0615 m2 at the bucket opening and were 35 cm high.
Movement of the cover was initiated by a moisture sensor. This moisture sensor was calibrated to
ensure that dew would not trigger the movement of the bucket cover. During dry periods the cover
shielded the wet-deposition bucket and when activated by rain or snow, the cover shielded the dry
deposition bucket and exposed the wet deposition bucket.

2.2. Sample Collection and Chemial Analysis Methods

We collected samples at the five sites around Utah Lake from 4 May 2017 to 28 December 2017.
We collected samples weekly from each location in accordance with NADP protocol, and during each



Hydrology 2018, 5, 45 7 of 20

collection we replaced the buckets with clean buckets. In order to simulate the collecting properties
of a wet lake surface, we pre-loaded the bottom of the dry-deposition bucket with 3 L of deionized
water [4,27]. We choose to use 3 L as a compromise between simulating water surface in the context of
this standard sampling device while offering low evaporative loss with a sample volume small enough
to yield detectable concentrations and deposition rates.

We cleaned the graduated cylinders, funnels, bottles, buckets, and all other equipment in contact
with the samples with phosphorus-free detergent and we acid-washed them with 10% HCl solution.
We stored equipment in plastic bags until used for sample collection. We analyzed each batch
of deionized water that was added to samplers and any detectable nutrient concentrations were
subtracted from deposition estimates.

To extract samples from the buckets in the laboratory we used small brushes to scrub the sides of
the deposition buckets and swirled the water to ensure that the contents and particles were removed.
If needed, we added deionized water to bring the wet sample volume to 500 mL to yield sufficient
analytical volume. We stored samples at 4 ◦C until analyzed.

Due to the fact that NO2
− concentrations are commonly small relative to NO3

−, we will refer to
the sum of these two values as NO3

−. Similarly, we will reference NH3 + and NH4
+ amounts as simply

NH4
+. We define dissolved inorganic nitrogen (DIN) as NO3

− + NH4
+. We express all measurements

as a mass per square meter per time on the basis of collector surface area.
We labeled a sample as contaminated (i.e., “contaminated sample”) if any of the following

conditions occurred: overlapped samples (dry buckets that collected some rainwater), bulk deposition
samples (a combined wet and dry deposition sample, due to sampler malfunction), samples with
visible contamination (bird droppings, insects, obvious algal growth), and samples that were collected
longer than a week. Both contaminated and uncontaminated samples were used in analysis to describe
a possible range of atmospheric loading to Utah Lake and we report both results. For contaminated
samples, any visible debris, such as vegetative matter or bug bodies, were removed from the sample
before analysis. We debated whether to leave the debris in the samples because they do represent
a nutrient source for the lake, but we decided to err on the side of caution and removed the debris.
Even though the debris were removed, these samples were likely impacted because nutrients from the
debris could dissolve in the water in the sample bucket.

2.3. Sample Analysis

Field samples were analyzed by the BYU Environmental Analytical Laboratory with some TP
duplicates sent to ChemTech-Ford Laboratory, a commercial laboratory, for quality checks. We were
not able to send duplicate DIN samples to ChemTech-Ford, as the field samples were not acidified
and too much time elapsed between sampling and sending samples for analysis by the commercial
laboratory. All duplicate TP samples were within expected ranges. Both laboratories followed
procedures recommended by NAPD [24]. TP was analyzed using microwave digestion followed by
inductively coupled plasma (ICP) spectroscopy. NH4

+ was analyzed with the salicylate method and
NO3

− with the cadmium reduction method. All analysis was done by certified analytical laboratories
following standard methods.

2.4. Atmospheric Load Calcualtions and Geostatisticl Methods

To calculate atmospheric nutrient spatial loading rates at each sample point we multiplied the
nutrient concentration of each sample (mg/L) by the volume of the sample (L) to give milligrams of
nutrients deposited in the sample bucket. If distilled, deionized water was added to bring samples up
to analytical volume, we subtracted any measurable nutrient concentration in the distilled, deionized
water from the sample concentration. We then calculated unit area deposition rates dividing the total
deposition mass (mg) by the surface area of the sampler (0.0615 m2) and the time represented by the
sample (for example 1 week).
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We used the measured TP and DIN unit deposition rates to create spatial models of nutrient
distribution patterns on the lake. To calculate total deposition, we used a total lake surface area of
354 km2 (88,000 acres), which was the average lake area during our sampling period.

We believe that deposition near the shoreline is most likely higher than deposition in the interior of
the lake as near the shore deposition from local soil dust is an important component. Most atmospheric
deposition programs are not interested this type of local transport and view it as contamination.
Most atmospheric deposition studies generally try to only measure deposition rates from long-range
nutrient transport [24,28]. We expect that local transport does affect deposition near the center
portions of the lake but that these rates are probably lower than those near shore. In order to
conservatively estimate total deposition rates, we created six “dummy” sample points along the
center of the lake (blue squares in Figure 3) and assigned background deposition values for TP and
DIN of 0.019 mg TP m−2 week−1 [28] and 0.112 mg DIN m−2 week−1 [24], respectively. These values
are at least two orders of magnitude lower than the local deposition rates measured at the lake shore.

Figure 3 shows the data locations used to create the spatial model. The green squares along the
shore are local sample locations: Lake Shore, Mosida, Saratoga Springs, Pump Station, and Orem
WWTP. We assigned background deposition rates described above to the six blue squares in the center
of the lake (see Figure 3).Hydrology 2018, 5, x FOR PEER REVIEW  9 of 21 
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To interpolate between the sample points we used simple kriging with an exponential variogram
that had a range of 1000 m to represent the decrease in the deposition rate as distance increased
onto the lake from the shoreline [3,29]. We interpolated date from the sample points, both measures
and background onto a 2D grid with 3398 cells which represents the lake surface. Each of the cells
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had an area of 101,722 m2 with dimensions approximately 381 m by 267 m (1250 feet by 875 feet).
This approach means that the estimated deposition rates tend toward the average deposition rate for
cells away from the sample points. In this case the average rate would be the average of the six pseudo
points (long-range background) and the five sample points, this would result in data closer to the
long-range background deposition rates, significantly lower than any rates measures at the shoreline
stations. We used the Groundwater Modeling System (GMS) geostatistical software developed by
Aquaveo for computation and to create the spatial distribution maps [30].

For each week, we interpolated deposition loadings onto the 2D grid to estimate deposition for
that week. For sites that had missing values for any week, we used the average of the remaining sites
for that week. To compute the total weekly load, we multiplied the deposition rate for each cell by the
cell area to give a nutrient loading in each cell. We then summed the atmospheric nutrient loadings for
each cell to compute the total nutrient loading for Utah Lake (mg week−1) for that week. We converted
the loading units from mg/week to Mg/week for convenience. We repeated this process for every
week in which we collected data over the 31-week study period. We summed the nutrient loading for
each week (31 weeks) to yield a total atmospheric nutrient loading for Utah Lake for the eight months.
We used the same process for both TP and DIN.

3. Results

3.1. Sampling Results

From May to December, we collected 162 dry deposition samples and 59 wet deposition samples.
Table 2 shows the number of samples that were collected from each site.

Table 2. Number of dry and wet samples collected at each location.

Number of Samples

Site Dry Wet Total
Lake Shore 29 12 41

Mosida 28 10 38
Saratoga Springs 30 14 44

Pump Station 28 10 38
Orem WWTP 22 5 27

3.2. Phosphorous Load Calculation

Table 3 presents the TP results as mean TP concentrations at each sample site separated by
deposition type, the weekly average precipitation, and the mean TP load rate at each sample site with
standard deviation, and skewness values for the loading data. The average loading across all the
sites was 8.10 mg of TP m−2 day−1, with mean values for the individual sites ranging from 1.26 to
31.38 mg of TP m−2 day−1 at Orem WWTP and Saratoga Springs, respectively. Standard deviation of
the loading rates were high, larger than the mean values. The skewness values are all greater than
0, with an average value of 2.7, which indicates that the samples are skewed right. This means that
the bulk of the data are in the lower range with a few larger values (i.e., long tail towards the higher
values). The coefficient of variation (i.e., mean divided by standard deviation), calculated using all the
data, was 0.34.
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Table 3. Summary for total phosphorous (TP) concentration and load data from May 2017 through
December 2017.

Site No. of Data

Mean TP
Concentrations (mg/L) Rain Total TP Load Rate

(mg m−2 day−1)

Wet Dry cm(in)/Week Mean S.D. Skewness

Lake Shore 41 0.68 0.38 0.64(0.25) 1.33 1.95 0.82
Mosida 38 0.22 1.10 0.30(0.12) 2.77 5.63 2.55

Saratoga Springs 44 0.60 5.15 0.43(0.17) 31.38 88.73 2.14
Pump Station 38 0.59 0.85 0.41(0.16) 3.78 20.14 4.68

Orem WWTP 1 27 1.62 0.39 0.28(0.11) 1.26 2.65 3.33
Average 38 0.74 1.57 0.41(0.16) 8.10 23.82 2.70

1 Waste Water Treatment Plant (WTTP).

3.3. Nitrogen Load Calculation

Table 4 presents the DIN results as mean DIN concentrations at each sample site separated by
deposition type, the weekly average precipitation, and the mean DIN load rate at each sample site
with standard deviation, and skewness values for the loading data. The average DIN loading of
all sites is 10.23 mg of N m−2 day−1. The mean values for the individual sites range from 1.59 to
36.06 mg of N m−2 day−1 at the Pump Station and Saratoga Springs, respectively. As with the TP data,
the standard deviations are high and skewness values are positive—indicating that the data have long
tails to the right (large outliers). The coefficient of variation, calculated for all the data, was 0.36, very
similar to that computed for the TP data.

Table 4. Summary for dissolved inorganic nitrogen (DIN) deposition data from May 2017 through
December 2017.

Site No. of Data

Mean DIN
Concentrations (mg/L) Rain Total DIN Load Rate

(mg m−2 day−1)

Wet Dry cm(in)/Week Mean S.D. Skewness

Lake Shore 41 4.30 1.15 0.64(0.25) 4.09 4.06 0.47
Mosida 38 2.29 1.50 0.30(0.12) 4.17 4.74 1.21

Saratoga Springs 44 4.86 6.00 0.43(0.17) 36.06 124.62 3.31
Pump Station 38 4.29 0.38 0.41(0.16) 1.59 2.33 2.31
Orem WWTP 27 7.55 1.33 0.28(0.11) 5.23 4.60 3.04

Average 38 4.66 2.07 0.41(0.16) 10.23 28.07 2.07

3.4. Site Comparison

Deposition rates varied both spatially and temporally among sample locations. Figures 4 and 5
show the temporal variation for TP and DIN, respectively for each sample site. Precipitation data
showed no significant differences among the sites. Dry deposition rates showed few site-to-site
differences aside from the Saratoga Springs site.

Hydrology 2018, 5, x FOR PEER REVIEW  10 of 21 

 

coefficient of variation (i.e., mean divided by standard deviation), calculated using all the data, was 
0.34.  

Table 3. Summary for total phosphorous (TP) concentration and load data from May 2017 through 
December 2017. 

Site 
No. of 
Data 

Mean TP Concentrations (mg/L) Rain Total TP Load Rate (mg m−2 day−1) 
Wet Dry cm(in)/Week Mean S.D. Skewness 

Lake Shore 41 0.68 0.38 0.64(0.25) 1.33 1.95 0.82 
Mosida 38 0.22 1.10 0.30(0.12) 2.77 5.63 2.55 

Saratoga Springs 44 0.60 5.15 0.43(0.17) 31.38 88.73 2.14 
Pump Station 38 0.59 0.85 0.41(0.16) 3.78 20.14 4.68 

Orem WWTP 1 27 1.62 0.39 0.28(0.11) 1.26 2.65 3.33 
Average 38 0.74 1.57 0.41(0.16) 8.10 23.82 2.70 

1 Waste Water Treatment Plant (WTTP). 

3.3. Nitrogen Load Calculation  

Table 4 presents the DIN results as mean DIN concentrations at each sample site separated by 
deposition type, the weekly average precipitation, and the mean DIN load rate at each sample site 
with standard deviation, and skewness values for the loading data. The average DIN loading of all 
sites is 10.23 mg of N m−2 day−1. The mean values for the individual sites range from 1.59 to 36.06 mg 
of N m−2 day−1 at the Pump Station and Saratoga Springs, respectively. As with the TP data, the 
standard deviations are high and skewness values are positive—indicating that the data have long 
tails to the right (large outliers). The coefficient of variation, calculated for all the data, was 0.36, very 
similar to that computed for the TP data. 

Table 4. Summary for dissolved inorganic nitrogen (DIN) deposition data from May 2017 through 
December 2017. 

Site 
No. of 
Data 

Mean DIN 
Concentrations (mg/L) 

Rain Total DIN Load Rate (mg m−2 day−1) 

Wet Dry cm(in)/week Mean S.D. Skewness 
Lake Shore 41 4.30 1.15 0.64(0.25) 4.09 4.06 0.47 

Mosida 38 2.29 1.50 0.30(0.12) 4.17 4.74 1.21 
Saratoga Springs 44 4.86 6.00 0.43(0.17) 36.06 124.62 3.31 

Pump Station 38 4.29 0.38 0.41(0.16) 1.59 2.33 2.31 
Orem WWTP 27 7.55 1.33 0.28(0.11) 5.23 4.60 3.04 

Average 38 4.66 2.07 0.41(0.16) 10.23 28.07 2.07 

3.4. Site Comparison 

Deposition rates varied both spatially and temporally among sample locations. Figures 4 and 5 
show the temporal variation for TP and DIN, respectively for each sample site. Precipitation data 
showed no significant differences among the sites. Dry deposition rates showed few site-to-site 
differences aside from the Saratoga Springs site.  
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Tables 3 and 4 show that TP and DIN deposition rates at Saratoga Springs were significantly
higher than at the other sites. The TP deposition rate differences between Saratoga Springs and the
other sites all have p-values < 0.005 (0.5%). Traditionally, p-values < 0.05 (5%) are used to determine
if the difference is statistically significant, our p-values are an order of magnitude lower, indicating
that it is unlikely that the difference is due to chance. We attribute this difference mainly to local
nutrient sources in the area and regional weather patterns. Near the Saratoga Springs sample site
there are large areas of bare earth that have high concentrations of TP. This site is also close to areas
with both agricultural and excavation activities at a gravel pit. In addition to these issues, storms tend
to move across Utah Lake from desert areas with high dust to the northwest and west, crossing this
site before reaching the lake. Other sample sites are separated from the western Utah desert areas by
agricultural or urban areas that do not generate as much dust. We discuss these issues in detail later in
the manuscript.

3.5. Total Deposition

As described in the geostatistical methods section, we used kriging to interpolate deposition rates
across Utah Lake to estimate a total deposition loading over the eight month sampling period. We used
the same process for both TP and DIN. Because of the large temporal variations in deposition rates, we
did not estimate annual deposition, but only estimated total deposition during the sampling period.

We estimated two different total deposition values. For the higher estimate, we included all
samples collected during the study. For the lower estimate, we excluded all the samples we deemed
contaminated from the analysis. Contamination was defined as the presence of any visible particles
in the collection bucket. These two estimates provide bounding values for the actual deposition that
occurred during the sampling period. We believe the lower estimate bounds the deposition rates
because it excludes all loads from dust particles, insect bodies, and other legitimate sources of nutrients.
We believe the upper estimate bounds the deposition rates because it includes some contamination
sources that may be local and not significantly extend into the lake itself.

For the higher value (computed using all the samples), we estimated that the total deposition
loading of TP and DIN were 350 Mg (tons) and 460 Mg (tons), respectively, over the 8-month period.
For the lower value (contaminated samples excluded), the total deposition loading of TP and DIN
were 8 Mg (tons) and 46 Mg (tons), respectively, for the 8-month period.

Figures 6–9 show the weekly atmospheric deposition rates for TP and DIN over the study
period. Figures 6 and 7 present the lower and upper estimate values for TP and DIN, respectively.
Because of the scale, it is difficult to see the variation in the lower estimate values. Figures 8 and 9
present the weekly lower estimates for TP and DIN, respectively. These figures show considerable
temporal variation in both the high and low estimates, the upper estimate has the highest rates in the
June–August period while the lower estimate has higher rates in the November–December period. In
the latter period, November–December, the differences between the upper and lower bounds are small
as contaminated samples are rare during this time.

Figure 10 shows an example distribution of TP loading for the week ending 11 May 2017. Figure 6
shows that for this week, the difference between the maximum and minimum TP loading estimates
was relatively small. In Figure 10, deposition rates range from approximately 100 mg m−2 day−1

at the Saratoga Springs site (northwest shore) to approximately 0.01 mg m−2 day−1 near the center
and southeast portion of the lake—approximately four orders of magnitude lower. This map shows
that our choice of variogram parameters, specifically the smaller range value, used with the kriging
algorithm limits the spatial influence of the high samples, with the majority of the lake tending
toward background levels (blue in the figure). The green color represents values about two orders of
magnitude below the red values.
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Figure 6. Utah Lake TP seasonal loading weekly estimates, both high (all samples) and low
(uncontaminated samples) estimates.
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(uncontaminated samples) estimates.

4. Discussion

4.1. Wet and Dry Deposition Rates

Wet deposition rates are more spatially correlated while dry deposition rates show more local
variation. Wet deposition is the result of nutrients dissolved in precipitation; while there is some
local influence on this process, most nutrients are dissolved into the rain higher in the atmosphere,
away from most local variation. This explains why these data are more similar. Dry deposition rates
are heavily influenced by local processes and phenomena, such as dust clouds or other near-ground
sources such as insects. In addition, the dry deposition sample buckets had water in the bucket to trap
the dry material. Some of the material trapped was larger in size, such as wind-borne vegetative matter
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or insects. The largest dry deposition rates occurred at Saratoga Springs during the summer months
with rates significantly higher than any of the other sites (see Figure 4). We attribute some of these
high values to a terrestrial bee, Halictidae Lasioglossum. During the summer period, sample buckets had
numerous bee bodies in the water. As noted above, these bodies were removed before sample analysis,
but having been present in the water during the week, they significant raise the amount of nutrients in
the samples. Also, as noted, the Saratoga Springs site had more local contribution from dust—which is
also higher in the dry summer months. This, and other site differences, appeared to be mainly based
on site characteristics; high TP deposition rates were found near agricultural and excavation areas.
The west side of Utah Lake is impacted by a large gravel pit and agricultural practices, and these dust
sources combined with high phosphorous levels in the soil are likely contributing to higher levels of TP.
Other studies have reached similar conclusions that local sources can contribute significant nutrient
loadings [31].Hydrology 2018, 5, x FOR PEER REVIEW  14 of 21 
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Figure 10. Example map showing the spatial deposition rates for TP for the period of 4 May 2017
through 11 May 2017. The map shows that the pseudo sample sites in the center of the lake, which
represent regional background rates, strongly influence the distribution. The colors are on a logarithmic
scale with red approximately 100 mg m−2 day−1 and blue about 0.01 mg m−2 day−1 spanning four
orders of magnitude. This map shows that the influence of high values at shoreline stations do not
reach significantly into the lake because of the small variogram range used for kriging.

4.2. Local Sources versus Global Sources

As discussed, most atmospheric transport methods are designed to minimize contributions
from local sources and are intended to characterize long-range transport [24]. An important issue
in this study is how far onto the lake the influence from local nutrient sources extends and at which
point nutrients associated with long-range transport (i.e., regional, global) become the major source.
The sample sites we used around Utah Lake record a combination of both local and long-range sources.
We designed this study to characterize local source contributions because Utah Lake is surrounded by
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urban, industrial, and agricultural land uses, and soils in the area have high nutrient content. Standard
methods developed to study long-range nutrient transport would view these sample sites as being
compromised because they are close to dust sources, agricultural regions, and other activities that can
cause nutrients to become airborne [24]. However, since we are developing a nutrient loading based
on atmospheric deposition, these local sources are important and represent actual contributions to
nutrient loads on the lake; local sources are not viewed as contaminated samples. Our sampling sites
were not selected to be free of local sources but rather to be representative of atmospheric deposition
on the lake surface.

The high spatial variability in TP loads (see Table 3) suggests that significant portions of the TP
deposition load is from local sources and affected by local conditions at the sampling sites. For example,
the maximum average TP load was observed at the Saratoga Springs site (31.38 mg of TP m−2 day−1).
We attribute these higher nutrient loadings to the proximity to local dust sources, industrial and
agricultural practices, and local soils.

Local sources are highest when dust is suspended during windy storms. In this region, most
storms approach from a westerly direction, first arriving on the western shore (represented by the
Saratoga Springs site). The Orem WWTP site is on the eastern shore and local dust clouds generated
during these storms need to cross the approximately 10-km (6-mile) wide lake before reaching this
sample point. The Orem WWTP site has the minimum average TP loading measured during this study
of 1.26 mg m−2 day−1. It is likely that TP deposition rates decrease across the lake in some fashion
from the 31.38 to 1.26 mg m−2 day−1 measured at Saratoga Springs and the Orem WWTP, respectively.

To bound our estimates, as noted above, we assumed that TP deposition rates near the center of the
lake were only 0.019 mg m−2 day−1, which is the value reported in the literature for regional long-range
transport [28]. This regional value is two orders of magnitude below the smallest rate we measured of
1.59 mg m−2 day−1, averaged over the study period, at the Pump Station site. This indicates that our
low estimate may be significantly below actual deposition rates. Sampling sites near the lake center
will be required to resolve this question.

4.3. Total Deposition

TP and DIN seasonal deposition rates are similar with higher deposition during the late spring
and summer months and lower rates during the winter months. Both TP and DIN deposition rates were
dominated by dry deposition (i.e., particulate matter rather than dissolved). Maximum deposition
occurred in July and early August. This temporal pattern of TP and DIN deposition is shown in
Figures 6 and 7, respectively.

These seasonal trends agree with many other studies which found that deposition increased in
early summer and decreased over the remainder of the summer [32–34]. In a review of studies on TP
deposition from long-range transport, deposition rates showed a wide range. with estimated values
between 0.007 to 1.7 mg m−2 day−1 [35]. Our uncontaminated TP samples used for the lower bound
estimate, fall within this range of values. The contaminated TP samples used in the upper bound
estimate exceeded this range for 7 weeks during the study period, from 22 June 2017 to 8 August
2017. The period with these higher values is shown on Figure 6, but with units of total deposition
(Mg (tons) week−1) as the unit rate was converted to lake deposition rates.

Literature-reported nitrogen deposition ranges were smaller than those of TP deposition.
We compared our DIN data to the NADP wet deposition data for 2014 in Utah. NADP-reported
rates ranged from 2.14 to 8.42 mg m−2 year−1 [24] while our measured rates ranged from 0.04
to 24.82 mg m−2 year−1. Our measured values appear to be reasonable when compared to other
studies [31,33], again with the higher values used for the upper bound being attributed to local sources.

We did not attempt to determine what percentage of these loads were bio-available. We expect
that the majority of the DIN is in bioavailable forms as is the wet TP loadings as the majority of these
samples only contained dissolved phosphate. The dry TP loadings contained significant local soils
and dust with a portion of the phosphorous in a mineral form. Local sediment and soil samples
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have phosphorous concentrations in the 600–1900 mg/kg range with 40–60% of this phosphorous in
the water soluble, salt extractable, or iron-bound phases, all of which can easily release bioavailable
phosphorous to the water column [15,36,37].

4.4. Contamination

Contamination is a problem in deposition studies, mainly due to a lack of agreement as to how to
delineate the boundaries for the area being studied as this defines what is regarded as contamination.
For example, long-range transport studies view local sources as contamination that do not contribute
to additional loading because the nutrients are from the same areas—that is, no new nutrients are
introduced or transported into the region. For these studies, local sources are contamination because
they represent internal recycling within the local system, not new nutrients [23]. For long-range
transport studies, these local contamination sources include excavation and agriculture and also
includes nutrients from birds and insects.

For this study, we are attempting to bound nutrient loads to the water column in a lake or
reservoir. For this purpose, the study should include all of the sources that provide nutrients to the
lake, especially during the main algal-growth season. This definition includes shoreline or other local
sources as nutrients from these sources provide additional loads to the lake. These differences in the
goals and scope of the studies make the selection of sample sites different. For long-range studies, sites
should be isolated, away from local dust sources or activities that could contribute local nutrients to
the sample bucket as outlines by the NADP [24]. For studies trying to characterize nutrient loads to
lakes or reservoirs, local sources, such as dust from shoreline soils and activities such as agriculture or
excavations, can contribute significant loads to the water column. For this study, we viewed all these
local sources as legitimate nutrient sources which increase the total load to the water column.

In this study, 43% of the collected samples were contaminated to some degree. Insects were
the main source of contamination, with the terrestrial bee Halictidae Lasioglossum as the most
common insect.

4.5. Upper and Lower Bound Estimates

Our upper estimate was computing using both contaminated and uncontaminated samples.
Our lower estimate did not use contaminated samples. The contaminated samples mostly contained
contributions from birds and insects with little plant materials. We manually removed all large
particulates (such as insect bodies) from the samples before analysis.

Our lower estimate was computed using only the uncontaminated samples. These samples still
represent both long-range and short-range transport because of the location of the sampling sites near
the lake shore. That is, we expect them to be influenced by local dust sources (e.g., high nutrient soils),
agricultural or other anthropogenic sources. We do not expect this loading to only be deposited near
the shore, but to be carried significant distances into the lake. To provide a conservative lower estimate,
we assumed that deposition rates approached long-range deposition values at the middle of the lake.
We feel this is a conservative lower bound because wind transport is mainly west-to-east, samples on
the eastern shore had deposition rates more than two orders of magnitude higher than the background,
long-range deposition values we used as characteristic for the center of the lake. Actually, deposition
values are probably closer to those measured on the eastern shore, though we have no data to support
this assertion.

4.6. Future Work

More work is required to characterize deposition rates within Utah Lake. We expect them to be
higher than our lower bound estimate as we believe that local sources influence deposition across
the entire lake, not just the near shore area. We also expect deposition rates to vary, not only within
a year, but over longer periods. For example, dry hot years would likely have higher dust source
contributions than wet years, though the wind associated with storms during wet years may also cause
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higher rates. A long-term study is required to better understand actual deposition. We do think that
our upper and lower estimates with their associated large range, effectively bound the actual rates.

5. Conclusions

Many studies have indicated that atmospheric deposition can be an important component of
the nutrient budget of a lake. We collected nutrient data weekly at five locations, situated around
Utah Lake. The sample locations were selected to characterize atmospheric deposition. The sites
are approximately equally spaced around the lake with locations chosen to match the main local
land use. We collected both wet and dry nutrient deposition using methods and samplers following
recommendations from the National Atmospheric Deposition Program (NADP) [24]. Almost half of our
samples, 43%, showed contamination based on NADP guidelines. However, for this study, we viewed
this contamination as legitimate nutrient sources to the water column—not as local nutrient recycling
as does the NADP. Rather than trying to provide a best estimate for nutrient deposition to Utah Lake,
we estimated a lower and upper bound. The lower bound was estimated using only uncontaminated
samples and the upper bound was estimated using all the samples. To address depletion as local
sources moved across the lake, we assumed that the center of the lake only experienced deposition
from the long-range background—a rate more than two orders of magnitude below our lowest rates
measured on the eastern shore and nearly four orders of magnitude from the highest rates measured
on the western shore. We did not estimate annual rates, as we only had 8 months of data and the data
showed significant temporal variation.

Our estimates of the 8-month nutrient load indicate that the atmosphere contributes between 8 to
350 Mg (tons) of TP and 46 to 460 Mg (tons) of DIN during this period. Dry TP deposition represents
the bulk of seasonal deposition and the most important fraction of total deposition. The largest
atmospheric nutrient deposition loading occurs during the summer months which is the most critical
time for phytoplankton growth. Since the summer is when the algal growth is the greatest, it is
important to note that the impact of atmospheric deposition to Utah Lake it even greater than if it were
spread evenly during the year.

Studies of Utah Lake have concluded that about 17 Mg (tons) of phosphorus per year and
200 Mg (tons) of nitrogen per year would be sufficient to support the algal growth currently occurring
in the lake, which is deemed to be negatively impacted from high nutrient loads [9]. Even our low
estimates of 8 and 46 Mg (tons) for only 8 months are approximately 1

2 and 1
4 of the TP and DIN loads,

respectively estimated to support eutrophic conditions. We assert that these lower bound estimates
are significantly below the actual values because of our conservative use of the long-range transport
values for the center of the lake. Our high bound estimates of 350 and 460 Mg (tons) of TP and DIN,
respectively, are well above the loads estimated to support eutrophic conditions. We feel that this
higher estimate is an upper bound, but that these values are not unrealistic.

This study shows that atmospheric nutrient deposition contributes sufficient loadings to support
eutrophic lake conditions. While this study was specific to Utah Lake, these results should guide water
managers at other locations. Most lake total maximum daily load (TMDL) studies do not include
atmospheric deposition. This could be a major oversight and may indicate why some water bodies
do not respond as well as expected to nutrient reductions in inflows though we have no data on
other locations.
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