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ABSTRACT

Atmospheric deposition can be an important source

of phosphorus (P) to watersheds in geologically

low-P landscapes like the Precambrian Shield, in

south-central Ontario. Recent observations in this

region of declining total P (TP) concentrations in

streams and lakes, as well as P limitation in vege-

tation, prompted this investigation into the poten-

tial contributing role of atmospheric deposition.

Long-term (1980–2014) measurements of bulk TP

deposition at four monitoring stations, as well as

wet-only deposition at one of the sites (2012–2014)

and pollen measurements in 2014, were used to

assess the potential contribution of biogenic sources

to TP deposition in the region. Ratios of phosphorus

to potassium (P:K) in historical bulk deposition and

variability in P deposition among the four sites

indicated that continuously open, bulk deposition

collectors are enriched in ‘local’ biogenic sources of

P, particularly in the summer, fall and spring

months. Furthermore, in 2014 pollen could ac-

count for as much as 30% of bulk TP deposition,

and pine trees (Pinus strobus) were the most

important source of pollen (>75% of collected

pollen). In contrast, winter bulk deposition was the

least affected by local, biogenic sources, and likely

best reflects net P inputs to this region from long-

range (that is, external to the watershed) sources.

Catchment input–output budgets for P that use

measured annual bulk deposition totals as inputs

are generally strongly positive (indicating net

retention/accumulation of P within watersheds),

whereas annual budgets calculated using extrapo-

lated winter deposition are in approximate balance.

Balanced P budgets are more consistent with re-

gional observations of declining surface water TP

and P limitation in terrestrial vegetation. Impor-

tantly, there was no significant decline in winter TP

deposition over the period of record (1980–2014),

which suggests that changes in regional deposition

are not responsible for declines in surface water TP.

Although we recommend extrapolating winter

bulk deposition measurements to approximate an-

nual atmospheric TP input to terrestrial ecosystems

in non-dusty, oligotrophic landscapes such as this,

local sources of P, particularly pollen, are likely

important seasonal sources of P nutrition to lakes.
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INTRODUCTION

Total phosphorus (TP) concentrations unexpect-

edly declined over the past several decades at many

streams and lakes in the geologically low-P Pre-

cambrian Shield landscape of south-central Ontar-

io, despite increases in human development within

their catchments (Yan and others 2008; Eimers and

others 2009; Palmer and others 2011). Determining

the cause of these declines is a high priority given

the critical role of P in determining algal production

and community composition (Paterson and others

2008) as well as the potential impacts of ‘olig-

otrophication’ on higher trophic levels (Jeppesen

and others 2005). Furthermore, chemical analysis

of sugar maple (Acer saccharum) foliage and corre-

lations between soil P concentrations and tree

growth in this region suggest that P is transitioning

to become the limiting nutrient, as a result of his-

torically high atmospheric nitrogen (N) deposition

(Gradowski and Thomas 2006, 2008; Casson and

others 2012).

Despite observations of declining surface water

TP and suggestions of P limitation in forests, P in-

put–output budgets for Precambrian Shield catch-

ments are generally strongly positive (that is, bulk

deposition exceeds stream export; Dillon and Molot

1997; Eimers and others 2009). Positive input–

output budgets suggest that P is accumulating

within the landscape. The exception is watersheds

that have been harvested or undergone substantial

wetland disturbance, which show net P loss (Phil-

lips and Watmough 2012; Pinder and others 2014).

These observations underscore the need for a

reassessment of watershed P budgets and further

scrutiny of the accuracy of estimates of atmospheric

deposition.

A number of studies have demonstrated the

importance of atmospheric deposition as a source of

P to watersheds in oligotrophic landscapes where

sources of P are otherwise low (for example, Vicars

and others 2010), which includes much of the

Precambrian Shield region of eastern North

America (Dillon and Kirchner 1975). Schindler and

others (1976), for example, estimated that atmo-

spheric deposition supplied approximately half of

the annual P budget of oligotrophic Rawson Lake

in the Experimental Lakes Area of northwestern

Ontario, and Cole and others (1990) estimated that

bulk deposition in the summer months exceeded

fluvial input over the same time period by 50–60

times, at oligotrophic Mirror Lake in New Hamp-

shire. However, the accurate measurement of

atmospheric P deposition is notoriously difficult,

and numerous studies have reported contamina-

tion of deposition collections with local sources of

P. ‘Bulk’ deposition collectors, which are continu-

ously open to the atmosphere, are particularly

prone to contamination from local dust and P-en-

riched biological material including pollen, insect

parts and bird excrement (Newman 1995; Ahn

1999).

Of primary concern with these potential sources

of P is their origin. Sources that originate from

within the watershed should be removed from

terrestrial or catchment-scale budget calculations,

whereas sources that originate from outside of the

watershed are considered ‘true inputs’ and should

be included in input–output budgets (Ahn and

James 2001). Lake budgets on the other hand

should include bulk deposition as well as inflows

from the terrestrial catchment. Despite their

shortcomings, bulk collectors are a simple, cost-ef-

fective means of estimating total atmospheric

deposition to watersheds. They are the primary

source of deposition data for many publicly funded

long-term monitoring programs, including the

Ontario Ministry of Environment and Climate

Change (OMECC) Dorset Environmental Science

Centre’s (DESC) monitoring program, which has

measured TP inputs and outputs at several Pre-

cambrian Shield watersheds since the mid 1970s

(Scheider and others 1979).

Pollen is a particularly important source of local

contamination in bulk collectors as it contains high

concentrations of P and large amounts of tree pol-

len are released from trees in short, intense bursts

every spring and summer (Lee and others 1996b).

Deposition of Pinus pollen, for example, may con-

tribute 2.4–6.4 mg P m-2 to annual deposition

(Doskey and Ugoagwu 1989; Lee and others 1996b;

Lee and Booth 2003; Cho and others 2003). Dust

particles also may be enriched in P, although P

contamination from dust is likely less important in

geologically low P, oligotrophic environments like

the Precambrian Shield (Mahowald and others

2008). Fossil fuel and biomass burning are other

important sources of atmospheric P deposition in

‘non-dusty’ regions (for example, Tsukuda and

others 2006), although these sources are more of-

ten considered ‘external’ (rather than internal

contamination), particularly in regions that are

remote from point sources (Mahowald and others

2008). As fossil fuel emissions and atmospheric

deposition of sulfur (S) and nitrogen (N) com-

pounds have declined in Ontario over the past

several decades (Kothawala and others 2011), P

deposition from these sources may have also de-

clined and contributed to surface water TP trends.
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Given the importance of atmospheric P deposi-

tion and the considerable uncertainty surrounding

its measurement and application, the objectives of

this study were to: (1) quantify the contribution of

local/internal sources (that is, pollen) to earlier

bulk TP deposition measurements and (2) deter-

mine whether changes in atmospheric deposition

could have contributed to observed declines in

surface water TP in this region.

METHODS

Study Area

The study region (Figure 1) is located at the

southern edge of the Precambrian Shield in the

Great Lakes-St. Lawrence ecozone, where forest

cover is mixed temperate with Pinus strobus (white

pine), Pinus resinosa (red pine) and Tsuga canadensis

(eastern hemlock) in the coniferous areas and Be-

tula allegheniensis (yellow birch), Fagus grandifolia

(American beech) and sugar maple in the decidu-

ous areas. Surficial geology is characterized by

shallow till–rock ridge topography, with bedrock

dominated by slowly weathered igneous and

metamorphic rock. As such, the contribution of P

to lakes via weathering is slow (Kirkwood and

Nesbitt 1991; Baker and others 2015). Previous

mass budget estimates have shown that atmo-

spheric deposition can represent more than 60% of

the total TP input to lakes with relatively small

catchment areas relative to lake surface area, like

Figure 1. Map of the study area with locations of the four deposition monitoring stations.
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Plastic Lake (PCP; Dillon and Molot 1996). The

climate of the region is humid continental with

long-term (1980/81–2013/14) mean annual pre-

cipitation of 1100 mm year-1 with approximately

35% falling as snow and a mean annual tempera-

ture of 5.1 �C. There is virtually no agriculture in

this region due to the thin, nutrient poor soils and

rocky terrain.

The Dorset Environmental Science Centre

(DESC) has monitored meteorology and atmo-

spheric bulk deposition in this region since the

late 1970s. The Ontario Ministry of Environment

and Climate Change (OMECC) first established

the DESC calibrated watersheds in order to eval-

uate the impact of cottage development on

nutrient delivery to Precambrian Shield lakes, and

several headwater watersheds were selected to

encompass a gradient of human disturbance. At

the low end of the disturbance spectrum, Plastic

Lake (PCP), is surrounded by crown land with no

cottage development; Heney Lake (HYP) has a low

level of development with only 9 shoreline resi-

dences, whereas Harp (HPP) and Paint (PTP) rep-

resent more developed lakes with 90 and more

than 150 shoreline dwellings, respectively. A

meteorological and bulk deposition monitoring

station was established at PTP in 1976, located

within the backyard of the DESC research station

property directly across a paved road from Paint

Lake (Figure 1). Similar meteorological and bulk

deposition monitoring stations were established

within the PCP, HPP and HYP watersheds in the

early 1980s (records presented here begin in

1985).

Bulk Deposition Collectors

Field and laboratory methods for measuring bulk

deposition at the four sites have been relatively

consistent since monitoring began, although the

total number of deposition and meteorological

monitoring stations has varied from a minimum of

three to as many as eight (Dillon and others 1988).

Based on early measurements that demonstrated

little variability among stations, bulk deposition

measurements from at least three stations have

been historically pooled to provide a single ‘re-

gional’ estimate for the area (Scheider and others

1979). Since 1985, this has been done by averaging

deposition measurements at PCP, HYP and HPP to

provide a ‘3-station’ regional estimate, with values

from the PTP site used to substitute for one of the

other stations during equipment malfunctions or

when data were unusable. Deposition monitoring

at the Harp Lake watershed ceased in 2013 in

response to a landowner request, and therefore

records at this site end in 2012/13.

Bulk deposition is collected using continuously

open, lined plastic buckets at cleared, open areas at

each sampling site. Bulk collectors are located

1.7 m above the ground and are topped with a

funnel to limit evaporation. A roll of Nitex screen

(10 cm 9 10 cm; 500 lm mesh) is placed in the

opening of each funnel to limit entry of coarse

particles and insects (Scheider and others 1979).

Bulk collectors are visited typically weekly, at

which time deposition samples are removed and

buckets are refitted with clean, food-grade plastic

bag liners and Nitex screens. Bulk samples are

coarse-filtered (80 lm) and transported to the

laboratory in insulated coolers.

The landscape surrounding the deposition col-

lector can influence local sources of P deposition.

At Paint Lake (PTP), an open area of approximately

35 m 9 35 m surrounds the long-term bulk col-

lector, dominated by Poa pretensis (Kentucky blue

grass), which is mowed during summer. This open

area is surrounded on three sides by trees domi-

nated by Populus tremuloides (trembling aspen), Be-

tula papyrifera (white birch) and Fraxinus americana

(white ash), whereas the OMECC DESC building

and a gravel parking lot are located in the other

direction (�115 m away). Roads are located in

three directions beyond the forest, including a

gravel road 60 m away, a secondary paved road for

homes and cottages 260 m away, and a two-lane

highway (Hwy 117) 440 m away.

The forest surrounding the Plastic Lake site (PCP)

is dominated by Pinus strobus, and to a lesser extent

Quercus rubra and Acer rubrum (red maple). The

open area around the bulk deposition collector is

27, 29, 54, and 70 m in each direction to the tree

line and is dominated by Rubus allegheniensis

(blackberry), Rubus canadensis, Rubus idaeus var.

strigosus (red raspberry), juvenile Acer rubrum,

Pteridium aquilinum, Solidago rugosa, Plantago major

(plantain), Symphyotrichum lanceolatum var. lanceo-

latum (panicle aster) and Muhlenbergia frondosa

(grass). Shrubs and juvenile trees surrounding the

deposition monitoring equipment are cut every few

years in order to maintain clearance and limit

shading of meteorological sensors, and this was last

done in 2010 (C. McConnell OMECC, pers.

comm.). The Plastic Lake area has little traffic, and

has one, low-use seasonal gravel road, 190 m away

from the bulk collector. A two-lane highway (Hwy

35) is located 2.3 km away.

The Heney Lake (HYP) site is located at the edge

of a mixed hardwood forest, and Graminoids dom-

inate the open area (20, 25, 26, and 86 m in each

Phosphorus Deposition in a Low-Phosphorus Landscape 785



direction to the tree line) surrounding the bulk

deposition collector. The forest is dominated by

Pinus strobus (Eastern white pine), Quercus rubra

(Northern red oak), and Populus tremuloides. This

site has relatively low traffic and is located at the

end of a secondary paved road that leads to a year-

round residence. A gravel road continues beyond

the meteorological station with little seasonal cot-

tage traffic. The gravel section of the road is 100 m

from the bulk deposition collector, the secondary

paved section is 1.8 km away, and the two-lane

highway (Hwy 117) is 2.5 km away.

Vegetation surrounding the historical HPP mon-

itoring site could not be surveyed in detail like the

other monitoring stations. However, like HYP, the

forest at Harp Lake is predominantly hardwood,

with Acer saccharum (sugar maple), Acer rubrum and

Fagus grandifolia (American beech) dominating the

uneven-aged canopy (Watmough and Dillon

2003a, b). A paved cottage-access road is located

within 200 m of the retired HPP monitoring sta-

tion.

Wet-Only Deposition Monitoring

Wet-only deposition has been collected at PTP since

January 2012 using an ADS 00-120 (N-CON Sys-

tems Co. Inc.) automated wet-only precipitation

collector, installed 2 m above the ground approxi-

mately 30 m away from the bulk collector. Wet-

only deposition is only monitored at PTP due to the

availability of electrical power at this site. Similar to

bulk deposition, wet-only collectors are visited at

least weekly, and samples are collected as soon as

possible after major precipitation events. All depo-

sition samples are coarse-filtered (80 lm) prior to

chemical analysis.

Chemical Analysis of Deposition

Chemical analyses of long-term (1980 onwards)

collections of bulk deposition as well as more recent

measurements of wet-only deposition (2012 on-

wards) were conducted at the DESC laboratory.

Total P in deposition is measured via auto analyzer

using ascorbic acid–molybdate colorimetry after

autoclave digestion in sulfuric acid. Sulfate (SO4)

and nitrate (NO3–N) concentrations are analyzed

by ion chromatography, and potassium (K) samples

are acidified and then analyzed using atomic

absorption spectroscopy. Annual (hydrologic year:

June 1–May 31), seasonal (summer = Jun/Jul/

Aug; fall = Sep/Oct/Nov; winter = Dec/Jan/Feb;

spring = Mar/Apr/May) and monthly fluxes

(mg m-2) are estimated by summing daily fluxes

over the specified time period. Daily fluxes are

estimated by multiplying the measured chemical

concentration on a particular collection date by the

amount of precipitation that fell every day since the

previous collection date. Concentrations are vol-

ume-weighted by dividing the annual or monthly

flux by the depth of water deposited over the same

time period.

Pollen Deposition in 2014

Durham (1946) pollen collectors were deployed at

PTP, PCP and HYP during the 2014 growing season.

Each collector consists of two horizontal disks

(23 cm in diameter, 15 cm apart), with the lower

disk located approximately 1.8 m from the ground

(height of bulk collector). A standard

25 mm 9 75 mm glass microscope slide covered

with a thin film of petroleum jelly to collect pollen

was mounted approximately 2 cm above the lower

disk using a wooden clothes peg. Five collectors

were installed at each station, in a ring around each

bulk deposition collector (15 total). From April 24

to August 4 2014 (duration of pollen ‘rain’),

microscope slides were collected and replaced with

new slides once or twice per week, depending on

pollen saturation. Cover slips were placed on each

slide for transport to Trent University, and slides

were stored at 4 �C prior to enumeration. It should

be noted that Durham pollen collectors can have

up to 20% undercatch because of the upper disk

(Lee and Booth, 2003).

Pollen grains were counted, measured (length,

width and depth) and identified to species using a

microscope (40–1009 magnification) within a

randomly selected 1 cm2 area on the collection

slide to allow extrapolation of areal deposition (Cho

and others 2003). Pollen species were identified

following Bassett and others (1978). The average

dimensions of a Pinus pollen grain were

46 lm 9 69 lm 9 49 lm (n = 20), and pollen

grain volume was estimated using the formula 4/

3pabc, where a = half length, b = half width, and

c = half depth of a single pollen grain. Pollen grain

weight (1.9 9 10-8 g grain-1) was estimated from

the measured mass of 5 mL of air-dried pollen

(assuming 50% of the volume was voids; Cho and

others 2003) and the calculated volume of an

individual pine pollen grain (8.1 9 104 lm3).

To determine whether pollen grains were cap-

tured in bulk and wet-only deposition collectors,

the amount and type of pollen found in collectors

was qualitatively assessed in several grab collec-

tions between May 12 and June 24, 2014. In total,

pollen grains were counted and all tree pollen was

identified to genus level in five wet-only, and eight
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bulk collections at PTP, six bulk collections at PCP

and seven bulk collections at HYP. All collections

were first coarse-filtered (80 lm) prior to pollen

counting. Immediately before counting, deposition

collections were agitated to suspend pollen and

then a subsample of known volume was placed in a

glass petri dish and pollen grains were identified

and counted using a microscope. Pollen counts in

subsamples were then extrapolated to the total

volume of collected precipitation.

Pollen Macronutrient Analysis

Pollen grains from Pinus strobus and Pinus resinosa

cones were harvested by gently shaking cones (still

attached to the tree) into paper bags. Pollen was

harvested from Pinus trees surrounding PTP, PCP

and HYP and composited in order to produce suf-

ficient mass for analysis. Pollen collections (n = 5)

were air-dried, weighed (0.2 g per sample for

analysis) and block digested in nitric acid for 8 h at

100 �C, and pollen digests were analyzed for P and

K by inductively coupled plasma optical emission

spectrometry (PerkinElmer ICP-OES). All pollen

analyses were conducted at the Environmental

Geoscience Research Centre at Trent University.

Recovery of P and K was assessed through the

analysis of SRM 1515 Apple Leaves and was 90–

110%.

Statistical Analysis

Annual, seasonal and monthly bulk deposition

(mg m-2) and volume-weighted concentrations

(lg L-1) of P and K were calculated between 1980/

81 and 2014/15 (PTP), 1985/86 and 2014/15 (PCP

and HYP) or 1985/86 and 2012/13 (HPP). Corre-

lations between TP and K have been used to indi-

cate biological sources of P in stream water in this

region (Pinder and others 2014), and correlations

between TP and K in deposition were explored as a

way of assessing the contribution of biological

sources of P (that is, plant and animal material) to

TP deposition (Mahowald and others 2008). Cor-

relations between P and K concentrations were

examined through Pearson’s correlation analysis

using raw data from the 30+ year study period at

each of the four stations. Differences in chemical

concentrations between bulk and wet-only collec-

tions of deposition at PTP were evaluated through

paired t tests and were considered significant at

p < 0.05. Phosphorus and K deposition trends over

time were evaluated using the seasonal Mann–

Kendall test (Skjelkvale and others 2005; Hamed

and Rao 1998) with monthly measurements of P

and K deposition. To calculate the contribution of

pollen to atmospheric deposition of P and K, the

weight of an individual pollen grain was multiplied

by the number of pollen grains deposited per unit

of area. This weight was then multiplied by the

macronutrient concentration of pollen.

RESULTS

Seasonal Patterns and Trends Across
Stations

There were no trends in seasonal or annual bulk TP

deposition at any of the four long-term monitoring

stations (Mann–Kendall test; p > 0.05), and in-

stead, the predominant pattern in the historical

record was one of substantial intra-annual, among-

year and between-site variability (Figure 2). Sea-

sonal differences in bulk TP deposition were clear at

all four stations, with TP inputs consistently highest

and most variable in the spring (March–May) and

summer (June–August), and lowest and least

variable in the winter months (December–Febru-

ary; Figure 2). Although this seasonal pattern was

apparent at all four sites, there was substantial

variability in seasonal totals across stations

(Table 1). Notably, deposition was consistently

highest and most variable at Paint Lake in all sea-

sons (see ranges in % CV in Table 1). Differences in

seasonal deposition loads among stations were

largest in the summer (range 4.0–9.8 mg m-2) and

smallest in the winter (range 1.0–1.7 mg m-2).

These differences were due to variability in TP

concentrations across stations, rather than seasonal

precipitation totals, which were very consistent

across sites (Table 1).

Phosphorus Versus Potassium
Correlations

Total P and K concentrations were significantly

positively correlated (p < 0.001) when all raw

measurements were considered at each individual

station; however, correlations were particularly

strong in the summer and spring and were weakest

in the winter and fall (Table 2).

Wet-Only Deposition

Concentrations of TP in bulk deposition at PTP

were significantly higher than in wet-only deposi-

tion (paired t tests; p < 0.05), and differences were

largest in the summer (16.59), fall (5.59) and

spring (2.99) and smallest in the winter (1.69;

Table 3). Concentrations of K were similarly en-

riched in bulk deposition collections and were sig-

nificantly higher than wet-only concentrations in

Phosphorus Deposition in a Low-Phosphorus Landscape 787



Figure 2. Seasonal TP deposition loads (mg m-2) at the four monitoring stations. Summer = Jun/Jul/Aug; fall = Sep/Oct/

Nov; winter = Dec/Jan/Feb; spring = Mar/Apr/May. Note the different scale of the spring deposition plot.

Table 1. Average Seasonal TP Deposition Loads and Concentrations and Precipitation Totals at the Four
Monitoring Stations

TP deposition (mg m-2) Precipitation (mm) TP concentration in bulk

deposition (lg L-1)

SU FA WI SP SU FA WI SP SU FA WI SP

PTP

avg 9.8 5.4 1.3 7.9 241 304 229 228 42 19 5.7 37

SD 6.6 3.5 0.6 8.2 75 80 48 61 24 13 2.4 39

CV 67 64 49 103 31 26 21 27 58 69 42 107

PCP

avg 6.1 3.2 1.7 5.2 239 305 225 222 26 11 8.1 23

SD 2.3 1.5 0.9 3.0 69 67 55 53 8.8 4.6 5.1 9.7

CV 38 47 54 58 29 22 24 24 33 44 64 42

HYP

avg 5.1 3.0 1.4 5.2 249 315 227 220 21 9.9 6.2 23

SD 2.4 1.2 0.7 2.7 75 96 54 54 8.3 3.8 2.5 9.4

CV 48 39 47 52 30 30 24 24 39 39 40 40

HPP

avg 4.1 2.5 1.4 4.6 247 300 229 222 18 9 6 21

SD 1.2 1.1 0.5 2.1 69 74 55 59 8 4 2 9

CV 29 41 39 46 28 25 24 26 43 43 35 42

SD standard deviation, CV % coefficient of variation.
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the summer (129), fall (49) and spring (1.69),

whereas differences were smallest and statistically

insignificant in the winter (1.49; Table 3). Sur-

prisingly, TP and K concentrations were equally

strongly correlated in wet-only deposition (2012–

2014) as in bulk deposition at PTP (see Table 2) in

the summer (r = 0.68), fall (r = 0.71) and spring

(r = 0.99), although unlike the long-term record,

there was no correlation between TP and K in

winter wet-only deposition (r = -0.009). Strong

K:P correlations in wet-only deposition during the

growing season suggest that wet-only collectors are

vulnerable to contamination from local biogenic

sources of P, and high pollen grain counts in grab

samples (that is, non-quantitative) of wet-only

(and bulk) deposition collections clearly illustrate

the vulnerability of wet-only collectors to con-

tamination from pollen (Table 4). For example, 698

pollen grains were counted in just five grab samples

of wet-only deposition at PTP, compared with 1794

pollen grains in eight bulk deposition samples at

the same site (Table 4).

In contrast to TP and K, concentrations of SO4

and NO3–N, which are commonly associated with

the long-range transport of fossil fuel combustion

products, were only modestly enriched in bulk

compared with wet deposition (10–28% and 3–

21%, respectively), and SO4 and NO3–N concen-

trations were much less variable both within and

between seasons (Table 3).

Pollen Deposition

Pollen deposition was quantified at PTP, PCP and

HYP during 2014 in order to evaluate the contri-

bution of this biological source to P and K loads at

each site. Pollen deposition was greatest at PCP,

followed by HYP and PTP, and pine pollen (Pinus

strobus and Pinus resinosa) accounted for the

majority (>75%) of tree pollen collected at each

site (Table 5). Pinus pollen deposition occurred al-

Table 2. Pearson’s Correlation Coefficients (r) Between TP and K Concentrations in Annual and Seasonal
Bulk Deposition Collections Over the Entire Monitoring Record at Each Station

ANNUAL Summer Fall Winter Spring

PTP 0.91 0.92 0.70 0.18 0.92

PCP 0.65 0.60 0.39 0.41 0.79

HYP 0.72 0.73 0.51 0.63 0.83

HPP 0.53 0.70 0.57 0.39 0.79

All correlations are significant at p < 0.001.

Table 3. Comparison of Average TP (lg L-1), NO3–N (lg L-1) and SO4 (mg L-1) Concentrations (standard
deviation in parenthesis) in Bulk and Wet-only Deposition Collections at Paint Lake (PTP)

Summer (n = 52) Fall (n = 56) Winter (n = 33) Spring (n = 40)

TP bulk 76 (186) 22 (55) 4.6 (3.3) 32 (43)

TP wet 4.6 (3.7) 4.0 (5.3) 2.9 (2.6) 11 (9.3)

K bulk 0.21 (0.48) 0.076 (0.12) 0.052 (0.050) 0.11 (0.68)

K wet 0.017 (0.012) 0.019 (0.015) 0.036 (0.072) 0.068 (0.23)

SO4 bulk 0.94 (0.58) 0.72 (0.42) 0.81 (0.82) 1.2 (0.83)

SO4 wet 0.74 (0.50) 0.65 (0.43) 0.72 (0.58) 0.94 (0.66)

NO3 bulk 217 (256) 229 (116) 458 (273) 359 (217)

NO3 wet 210 (126) 213 (116) 377 (190) 318 (162)

Significantly different pairs are indicated in bold. Comparisons are for the period January 2012–December 2015.

Table 4. Total Pollen Counts (# of grains) in
Coarse-filtered (80 lm) Bulk and Wet-only Depo-
sition Samples Collected Between May 13 and June
24, 2014

Tree species PTP wet PTP bulk PCP bulk HYP bulk

Pine 561 1553 2063 5683

Hemlock 51 4 82 20

Red oak 60 27 169 74

Other 26 210 69 123

Totals 698 1794 2383 5900
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most entirely in the month of June (97% of total

pine pollen collected), whereas pollen from decid-

uous tree species was collected primarily in May

(68–97% of total deciduous pollen collected; tem-

poral data not shown).

The contribution of pine pollen to P and K

deposition in 2014 was estimated at each site using

measured P and K concentrations in pollen digests

and pine pollen deposition rates. Phosphorus and K

concentrations in pine pollen were high, and

averaged 3.2 ± 0.1 mg g-1and 14.3 ± 0.7 mg g-1,

respectively, with a K:P ratio of 4.5:1. When these

macronutrient concentrations were applied to pol-

len deposition rates, pine pollen deposition in the

month of June accounted for as much as 30% of

annual (2014) bulk TP deposition at PCP, 22% at

HYP and 7% at PTP (Table 6). Similar contributions

of Pinus pollen to K deposition were estimated for

2014 (Table 6).

The clear enrichment of spring, summer and to a

lesser extent fall bulk deposition with biogenic P,

which is assumed to originate from within each

catchment, suggests that winter-only deposition

could be used to approximate the contribution of

long-range, external P deposition in this region.

Applying the four-station historical winter TP

deposition rate (1.4 mg m-2 winter-1; see Table 1)

year-round suggests a much lower annual deposi-

tion input to this region (5.7 mg m-2 year-1) than

previously published estimates (that is, 16–

18 mg m-2 year-1; Dillon and Molot 1997; Eimers

and others 2009). Recalculation of annual input–

output budgets using the lower estimate of depo-

sition further suggests that budgets are much less

positive than previous reports and/or are close to

being in balance with stream export (Table 7). It

should be noted that although we use the calendar

definition of winter (December, January, February)

in this study, average bulk TP deposition concen-

trations are very similar in these 3 months (data

not shown), suggesting that in this case, the cal-

endar definition of winter matches well with the

season of low biotic TP production.

DISCUSSION

Sources of Temporal and Spatial
Variability in Deposition

Results of this study have shown that bulk TP

deposition is highly spatially and temporally vari-

able, with maximum deposition occurring in the

spring, summer and fall months. Strong seasonality

in P deposition has been noted in previous studies

in temperate regions, with maximum P concen-

trations and loads typically occurring in the grow-

Table 5. Cumulative Pollen Deposition (grains
cm-2) Between April and August 2014 at the Paint
(PTP), Heney (HYP) and Plastic (PCP) Monitoring
Sites

Tree species Paint Heney Plastic

Pine 3947 6137 10,198

Birch 429 461 1166

Oak 173 209 485

Maple 137 289 245

Poplar 344 123 90

Other 171 195 65

Totals 5202 7415 12,250

Table 6. Contribution of Pinus Pollen to P and K Deposition (all in mg m-2) at the Paint (PTP), Heney (HYP)
and Plastic (PCP) Lake Monitoring Stations

Site Mean annual

bulk TP

1985–2014

Bulk TP

in 2014

Pollen P

in 2014

(% of bulk)

Mean bulk

K 1985–2014

Bulk K

in 2014

Pollen K

in 2014

(% of bulk)

PTP 24.7 31.0 2.3 (7) 97.6 94.0 10.6 (11)

HYP 14.7 16.0 3.6 (22) 63.5 71.9 16.5 (23)

PCP 16.3 19.7 6.0 (30) 71.6 99.8 27.4 (27)

Table 7. Total P Input–Output Budgets (all in
mg m-2 year-1-1) for Selected Headwater Water-
sheds Considered in Eimers and others (2009)

Extrapolated

annual TP

deposition

Average

(range) annual

stream TP export

Input–output

PC1 5.0 3.6 (2.7–5.9) 1.4

HP3 5.0 6.5 (3.9–10.8) -1.5

HP3A 5.0 2.6 (1.8–3.8) 2.4

HP4 5.0 4.4 (2.8–7.0) 0.6

DE10 5.7 6.0 (4.7–7.8) -0.3

Stream export values are 5-year averages and ranges of 2005–2009 (PC1, HP) or
2002–2007 (DE10), when TP concentrations in streamwater were relatively
stable compared with the full historical record. Annual deposition is extrapolated
from average winter deposition (four stations) over the same time periods as
stream export.
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ing season, whereas deposition loads are generally

lower in the dormant (that is, winter) months (for

example, Brown and others 2011). Higher levels of

P deposition in the growing season are generally

attributed to greater biological activity in the warm

months and associated production of P-rich bio-

logical materials including pollen and other plant

debris, insect parts and bird droppings (Dammgen

and others 2005; Tsukuda and others 2006).

Correlations between TP and K in bulk deposi-

tion, which are particularly strong in the spring and

summer, support the contribution of biological

sources of P deposition in this region. Furthermore,

pollen appears to be a particularly important

source, as counts in deposition collectors and tar-

geted collections of pollen indicated that 30% of

annual bulk TP deposition could be attributed to

pollen falling just in the month of June. In tem-

perate forests, pollen is released from plants in large

quantities every spring and summer, can be trans-

ported long distances and is relatively rich in P

(Bassett and others 1978; Doskey and Ugoagwu

1989; Cho and others 2003). Phosphorus and K are

usually strongly correlated in biological tissues

(Sabota and others 1984), which suggests that K:P

ratios can be used to indicate biological contami-

nation in bulk deposition. Ratios of K:P (water-

extractable) in pollen from various Pinus species

range between 2.8:1 and 3.6:1 (Doskey and

Ugoagwu 1992; Lee and others 1996a; Cho and

others 2003; Lee and Booth 2003). The K:P ratio

measured in pollen digests (acid) in this study

(4.5:1) is similar to the previously published water-

extractable ratios and was almost identical to the

K:P ratio in average (1985–2014) bulk deposition at

PCP and HYP (4.4:1 and 4.5:1, respectively) and

slightly higher than that at PTP (3.95:1). These re-

sults suggest a strong contribution of pollen and

other biogenic material to historical deposition

collections at all three sites, although the contri-

bution of pollen to bulk deposition likely varies

spatially and temporally depending on forest

(conifers tend to be larger sources), understory

composition (Lee and Booth 2003) and year-to-

year differences in weather (Cho and others 2003).

Indeed, temporal variability is the norm for pollen

deposition studies, and pollen deposition has been

observed to account for as little as 5% to as much as

100% of measured annual bulk TP deposition in

other studies (Doskey and Ugoagwu 1989).

Large differences in measured bulk TP deposition

among the four sites further support the impor-

tance of local sources of P deposition, as the con-

tribution of external sources via long-range

transport should be relatively consistent among

proximal monitoring stations (Tsukuda and others

2006). Total P deposition was particularly high at

the PTP site (�25 mg m-2 year-1-1 vs. 15–

16 mg m-2 year-1-1 at PCP and HYP), and inter-

annual variability was also greatest at this location.

Higher TP deposition at PTP is almost entirely due

to deposition in August and September, when P

deposition at PTP is on average 4 mg m-2 greater

than at PCP and HYP (temporal data not shown).

Ground vegetation at the PTP station and the ex-

tent of human disturbance are also different from

the other stations, and the PTP collectors have both

the largest area of grass and are located the furthest

distance from the tree line. As such, this pulse in P

and K deposition in late summer/early fall is likely

due to pollen from grasses (and weeds), which

typically flower later than pine trees. Decco and

others (1998), for example, found that grass pollen

was released approximately 4 weeks after the cli-

max release of Pinus pollen at Rochester, Min-

nesota, which is roughly the same latitude as the

study sites.

The K:P ratio is also somewhat different at PTP

(3.95:1) compared with the other sites (4.4–4.5:1),

which suggests a contribution from vegetation

other than Pinus. Interestingly, the mowing prac-

tices at PTP have changed over time (K. Somers,

retired OMECC scientist, pers. comm.), with less

frequent mowing in the early years of record over

concern that lawnmower emissions would affect

deposition measurements (mainly S and N),

whereas in more recent years the lawn has been

more consistently maintained. Consequently, in

some years grasses may have matured to flowering,

whereas in other years the potential contribution of

pollen from grass species would have been lower,

and this variable maintenance schedule may have

contributed to high inter-annual variability at PTP.

The PTP station is also more influenced by roads

than the other sites and is within 450 m of a gravel

road, a gravel parking lot, a secondary paved road

and a paved highway. Depending on region, road

dust can contain 0.07% P and 1.87% K (by mass),

and therefore inter-annual differences in growing

season dryness and dust conditions may contribute

to temporal variability at PTP. It should be noted

that K:P ratios in road dust are typically much

>10:1 (Tamm and Troedsson 1955; Hildemann

and others 1991) and are therefore substantially

higher than bulk deposition ratios. In addition, the

lack of correspondence between TP and aluminum

(Al) concentrations in deposition (data not shown)

further suggest that dust is not an important source

of P enrichment in this region (see Tsukuda and

others 2006).
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Mass Budget Calculations

In this study, our emphasis was on watershed

budgets, and whether historical measurements of

bulk deposition were a good indicator of external P

inputs to forested landscapes. High intra- and inter-

annual variability as well as site-to-site differences

suggest that historical bulk deposition measure-

ments in the growing season have been greatly

inflated by internal P sources. Although above

ground wet-only deposition collectors can help to

reduce contamination from insects, bird droppings

and local dust (for example, Peters and Reese

1995), high pollen counts in wet-only collections at

PTP suggest that they too are sensitive to this local

source. Relatively high TP concentrations in wet-

only deposition during the growing season com-

pared with the winter months and particularly high

wet-only TP levels in the spring further suggest

some biological contamination. In contrast, winter-

only measurements of bulk deposition are much

less variable both between years and among mon-

itoring stations and are more similar to P and K

levels in wet-only deposition, suggesting winter

deposition may be the best indicator of external or

‘true’ inputs of P deposition in this region. Impor-

tantly, P input–output budgets using extrapolated

winter deposition are much closer to balance (that

is, no net accumulation or export) than estimates

using measured bulk deposition in all seasons. For

example, previous TP mass budget estimates that

used a 3-station annual mean of 16 mg m-2

deposition (Eimers and others 2009) or 18 mg m-2

(Dillon and Molot 1997) indicated substantial net P

accumulation (that is, positive budgets) at the

majority of watersheds.

High inter-site variability also raises questions

over the validity of using a 3-station mean to

approximate regional deposition. Although the

averaging process is useful for minimizing the ef-

fects of high, localized deposition such as that ob-

served at PTP, it obscures some important

information on sources of TP deposition. From the

perspective of lake budgets, all sources of deposi-

tion should be considered, as any source of P could

ultimately stimulate aquatic productivity. Based on

these results, deposition measurements should be

made as close as possible to the target water body,

as historical 3-station annual mean deposition (16–

19 mg m-2) would clearly underestimate P depo-

sition inputs to Paint Lake (by close to 10 mg m-

2 year-1-1), but overestimate inputs to Plastic,

Heney and Harp Lakes (that is, contrast with an-

nual totals in Table 1). The ‘error’ associated with

using an average, regionally calculated deposition

input would be particularly high in lakes with a

large surface area-to-drainage area ratio, like Plastic

Lake. In the absence of proximal deposition data,

the ‘next best’ option would be to use deposition

measurements from a site with similar vegetation

to capture the potential contribution of pollen.

Conversely, terrestrial watershed budgets should

exclude all local deposition, and these results sug-

gest that winter-only bulk deposition measure-

ments may be extrapolated to estimate annual P

inputs from long-range/external sources, assuming

external sources are consistent across all seasons.

This assumption is important to confirm and will

likely only hold true in areas like the Precambrian

Shield, where there are few external/long-range

sources of mineral aerosols (for example, fertilized

agriculture; desert dust) that could vary seasonally

in magnitude (Mahowald and others 2008).

Contribution of Deposition to Observed
Shifts in Surface Water and Vegetation P

Long-term monitoring of surface waters in this re-

gion has shown that lake and stream TP levels de-

clined since the 1970s, even in lakes that have

undergone substantial shoreline development (Ei-

mers and others 2009; Palmer and others 2011). In

addition, measurements of foliar chemistry and P

addition experiments at forests within the region

have suggested that trees (particularly sugar maple)

may be shifting from N toward P limitation

(Gradowski and Thomas 2006, 2008; Casson and

others 2012). Despite these indications of P limi-

tation, previous mass budget estimates for water-

sheds in this region are generally strongly positive

(Dillon and Molot 1997; Eimers and others 2009),

suggesting that TP is accumulating within the

landscape. These observations were the primary

motivation for this study. Our results suggest that

trends in TP deposition should only be evaluated

using winter-only measurements, as any trends in

spring, summer, fall or annual deposition will be

strongly influenced by internal biogenic sources of

P, which vary year-to-year. Nevertheless, there

were no trends in bulk P deposition annually, in

any season or at any station, and most importantly,

relatively stable winter bulk deposition over time

suggests that there has been no change in external

atmospheric P loading to this region over the period

of record. This is in stark contrast to both S and N

deposition, which have declined substantially in

this region, although over different time periods

(that is, SO4 declined over the entire record; NO3–N

declines were primarily post 2000; Kothawala and

others 2011; Watmough and others 2016). Negli-
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gible shifts in P deposition despite substantial

declines in S and N suggest that in contrast to other

parts of the world (for example, Japan; Tsukuda

and others 2006) that long-range transport of fos-

sil-fuel-derived P is not a substantial source of P

deposition in this region.

Overall, these results suggest that year-round,

multi-site monitoring of P bulk deposition is war-

ranted to provide atmospheric input data for lake

budgets and modeling, whereas winter bulk depo-

sition may be a useful indicator of external P inputs

in oligotrophic landscapes like the Precambrian

Shield, where the contribution of P from long-

range transport of dust is small. Importantly, the

lack of decline in winter deposition suggests that

external atmospheric loading has not contributed

to observed shifts in either forest P limitation or

surface water declines in this region.
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