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Deposition of phosphorus from the atmosphere was measured weekly over 7 annual
cycles in the montane region of Colorado, USA. Deposition of phosphorus consist-
ently reached a sharp peak in early summer, near the beginning of maximum biol-
ogical activity. The peak is associated with soluble phosphorus capable of passing
through a filter. Pollen studies show that the peak cannot be accounted for by leach-
ing of phosphorus from pollen, and the amounts of miscellaneous mineral and or-
ganic particulate materials are too small to account for the peak. The study thus indi-
cates transport of filterable, water-soluble phosphorus substance, probably of bio-
genic origin, in large amounts over a short period of time. This transport mechanism,
heretofore unsuspected, may account for significant long-distance phosphorus trans-
port.

W. M. Lewis, Jr., M. C. Grant and S. K. Hamilton, Dept of Environmental, Popu-
lation and Organismic Biology, Campus Box 334, Univ. of Colorado, Boulder, CO
80309, USA.

Ocaxmerre dochopa U3 aTMOChEDH UIMEPITH EKEHENENbHO B TeUeHHe 7 TONOBRIX LMK—
JIOB B T'OpPHOM pavioHe Karopamo (QIR) . OcaxmeHHe P NOCTUTao BHCOKOT'O MAKCHMY-
Ma B Hayasie JieTa, IPUMEPHO, COBIAIAs C HAYasicM THKa GHOJIOTHYECKONM axKTHBHO—
CTH. IMK CBA3aH C PACTBOPEHHEM (oCHOPOM, CTIOCOGHEM IMPOXOIMTE Yepes (WILTD.
HconenoBative MDIbLE MOKA3aJIo, YTO MUK He CBA33H C BhIEJAYMBAHWEM P U3 IEUb-
I, a KOJMYEeCTBO CMEMAHHOI'O MHHEPAJbHOTO M OPraHHYECKOrO pas’MesbueHHOrO Ma-—
TeprayIa CJTMIKOM MAsio IIA OOECTIEYEHHs 3TOrO MvKa. TakuM O6pascM, HCCIIenoBa-—
HHE [OKAa3aJlo, HaJMYMe TPaHCTIOpTa (WIbTPYKerocs BOOHOPaCTBOPHMOro ¢ocdopa,
OYEBHITHO BHOT'€HHOTO NPOUCXOMIECHUSA B GOVBUMX KOIMYECTBAX B KOPOTKWM TIEPHON
BpeMEHH. STOT TPAHCTIOPTHHE MEXaHU3M IO TO'O HEM3BECTHHEI, MOXET OBECTIEYHTH
SHAUNUTENBHEM TPAHCTIOPT dochopa Ha 6AIBIME PACCTOSHMA.
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Introduction

In studying the deposition of total phosphorus and
phosphorus fractions at the Como Creek watershed in
Colorado since 1975, we have repeatedly observed high
deposition of phosphorus early in the growing season.
In this paper we describe the phosphorus deposition
pulse at the Como Creek watershed and show that it
also occurs with similar timing at another site. We also
show that the phosphorus deposition pulse coincides
with biological activity, is accounted for by phosphorus
that passes through a filter of 2 um pore size, and cannot
be explained by pollen deposition.

Methods

Phosphorus deposition was measured at two different
sites in Colorado: Como Creek watershed (Boulder
County) and Lake Dillon (Summit County). The Como
Creek watershed collection site is located at an elev-
ation of 2900 m just to the east of the Continental Di-
vide. The site is heavily vegetated with conifers (Pinus
contorta, Abies lasiocarpa, Picea engelmannii, Pinus
flexilis) and has not been significantly disturbed by fire,
logging, or development for more than 40 yr. The Lake
Dillon site is located at 2800 m elevation in Summit
County, 60 km southwest of the Como Creek site in the
opposite side of the Continental Divide. The vegetation
in the vicinity of the Lake Dillon site is very similar to
that at Como Creek but is disturbed to some degree by
residential development.

Bulk deposition of phosphorus at both locations was
sampled over weekly intervals with a large collector (0.2
m?). This collector, which has been used in other studies
of precipitation chemistry (Lewis and Grant 1980,
Grant and Lewis 1982), consists of an inverted plexiglas
pyramid under a square opening rimmed with plexiglas.
The collection surface remains continuously open to the
air, thus collecting both wet and dry deposition. The
plexiglas funnel opens into a vapor trap (loop of tubing
that holds water) and a hard glass receiving vessel un-
derneath. A box surrounds the receiving vessel and the
plexiglas collection surface. The box is insulated and
contains thermostatically controlled heaters that keep
the collecting surface at a sufficiently high temperature
to melt incoming snow in the wintertime.

For all years except 1982, when only one collector
was in operation, there were two collectors at Como
Creek, and the data we report here are the averages of
these two. The collectors were mounted 3 m above the
ground on platforms in two separate clearings (2500 m?)
within a forested area. The surrounding forest provided
wind shielding, but the collectors were placed a suf-
ficient distance from the nearest tall vegetation that
there was no contact of wet precipitation with vegeta-
tion before the precipitation reached the collecting sur-
face. At Lake Dillon there was a single collector sit-
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uated 0.5 km from the lake and 0.3 km from the nearest
vegetation.

The collectors were usually serviced once a week, al-
though the Lake Dillon collector was serviced less often
in the wintertime. Each time a collector was serviced,
the plexiglas pyramid was rinsed with deionized water
of known quantity and the vapor barrier and collecting
vessel were both replaced with clean substitutes. The
sample was then taken to the chemical laboratory in
Boulder and analyzed immediately. Although the ana-
lyses were comprehensive, only the phosphorus ana-
lyses are relevant here.

For the phosphorus analysis, a portion of the sample
was filtered onto Whatman GF/C fiber paper (pore size,
ca. 2 um). The filtrate was analyzed for total P. This
fraction is traditionally called “total soluble P” (Strick-
land and Parsons 1968), but we will refer to it here as
“filterable P” to encompass the possibility of very fine
particles passing the filter. The filter was analyzed for
particulate phosphorus. In 1982, particulate phosphorus
determinations were done by the method of Solorzano
and Sharp (1980). Prior to 1982, particulate phosphorus
was analyzed by sulfuric acid digestion (see below) fol-
lowed by molybdate determination of orthophosphate
(Murphy and Riley 1962), and filterable phosphorus
was degraded by ultraviolet oxidation and then ana-
lyzed by the molybdate method. All results are ex-
pressed as deposition rates (mass deposited per unit
area per unit time).

Analysis of pollen was required for calculation of the
role of pollen in producing the seasonal maximum each
year. Pollen of lodgepole pine (Pinus contorta) was col-
lected directly from trees in the vicinity of the Como
Creek site at the time of maximum pollen release. For
determination of total P, 5-7 mg of air-dried pollen was
weighed on an analytical balance and placed in a Kjel-
dahl flask. The pollen was not oven-dried because vol-
atile compounds might have been lost by such treat-
ment. The digestions were run in triplicate along with
blanks and a National Bureau of Standards orchard leaf
standard to test the efficiency of digestion. At the be-
ginning of the digestion, 1.0 ml of 1:1 H,SO, solution
was added along with 1.0 ml of K,SO,/Se solution. The
flasks were heated until the solution cleared (3 h). After
the samples cooled, 7 ml of deionized water was added
and the samples were boiled for 5 min. The samples
were cooled again and 5 ml of water was again added
along with 2.0 ml of 35% w/v sodium hydroxide solu-
tion. Samples were then diluted to 50 ml and analyzed
for soluble reactive phosphorus using the molybdate
method. Results were expressed as phosphorus per unit
weight of pollen.

Determinations were also made of the amount of
phosphorus that could be liberated by rinsing or soaking
pollen with water having a strong acid composition simi-
lar to that of rain at Como Creek. The solution for rins-
ing and soaking consisted of deionized water with strong
acids in amounts equal to Como Creek averages (HNO,
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10 peq 1" and H,SO, 19 peq!™; Grant and Lewis 1982).
For the rinse experiment, 75 mg of fresh pollen was
added to 0.5 1 of the acidified water (pH 4.2-4.4). The
rinse was then shaken and filtered to remove the pollen.
The filtrate was analyzed for filterable P by the same
method as used for precipitation samples. For the soak-
ing experiment, 75 mg of pollen was added to 0.5 1 of
acidified water and the mixture was allowed to stand for
7 d at room temperature. The mixture was then filtered
and the filtrate was analyzed for filterable P.

Results

Fig. 1 shows the deposition of filterable phosphorus at
Como Creek over 6 yr (1981 data are missing) and the
deposition at Lake Dillon in 1982. To facilitate compar-
isons, all plots have the same scale. The figure shows
that peak deposition of filterable P consistently occurs
between late June and early August. The magnitude of
the peak varies greatly from year to year and site to site.
In the most extreme instance, 1982 at Lake Dillon, 33%
of total annual phosphorus transport occurred in one
week, and 98% of the phosphorus deposited that week
was soluble.

The filterable P at the time of peak deposition is com-
posed 75-90% of soluble reactive P (SRP). Quantifica-
tion of the fraction of filterable P that is accounted for
by SRP is not very informative, however, as the SRP
fraction includes certain soluble organic phosphorus
molecules as well as inorganic phosphorus (Rigler 1968,
Levine and Schindler 1980). Our focus here will thus be
on total filterable P.

Peak pollen fall occurs near, but typically not coin-
cident with, the time of the soluble phosphorus deposi-
tion peak. If the soluble P shown in Fig. 1 were simply
leachate from pollen, the data would be merely con-
firming the known principle that P is transported over
short to moderate distances in particulate form as pollen
(e.g., Banks and Nighswander 1982). However, given
the high amounts of P in relation to pollen, pollen can-
not account for the transport. As a means of identifying
the maximum possible contributions of pollen to the
peak, the percentage of phosphorus in pollen was de-
termined as specified in the methods section. The phos-
phorus data for pollen are summarized in Tab. 1, which
shows not only the total P content of pollen, but also the

A S0 N Dy

COMO 1976 :’

1.5 COMO 1977
OL—-—acsacﬁ&kcz__/_\.m_&nj
L5[ COMOI9?81
o]

4.5
COMO 1979
3.0
; 1.5
N. [0}
Es COMO 1980
£ oLscxsJS*aﬁaﬁfﬁ:£‘:£¥iii:>=é>d::=j
1.5
| COMO 1982
o OLM ad —]
(5]
o 16 -
ER LAKE DILLON 1982
8 14 -
©
S 12t ﬂ
l_
10 -

o

EJ{FfMiAiMiJJIA{SEO{N{D{
Fig. 1. Plot of total soluble (= filterable) phosphorus deposi-
tion at Como Creek watershed over 6 yr and of Lake Dillon
over one year. Shaded area is the upper limit of possible leach-
ing contribution from particulates to the total soluble P be-
tween 1 June and 15 August of each year.

amount that can be removed in filterable form. Brief

contact of acidic rainwater with pollen removes very lit-

tle P, but 7-d contact removes about 30% of the total P.
Results from the 7-d soak experiment were used to

Tab. 1. Total phosphorus in pollen of Pinus contorta and the amount that was removed by rinsing and soaking with synthetic rain-

water.

Amount removed* Amount removed*

Replicate Total P(%)* in rinse (%) in soak (7 d)(%)
1 0.27 0.003 0.098
2 0.27 0.002 0.102
3 0.29 0.003 0.100
Mean 0.28 0.003 0.100

*Percentages computed as 100 times the mass of P divided by pollen dry weight.
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compute the maximum contribution of pollen to the
peak of filterable P deposition for the interval 15 June —
15 August of each year. The computation assumes that
all particulates were pollen. This results in conservative
(i.e., upper bound) estimates of the pollen contribution,
since some of the particulate matter was not pollen. The
computations also assume that P would leach from the
pollen at a rate equal to that observed in the soak
experiment. The shaded portions of Fig. 1 show, on the
basis of these calculations, the maximum filterable P
that could be accounted for by leaching. In most years,
maximum possible pollen contributions are not nearly
large enough to account for the phosphorus peak. In
years with the most pronounced peaks, pollen can at
most account for less than 10% of filterable P deposi-
tion.

Discussion

The results show that significant amounts of filterable
phosphorus move through the atmosphere in the mon-
tane regions of Colorado for a brief period between the
end of June and beginning of August. If this phenome-
non is widespread, it might constitute an important
mechanism as yet unconsidered in studies of the phos-
phorus cycle by which phosphorus moves into and out
of ecosystems. The brief phosphorus peaks could, given
the total P export from these watersheds (Lewis et al.
1984), account for as much as 25% of total P flux. Al-
though published data typically do not resolve the tem-
poral patterns of P deposition on a weekly basis, as is
necessary to show the deposition peak most clearly and
to separate it from pollen fall, early summer P deposi-
tion peaks have been noted at other locations (e.g. Rog-
nerud 1979, Banks and Nighswander 1982). Since the
phosphorus under consideration here is not particulate
(as defined by filtration), and is produced over a rela-
tively short time, its total deposition at a particular lo-
cation in a given year may well be governed by the
amount and timing of rainfall necessary to scrub it from
the atmosphere. This offers an explanation of the year-
to-year variation evident in Fig. 1. For example, in the
year of the smallest peak at Como Creek(1978), rainfall
during the relevant weeks was nil or exceptionally low.
The maximum of filterable P deposition is coincident
with surges of spring plant growth and reproductive ac-
tivity that begin in late June at montane elevations in
Colorado. This suggests that the filterable phosphorus
maximum is a by-product of biological activity. A biol-
ogical cause helps explain varied timing of the peak,
since years differ considerably in their spring weather.
In fact the year of the earliest peak at Como Creek
(1977) corresponds to the warmest May and the year of
the latest peak (1982) corresponds to the coldest May.
It is impossible from the results of the present study
to say what component of the biota might be producing
the filterable phosphorus deposition maximum, but the
conifers are obviously suspect because of their domi-
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nance and their known propensity for the release of vol-
atile organic compounds (Squillace 1976, Anon. 1981).
However, soil biota cannot be ruled out. It seems likely
that the filterable phosphorus maximum is associated
with biological release of a small volatile organic com-
pound incorporating P, although possibly a very fine
biogenic phosphorus aerosol could have similar effects.
Existing information on release of volatile organic ma-
terials from higher plants provides no evidence for the
movement of a significant amount of phosphorus-bear-
ing compounds over short intervals of time. It would ap-
pear that the release of the phosphorus-rich compounds
causing the deposition peak that we have observed is as-
sociated with some very specific function related to the
onset of spring growth of plant or soil biota. Sustained
release of phosphorus in these amounts would be dis-
advantageous in view of the relatively small phosphorus
inventory available to organisms.

The release of significant amounts of filterable phos-
phorus opens up some new perspectives in the phospho-
rus cycle. Since filterable phosphorus is likely to move
over much longer distances than particulate phospho-
rus, its release will magnify the fluxes into and out of
watersheds. Furthermore, if the release of filterable
phosphorus is indeed a biological phenomenon, then
phosphorus transport by this mechanism may be a func-
tion of the amount and type of vegetation and of the
successional state. Remaining questions to be studied
include the identity of the filterable phosphorus-bearing
materials, their exact source, and the breadth of ecosys-
tem types that can be expected to release such mate-
rials.
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