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ABSTRACT

Nitrogen deposition via atmospheric precipitation averaged 0.75 g/m2~yr
(range =0.32-1.1I3) at Zé'sampling*sitgs_ovér the state of Florida during
the one year period May 1, 1978 to April 30, 1979.  Comparable values for
total phosphorus are 17—111 and 50 mg P/mz—yr. Highest deposition rates
occurred in agricultural areas and lowest rates in coastal and forested areas.
Concentrations of N and P forms were higher in summer (convective) rains
than in winter (frontal) events. Wet-only input accounted for 68 and 81%
of the total (wet plus dry) deposition of NHZ—N and NOS—N, but dry fallout
was more important for organic nitrogen (53% of total input) and especially
for phosphorus (80% of tot;l input). Inorganic forms fﬁHZ, NOS. soluble
reactive (ortho) phosphaté} accounted for most of the nitrogen and phosphorus
in rainfall. Statewide deposition rates of nitrogen and phosphorus are be-
low the loading rates associated with eutrophication and water quality de-
gradation. The average nitrogen loading froﬁ bulk precipitation approached
the "permissible" loading criterion of Vollenweider, and both nitrogen and
phosphorus loadings exceeded permissible loading criteria at a few agricul-
tural sites. Whereas the atmosphere is an important source of nitrogen for
nutrient budget purposes, it is less so for phosphorus, especially if dry
failout.of locally-derived dust particles is notvconsidered.

The acidity of rainfall in Florida has increased markedly in the past
25 years, and ;verage concentrations of nitrate and sulfate have risen

correspondingly. Annual average pH values less than 4.7 now occur over the

northern two-thirds of the state, and all but the extreme southern areas of



the state have acidic rainfall. Summer rainfall has average :pH values 0,2-
0.3 units lower than winter rainfall; excess sulfate concentr.ations are
higher at most sites during summer. Sulfuric acid accounts Ewr about 70% of
the observed acidity and nitric acid accounts for the remainder. The spatial
variation in hydrogen ion content of Florida bulk precipitatimn was accounted
for by~the~féllowing two variable regression model:

(H] = 6.1+ 0.54 [sof}"]xs - 0.35 [Ca2+]x3, R? = 0.75
where subscript xs refers to nommarine-derived material. Amwonium and
nitrate ions are more evenly distributed (geographically), ar<d do not account
for the observed spatial trends in acidity. Local (within-state) emissions
of 802 (and NOx) seem to control the acidity of Florida rainfiall. The
annual deposition of H+ is about 250-500 equivalents per hectf.are over the
interior portions of northern Florida; this range is about one=-third to
one-half the depnsition rate for H+ over the northeastern Unized States.

The pH levels of softwater lakes in north-central Florid= have declired
by up to (.5 units over the past 20 years; no changes have bes=n observed in
softwater lakes of south-central Florida. Aluminum levels inrease with
decreasing pH, but maximum levels found (100-150 pg/L) probably are not high
enough to cause fish toxicity problems. A trend of decreasimz chlorophyll a
with decreasing pH was observed in a survey of 20 softwater lamakes; total
phosphate levels also decreased with de;reasing pE, but”thi; :trgnd does not
entirely explain the pH-chlorophyll a trend. The major change in phytoplankton
popuiations witﬁ change in pH was é replacement of blue-green algae by green
algae under acidic conditions. Species numbers and phytoplamizton abundance
also declined with decreasing pH, but the data set exhibited imuch scatter.
Although trends were noted.in zooplankton and benthic inverteirate popula-

tions along a pH gradient, both species composition and total abundance

ii



trends were relatively subtle. Results indicate that acidic conditions
(as low as pH 4.6~4.7) do not have major impacts on commupity structare in

Florida lakes.
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CHAPTER 1. SUMMARY AND CONCLUSIONS

The results of this project can be summarized into the following majox
conclusions: For details-on the findings and the facts on which they are
.based, the reader is referred to the main body of the report (Chapters4 to

€).
ATMOSPHERIC LOADINGS OF NUTRIENTS AND MINERALS

1. Bulk precipitation is an‘important source of nitrogen for both
terrestrial and aquatic systems. Average annual loadings of tatal nitroger for
24 sampling sites in Florida ranged from 0.3 to 1.1 g/mz-yr during the study
period, with a grand (statewide) mean of 0.75 g/mz—yr. About 70% of the
nitrogen was in inorganic forms (ammonium and nitrate) that are readily
availabie for plant growth. Deposition rates were highest in rural agricui—
tural areas (0.88 g/mz—yr) and lowest in coastal areas (0.58 g/mz-yr).

2. Concentrations of all nitrogen formé in bulk precipitation wers
higher in summer convective showers than in winter frontal rains; statewide
ratios of summer/winter concentrations ranged from 1.4 (nitrate) to 1.9
(ammonium and organic N). These results reflect a combination of higher
biogenic emissions from soils during warmer weather, greater fixatiom of
NO2 by 1ightning in summer, and more efficient washout by turbulent convec—
tive showers.

3. Weﬁ deposition (rainfall) accounted for about 70% of the total in-—
organic nitrogen in bulk precipitation but only about 50% of the orgamic N
deposition. The balance represents dry fallout of particulate nitrogen for-as.

4. TFew data are available for historical comparisons, but available
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data suggest that the mean concentration of inorganic nitrogen forms in wet-
only precipitation has increased about three-fold in Florida over the past
20 years.

5. In comparison with critical nitrogeg loading rates for lake sutro-
phication;.the annual deposition of total N at all 24 collection sites Qere
below the values associated with eutrophic conditions (assuming nitrogen
jsgké-the limiting nutrient). Tge statewide average depositlon rate was about
75% of the "permissible" loading rate for shallow lakes suggested by
Vollenweider (1968); deposition rates for several agricultural locatiouns
slightly exceeded the permissible.criterion but none approached the eutrophic
loading criterion.

6. Bulk precipitation has significant levels of total phosphate; the
statewide annual average was 38 ug/L, and the mean deposition rate was
50 mg P/mz—yr. On a concentration basis, summer rains had about 1.5 times
as much phosphate as winter rains. Land use had an important effect on
atmospheric deposition rates for total phosphorus. Rural (non-agricultural)
and coastal sites had the lowest rates (27 aﬁd 31 mg P/mz—yr, respectively),
and agricultural sites had the highest rates (66 mg/mz—yr).

7. Whereas most of the total atmospheric deposition of 1norganic ni-
trogen comes down in rainfall rather than dry fallout of particulate matter,
the opposite is true for phosphorus. At four sites with separate wet-fall/
dry-fall collectors, wet depositio;vaccounted for an average of 63 percent
of the deposition of total nitrogen, but it accéunted for only 20% of the
deposition of total phosphorus. Thus, most of the phosphorus in bulk precipi-
tation is dry fallout, presumably of wind-blown particles of dust and soil. Thes<

particles probably are large, are not transported large distancgf and thus do not
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represent a source of new phosphorus for terrestrial ecosystems.

8. The statewide bulk deposition of total phosphorus is only one half
the permissible loading rate for the lakes that are most vulnerable to
eutrophication (shallow lakes with long hydraulic residence times). In most
areas of Florida, bulk precipitation supplies only about 12-16%-of the- load—-
ing required to induce eutrophic coﬁditions.

9. Sodium and chloride concentrations are highly correlated imn Florida
rainfall and occur at Cl/Na ratios near that for seawater (1.8). Concentra—
tion isopleths for both lons follow the outline of the peninsula, with values.
increasing toward the coast. Seasalt is the major (and likely the only
significant) source of these ions in Florida rainfall.

- 10. Average sulfate concentrations in rainfall ranged from about 0.4
to 1.2 mg/L (as S), and about two thirds of the total deposition of sulfate
was by rainfall. Deposition rates ranged from 7 to 11 kg S/ha-yr, indicating
that the atmosphere serves as a significant source of sulfur to soils in
Florida.

ACIDITY OF PRECIPITATiON

1. Rainfall throughout Florida is acidic, with average values for all
but a few stations in south Florida being less than geochemical neutrality
(pH ~5.7). Single rainfall events as low as pH 3.9 have been measured at
Gainesville, and the lowest pH of a bulk precipitation sample (collected
weekly or biweekly) was 3.73 (at Jay in the western panhandle during August
of 1978).

2. A definite geographic pattern exists for acid deposition in the
state; mean annual pH values (volume-weighted) for 1978-79 were around 4.6-

4.7 throughout the panhandle and northern two-thirds of the peninsula. Mean



annual values south of Lake Okeechobee were around 5.0 or abov e.

3. Neutralization of bulk precipitation was found for co astal sites,
but wet-only precipitation collected near both the Gulf and Ar lantic coasts
was approximately as acidic as inland stations of comparable X atitude.

Partial neutralization of acidlty in coastal raln.apparently r'esults from

dry deposition of alkallne particles containing calcium carbom:ate of local
(terrestrial) origin. Analysis of the ionic composition of ecoastal bulk
precipitation indicates that sea spray is not the agent of mewitralization.
Sea-salt sulfate levels were only modestly elevated compared t o inland bulk
precipitation, and the calculated amount of sea—salt calcium carbonate is
too low to account for the neutralization.

4. A seasonal pattern was found in precipitation acidity throughout
the state, with summertime pH values averaging 0.2-0.3 units l.ower than
wintertime values. Possible reasons for the differences inclu.de (1) in-
creased summertime emissions of 502 and NO* (caused in part by -seasonal de-
mands for air conditioning), (2) greater thunderstorm activity in summer,
resulting in greater fixation of NOx by lighﬁning, (3) enhancexd scavenging
efficiency of summer counvective showers compared to winter frental storms,
and (4) differences in the frequency and size of individuval ra.in events be-
tween summer and winter. Further studies are needed to evaluate the impor-
tance of soma of these factors.

5. Granat-type analysis indicates that about 707 of the xainfall
acidity in Florida is derived from sulfuric acid and 30%Z from mnitric acid.
A multiple regression equation involving [H+] as the dependent. variable and

[502—] and [Ca2+] as independent variables explained about 75% of the
4 “xs Xs

variance in hydrogen ion concentration over the statewide netuwork. The sub-
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script xs refers to the fraction of the ions of non-marine origin. Thus
the pH of rainfall in Florida primarily reflects the degree to which sul~-
furic acid has been titrated by terrestrial calcium carbonate.

6. Bulk precipitation throughout northern and central Florida de-
mPogiteqﬁ?§0-500 equiV'H+/hafyr during 1978—79; Th;s represents about one
third to one half of-Fhe annual aeposition of H+ in the heavily impacted
northeastern United States. Comparable values for excess sulfate are 7-11
kg/ha-yr in Florida and V13 kg/ha-yr in the northeastern U.S. (10 year
average for Hubbard Brook, N.H.). Thus Florida ecosystems receive 50-90%
of the excess sulfate from the atmosphere as their northern counterparts.

7. Although historical data are lacking on the pH of Florida rainfall,
calculated values for rainfall pH during the mid-1950s indicate wet-only
precipitation was not acidic then. Moreover, present values of sulfate de-
position in northern Florida are up to four times higher than values for
the early 1950s. Scattered information for the pH of rainfall at Gainesville
are available from 1973 to the present, and no long-term trends are apparent
in this record. |

8. 1In spite of the north-south gradient of decreasing rainfall aciditvy,
long-range (interstate) transport of acid precursors is not a wholly satis-
factory explanation for acid precipitation in Florida. A substantial por-

tion of the H,SO, and HNO3 must be derived from in-state emissions of SO

2774 2

and NOX, which are widespread and substantial. These conclusions are sup-
ported by several lines of evidence, including the fact that summer rain-
fall throughout the entire state is more acidic than winter rainfall. From
a meteorological viewpoint, peninsular Florida is isolated from the rest of
the United States during summer. Large-scale weather patterns for the

peninsula come from the southeast (Caribbean) or southwest (Gulf of Mexico)
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during summer, and cold fronts from the north rarely penetrate the state

during this period.
EFFECTS OF ACID PRECIPITATION ON FLORIDA LAKES

1. & lafge number of soft-water lakes occur in the sand~hill highlanc s
region of peninsular Florida. Based on comparison of historical and curremt
data on a group of ;2 such lakes in northern Florida and a group cf 8 soft—
water lakes in south central Florida, pH has decreased by up to about 0.5
units in many of the northern soft-water lakes, whereas no temporal trends
could be discerned for the southern group. The northern (Trail Ridge) lakes
lie about 40-50 km east of Gainesville in a region receiving rainfall with
a (volume-weighted) average annual pH of 4.5-4.7. The southerm (Highlands
Ridge) lakes lie northwest of Lake Okeechobee, near the current southerm
terminus of pronounced rainfall acidity. Corresponding decreases in alka-—
linity and increases in sulfate concentration were observed in the northern
lakes.

2. The 20 survey lakes hed annual aver#ge pH levels ranging from 4,72
to 6.80, but otherwise had generally similar characteristics {soft water,
oligotrophic to mesotrophic nutritional conditions). The group thus served
as a good data base to evaluate the effects of acid precipitation on vulner—
able aquatic ecosystems in Florida.

3. A general trend of increasing aluminum with decreasing pH was found
in the 20 Florida lakes. However, maximum values (100-150 pg/L) were below
the levels associated with fish toxicity and may explain the occurrence of
largemouth bass and several other common game fish species in lakes with pH
values below 5.0.

4. A general trend of increasing chlorophyll a concentration with in—
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creasing pH was found. However, total phosphate concentration also tended
to rise with pH. The trend of greater oligotrophic conditicns in more
acidic lakes may be caused by lower rates of nutrient cycling at lower pH,
or it may reflect watershed nutrient loading factors that just happened to
correlate witH lake pH. Further studies are needed on this point.

S. The number of phytoplankton species and their abundance in a lake
decreased with increasing acidity, but much scatter occurred for both para-
meters. Although the data are fairly limited, a trend of increasing phyto-
plankton abundance with increasing pH was found for a series of lakes with
similar levels of phosphate. The lake survey also indicated that species
composition Yaried along a pH gradient, with green algae replacing blue~greens at
low pH. In lakes with pH values of 4.,5-5.0, 60% of the algae were green
(Chlorcphyta), and 25% were blue-green (Cyanophyta). Corresponding values
for lakes in the pH range 6.35-7.0 were 31% green algae, 63% blue-green algae.

6. Similar trends were found in the zooplankton, i.e. a significant de-
crease with pH; the trend exhibited considerable scatter. In general, the number
>f zooplankton species found at a given pH was greater than the number found
in temperate lakes of comparable pH. Six species of zooplankton were domi-
nant at all pH levels, and five other specles were always present but never
dominant. Two types of mutivariate analysis (principal component and cluster
analysis) showed that the zooplankton populations could be grouped along pH
gradients, but the population differences with pH are relatively subtle.

Rare species showed greater differences with pH than did common species.

7. No clear trends were seen in either the diversity or the abundance
of benthic invertebrates with pH, and the differences that were found among
the lakes may reflect differences in trophic conditions more than direct

effects of pH.



-

8. Limited information has been obtained on fish populatioéiin acidic
Florida lakes. No species replacement or disappearance trends were found.
Condition factors relating weight'and length indicated that the fish in
acidic lakes are in poorer condi:ion than those in less acidic 1lakes,
possibly reflecting decreased.availability~of food in acidic lakes. Breed-
ing populations are-stiil-being maintained in the most acidic lakes. No
evidence of gill necrosis was found in any fish, reflecting the relatively

low concentrations of aluminum in the lakes.



CHAPTER 2. RECOMMENDATIONS

This project has resulted in a thorough characterizatiom of the role
of atmospheric precipitation as a source of nutrients and mimerals. The as-
éehﬁled‘déta‘EaSé will be useful as a benchmark for future comnditions and
as input to local and regional-scale nutrient budgets. A-fen: questions re-
main unresolved with regard to atmospheric sources of nutriem.s, and further
work should be done to address these.

This size distribution of atmospheric phosphate particle:s should be
determined, and work should be done to characterize the chemiucal form of
phosphate in these particles. This information will be usefuil to clarify
questions regarding the atmospheric residence time of suspend-2d phosphate
and the distance that such particles travel in the air. Such information
is necessary to determine whether the enhanced collection of pvhosphate in
bulk precipitation (compared to wet-only precipitation) repressents a new
(external) source of phosphate for a given site or merely is rmrart of an in-
ternal cycle of wind-induced suspension and particle depositicn in the
immediate vicinity of a bulk precipitation collector.

Regarding atmospheric deposition of nitrogen, further stindlies should

focus on rates of gaseous deposition (i.e. NH, and NO2 uptake by plant,

3
soil and water surfaces). These processes were found to make large contri-
butions to a mass balance model of nitrogen in peninsular Floxr-ida (Messer and
Brezonik 1980 a,b), but these models calculated gaseous deposiition using
literature values for deposition velocities and measured leveZ s of these
gases in the atmosphere of Florida. Direct measurements of NEJ3 and N02 de~

position need to be done under a variety of meteorological coraditions and
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for a variety of land use and vegetation types. Such work is difficult and time-
consuming, but it is necessary to evaluate the model calculations. Further
measurements of ambient NH3 and N02 concentrations in rural and coastal

areas also are needed to refine model calculations.

The acidity of rainfall in Florida has been well documented by this
project (e.g. Brezonik et al.vl980). Continued monitoring of pH and as-
soclated parameters in rainfall should be undertaken on a network of sam-
pling stations around the state. Such information is needed to determine
temporal changes in the severity of the problem at a given site and to de=~
termine changes in geographic distribution (e.g. the spread further southward
of rainfall acidity). Because Florida's population is still increasing at
a rapld rate, demands for electric power and fossil fuel consumptiom are in-
creasing more rapidly than in most other states. The shift to coal-fired
power plants that is occurring in Florida (as in the rest of the United
States) is further reason for continued careful monitoring of rainfall.

The source of acidity in Florida precipitation has not been resolved completely,
although evidence presented in this report indicates that emissions of SO2

and NOx within the state are largely responsible. Large-scale modeling and
field-measurement studies on acid precursors will be needed to refime esti-
mates of long~distance transport into the state.

The lake studies conducted as part of this project have described the
effects of increased acidity on community structure in softwater iakes.
Further studies should emphasize the effects of pH changes on metabolic pro-
cesses——-nutrient cycliﬁg and productivity in these lakes. The effects of
acidification on fish populations need to be quantified. Reasons for the

relatively low concentrations of aluminum in acidic Florida lakes should



be determined. Virtually nothing is known about the effects of acid rain-
fall on the sandy, poorly-buffered soils commonly occurring in Florida.
Studies should be undertaken on the effects of acid rainfall on soil chem—
istry and soil microbiology. Studies on effects of acid precipitation on
agricultural crops in Florida (e.g.'citrps, pine forest, vegetébles, sugar
cané) should be conducted. Ihese studies would foéus on direct effects of
air-borne acid impacting upon the foliage and fruit of such vegetation during.
various pahses of their growth cycle and indirect effects which could occux
with soil acidification. Finally, holistic watershed-level studies need to
be undertaken to determine the re;ationship between acidic inputs ta the
poorly buffered soils of Florida and the movement of acidity related sub-

stances into/Zakg;and streams.
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CHAPTER 3 INTRODUCTION

The chemistry of rainfall has been studied for over a certurv, but many
questions remain about-its-importance -in- biogeochemical cycles and in trans--
port .of pollutants from the atﬁosphere to terrestrial and aquatic ecusystems.
Because the nitrogen cycle involves several volatile or gaseous compounds,
the importance of atmospheric reactions and transfers in this cycle has been
recognized for a long time. Measurements of the inorganic nitrogen content
of rainfall date back to the late 19th century. Much less information is
available on levels of organic nitrogen and other 'rock-bound" nutrients
(e.g. phosphorus) in rainfall. Moreover, information in the literature ex-
hibits 2 wide variation in concentrations of nutrients both spatially and
temporally in rainfall. Causes for this variability are not explained in
the literature.

The role of rainfall as a transport mechanism for various pollutants
such as heavy metals and acidity has been reéognized in recent years, and a
considerable volume of data has been assembled on the pH of rainfall in
Scandinavia and the northeastern United States. The deleterious effects of
acid rainfall on aquatic systems in temperate climates also has been docu-
mented. Analysis of geographic and long-term temporal trends in acid preci-
pitation indicates that acid precipitation is a potentially very serious en-
vifonmencal problem of internﬁtional magnitude. Previous acid rainfall studies
in the United States have been skewed geographically to the Northeast, where
the problem apparently is most severe. Little information is available on the
extent of the problem in other areas, such as the Southeast. Edaphic condi-

tions in their region, and especially in Florida, suggest a high susceptibility
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for deleterious ecological effects, and demographic patterns suggest that
this region may experience increasingly acidic precipitation in the future.

Information on the role of other atmospheric deposition processas, namely
particulate and gas deposition, in nutrient and pollutant tranmsport is much
less-definitive. The project that this . report summarizes was undertaken to eval—
uate the role of atmospheric deposition procesées in the transport of nutrients,

’
minerals, and certain pollutants (primarily acidity) to the earth’s surface.

Most of the results presented in this report are based on two large
scale field studies. The first, a statewide sampling network for bulk and
wet-only precipitation, was used to evaluate the importance of rainfall and
dry fallout as sources of nutrients, minerals, and acidity to Florida eco-
systems. The network was established to allow analysis of the influence of
surrounding land-use pattermns on deposition rates of these substances; sam—
plers were located in urbanm, agricultural, forested, coastal, and pristine
areas. Transects were established to evaluate north-scuth and east-west
(coastal-inland) gradients in deposition patterms. Details of the sampling
procedures and results are presented in Chapters 4 and 5. The network pro—
vided valuable information on nutrient and mineral deposition patterms (Chap—-
ter 4), and ylelded the first comprehensive analysis of the acid rainfall
problem in the state of Florida (Chapter 5).

The second field effort involved a sampling program on 20 softwater lakes
in north-central and south-central Florida. Routine limnological measurements,
complete chemical analysis, and analysis of the biota were done on each lake
to evaluate the effects of acidification on Florida lakes. Phytoplankton,
zooplankton and benthic invertebrate communities were analyzed for species
diversity and abundance; results of the lake studies are presented in Chapter 6.

Two other aspects of atmospheric deposition precesses were studied during



this project but are not presented in this report. The imporicance of gas
(NH3 and NOZ) deposition in the cycling of nitrogen was evalumted by means

of a mass balance model of nitrogen in peninsular Florida. Tthe results of
this model are presented elsewhere (Messer and Brezomik 1980 (a,b), and they
in&icate that thése pfoéesseé may be major sources of nitrogem to terrestrial
and aguatic ecosystemé.in Florida. Field sﬁudies are underwaw to verify the
deposition fluxes calculated in the mass balance model.

The trace heavy metal content of bulk precipitation and “ithin-storm
variability on the heavy metal content of rainfall also were determined dur-
ing this project. In a related project, deposition patrerns wwere determined
for various heavy metals in sediments of ten lakes sampled as part of the
survey on acidification effects. Results of the trace metal .studies are

still being assembled for a thesis and will be published separTately.



CHAPTER 4. NUTRIENT AND MINERAL DEPOSITION BY RAINFALL

The primary purpose of this phase of the study was to evaluate the
role of precipitation as a source of nutrients to aquatic and terrestrial
ecosystems in Florida.r Emﬁhasis‘was placed on nitrogen and phosphérus forms,
but all major.minerals were measured-in rainfall, and results are presented
here for deposition of mineral ioms, as well. A number of studies have
reported on the chemical composition of precipitation in Florida; however,
most of the studies had limited objectives and involved only a few para-
meters, a few sampling locations, or short sampling periods. Comprehensive
dara on the chemical composition of rainfall in Florida thus are lacking.

The most important previcus studies are described below.
HISTORICAL NUTRIENT DATA

Junge (1958) and Junge and Werby (1958) reported on the major ion con-
tent (including NH4+ and NO3 ) of wet—only rainfall collected during 1955-56
at four Florida locations (Tallahassee, Tampa, West Palm Beach, and Jackson-
ville), as part of a nationwide study of preéipitacion chemistry. A second
rational sampling network (Lodge et al. 1969) existed from 1960 to 1966 and
reported data on major ioms, inorganic N, and trace metals in wet-only pre-
cipitation for a station in Tampa.

The nutrient content (i.e. nitrogen and phosphorus forms) of Florida
rainfall has been measured by a number of investigators in various Florida lo-
cations over the past decade, primarily in relation to efforts to de;ermine
nutrient budgets for lakes in eutrophication studies. Brezonik et al. (1969)
measured inorganic and organic N and P in bulk precipitation collected du-
ring 1968 at a rural site 40 km east of Gainesville and computed atmospheric
loadings to several isolated, pristine lakes in that area. Nutrient budget

studies (Joyner 1971) on Lake Okeechobee, the largest lake in Florida, yielded
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data on bulk precipitation collected near the lake during 1969.

lutrient budget and mineral cycling studies on a mixed hardwood forest
(Ewel et al. 1976) and cypress wetlands (Bourme 1976; Hendry 1977) included
nutrient measurements on rainfall in the north central Florida area. Gaggiani

_.and Lamonds (1978) and Burton et al. (1978) .studied the effects of highwaz
construction on nutrient inputs to lakes in Orlando and Tallahassee, and
both studies included nutrient measurements on rainfall. Lamonds and Merrd tt
(1976) determined the nutrient content of bulk precipitation at two sites
along the proposed cross-Florida Barge Canal (central Florida) during 1975 .
Mattraw and Sherwood (1977) conducted urban runoff studies inm the Fort Laucier-
dale area and reported nutrient aﬁalyses of rainfall collected in that area.
Finally, rainwater samples were collected over South Florida during the 1973
Flérida Area Cumulus Experiment (Wisniewski and Cotton (1978)). These sammvles
were collected both at the ground surface and by aircraft at the cloud-base
level (600m). The historical data on nutrients in Florida precipitation
are summarized in Table 4-1; in general, the various studies show large vaxrd-
ability. Because of the large number of different locations and short sam—
pling periods involved in these studies, it is difficult to infer trends.
However, recent data for wet-only precipitation indicate that there has bewn
a substantial (three-fold) increase in inorganic nitrogen levels compared o
those found 25 years ago (Junge 1958).
SAMPLING PROCEDURES AND ANALYTICAL METHODS

A. Precipitation Monitoring Network.

In order to assess the regional variations in atmospheric fluxes of nu—
trients to lakes and soils, a statewide precipitation monitoring network was
established in fall of 1977. The network consisted of 24 collection stationss
from Jay in the panhandle near Pensacola, to Bahia Honda in the lower Keys.

The locations of the sampling sites in the Florida Atmospheric Deposition
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Collection Sampler _

Reference Period Location(s) Type1 NHZ*N NO3-N TIN TON TN Ortho P Total P
Junge (1958) 1955-56  Tallahassee W 40 50 90

W. Palm Beach

Jacksonville
Lodge et. al, 1960-66  Tampa W 80
(1968)
Brezonik et. al. 1968 rural north- B 80 12Q 2Q0 180 380 12 29
(1969) central Fla.
Joyner (1971) 1969 Moore Haven B 260 120 380 310 690 23 40
Schneider et. al. 1969 Winter Garden B 180 180 160 430 59
(1969)
Ewel.et. al. 1971-73 rural north- B 100
(1976) central Fla.
Wisniewski and 1973 rural south B 150 150 300
Cotton (1978) Fla.

south Fla. C 230 180 410

Miami B 280 260 540
Gagglani and 1972-74  Orlando B 640 340 980 560 1540 100 140
Lamonds (1978)
Bourne (1976) 1974 Gainesville B 200 100 300 250 550 50 150
Mattraw and 1974-75 Fort . Lauder- B 120 270 390 130 520 17 26
Shervood (1977) dale '
Burton et. al. 1974-75 Tallahassee B 170 290 460 17 37
(1978)

W 110 190 30Q 5 29



Y-y

tTable 4-1. (Conti{mued}

€ollection

Sampler

Reference Period Location(s) Typel NHI—N NO3-N TIN TON TN Ortho P Total P
Lamonds and 1975 Central Fla, B 310 210 520 390 910 35 50
Merrit (1976)
Hendry and 1977-79 Gainesgville B 120 230 350 470 820 24 85
Brezonik (1980)
W 100 190 290 410 700 19 34
Ranges R 80~ 90~ 200~ 160- 380- 12~ 29-
640 340 980 560 1540 100 140
%) 40- 50— 80— 5~ 29-
110 190 300 19 34
1

B = Bulk; W = Wet-only; C = Cloud.



Study (FADS) are shown in Figure 4-1. Table 4~2 gives the ccounty in which
each station is located, its coordinates and starting date o operation.

The large number of collection sites permit interpretatiown of the rain-
fall data in terms of various demographic, land-use, and geogrTaphic para-
meters. Urban and semi-urban-sites are represented by Mfami, Gainesville,
Tallahassee, Jacksonville, apd Fort Myers.. Rural sites in pr.edominantly
forested areas incliude Bronson;ALake Placid, Corkscrew Swamp, and Waldo.

A number of sites are in areas of intensive agriculture: Has tings (potato
farms); Lake Alfred, Lake Apopka (citrus); Bradentomn (vegetab les); Belle
Glade, Clewiston (sugar cane); Chipley (chicken farm); and Mc Arthur Farms
(dairy cattle). Coastal stacions include Cedar Key, Marinelacmd, Stuart, and
Bahia Honda Key. Three collection transects were organized writhin the state
so that the distribution and trends in rainfall chemistry cow ld be intensively
studied. One transect extends the length of the peninsula freom Jasper, near
the Georgia border, to Belle Glade, south of Lake Okeechobee. A second tran-
sect was established east-west across the northerm part of thes state (Marine-
land to Cedar Key), and a third transect consists of a series of collectors
(east-west) across south Florida (Stuart to Ft. Myers), with m clustering of
sites around Lake Okeechobee. Many of the FADS stations are ‘located at and
.operated in conjunction with University of Florida agriculturzal research

station that collect climatological data. Twenty stations hawwe collectors

designed for bulk precipitation (Likens 1972), and four sites were equipped
with automatic Aerochem Metrics Model 101 wet/dry collectors .that collect

the wet and dry fractions separately. Sémples were collected bi-weekly at 20
of the sites either by us or by technicians at the research siations, who mea-
sured the rainfall amount over the collection period and mail.2d the samples to
our lab for analysis. Samples at three stations (Jay, Jacksoriville, and Miami)

were collected weekly, and samples at Gainesville were collec-ted on an event
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JA

WD
GV HA ML

KEYS TO STATIGNS

AP Apopka (waet/dry}
BA Bradenton

BG Baeile Glade (wet/dry)
BH Banis Honda

BN Bronson

CH Chipiaey

CK Cadar Koy {weot/dry)
CL. Clawiston

CW Corkscrew Swamp
FM Fort Myers

GV Gainesville (wet/dry)
HA Hastings

JA Jacksonville

JS  Jasper

JY Jay

LA Liks Alfred

LP Lake Placid

LI Lisbon

MC MacArthur Farms
M1 Miseni

ML Marineland

ST Stuart

TA Tallahassee

WD Waldo -

Figure 4-1. Location of sampling stations in the Florida
Atmospheric Deposition Study Network.
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Table 4-2. Location of Stations in the Florida Atmosperhic Deposition Study

Network.

X Startine
Station County Soordin;tes Date oE'Ope;atiion*
Apopka Orange 81°30' 28940
Bradenton Manatee - 82°30" 2§°§gﬂ ;5?;
Belle Glade Palm Beach- 80°940" 26945 12/77
Bahia Houda Monroe 81°10"' 24940 11:'77
Bronson Levy 82°45' 29930 12/77
Chipley washington 85°930' 30%50" 4/78
Cedar Key Levy 83°%" 29°10" 12/77
Clewiston Hendry 81°07 26%s5" 12/77
Corkscrev Collier 81°40' 26°30° 1/78
Fort Myers Lee 81950 26°45" 11/77
Gainesville Alachua 820920 29°930° 7176
Hastings St. Johns 81930 29%s5" 11/77
Jacksonville Duval 81945' 30%30" 8/78
Jasper Hamilton 82°950" 30°30" 4/78
Jay Santa Rosa 87°10" 30945’ 4178
Lake Alfred Polk 81°50' 28°10° 1/78
Lake Placid Kighlands 81°30" 27°10" 12/77
Lisbon Lake 81945' 28°50" 3/77
MacArthur Okeechobae 80°940' 27°20" 1/78
Miami Dade 80°15"' 25950" 11/77
Marineland Flagler 81°10' 29°40" 11/77
Stuart Martin 80°15' 27°10"' 4178
Tallahassee Leon _ 84°15"' 30°30"' 1/78
Waldo Alachua 82°157 29°40" 4178

% A11 stations were sampled until fall of 197%. A modified network consiscing
of 16 stations sampled weekly is still in operation duriag 1980.
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basis. Dryfall samples were collected by adding 300 @ﬁ’of deionized water
to the bucket and scrubbing the bucket with a clean/?lastic glove to dislodge
particulates. Analyses were then run on the rinsings.

B. Analytical Methods.

- Analytical methods for chemical determinations of the precipitation
and dryfall éamples are summarized in Appendix 1. In general, analyses were
performed according to Standard Methods (APHA 1976) and/or the EPA water
analysis manual (U.S. EPA 1976). Inorganic mitrogen forms (NH4+, NOp 7, NO3')
were determined by automated methods on a Technican AutoAnalyzer; soluble
reactive phosphate (SRP) (roughly equivalent to orthophosphate) was determined
manually with a Beckman Model DBG spectrophotometer and 4-cm cell, using the
single reagent colorimetric method. Total Kjeldahl nitrogen and total phos-
phate were determined by manual (semi-micro) digestion in test tubes, followed
by colorimetric analysis for ammonium ion (AutoAnalyzer) and orthophosphate
(manually) on the neutralized digestate. Cation analyses were done by flame
atomic'absorption spectrophotometry following procedures recommended in the
instrument manual (Varian, 1973).

RESULTS AND DISCUSSION

A “Introduction.
Solute concentrations generally are inversely related to the quantity

of rainwater falling during a storm. Computing volume-weighted averaged
concentrations tends to equalize the importance of light rains, having rel-

atively high concentrations and heavy rains, in which constituents are

more dilute. Volume;weighted'cbncentrations.are calculated by:

n
Zc.vi

i
i=1
n

z v
i=1
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where C4y = constituent concentration (mg/L), and

Vy = rainfall amount (cm).

Summary results of statewide volume-weighted mean concentrations and
loadings for major ions and nutrients in bulk precipitation are presented in
Table 4-3. Volume-~weighted mean concentrations of all parameters at each
site and annual depositions are given in Appendix 2. Annual loading rates
ﬁere calculated by multiplying the volume-weighted coancentration for each
constituent by the total rainfall over the given time period.

The period, May 1978 through April 1979, represents the first full year
during wihich the entire sampling network was in existence; thus this period
was selected for detailed discussion in this report. As shown by Table 4-3,
the values of mean concentrations and loadings for this period are close to
those found over the entire 2 year study. The month of May alsc represents
the beginning of the summer {rainy) season in Florida, and consequently May
is a convenient starting point for an annual study.

B. NUTRIENTS

The results and discussion of atmospheric deposition of nutrients is
divided into six sections: (1) geographical variation of atmospheric fluxes
of nitrogen and phosphorus; (2) speciation of the N and P forms in precipi-—
tation; (3) seasonal variations in the nutrient content of rain; (4) relative
importance of dry fallout and wet depositicn as sources of autrients; (5) com-
parisons ¢f present concentrations and fluxes with historical data; and (6)
examination of the significancé of atmospheric nutrient deposition relative

to critical loading rates for lake eutrophication.

1. GEOGRAPHICAL VARIATION OF NUTRIENT DEPOSITION

NITROGEN

Deposition of nitrogen by bulk precipitation at the 24 sites during

the period ranged from 0.32 g N/m? - yr at Bahia Honda Key to 1.13 g N/m? - Jr
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Table 4-3, Statewide Mean Concentrations and Loadings by Bulk Precipltation for Varlous Periods during the
Two Year Study.

Study Calendar Calendar Total Study.
Period 5/78-4/79 1978 1979 1978 + 1979
Number of Samples 595 531 603 1,134
Number of Bulk
Sites 22 21 22 21

1 2 3
Parameter Conc, Loading Conc, Loading Cone, Loading Conc. Loading
Na 1.18 1.49 1.06 1.17 1.37 1.99 1.19 1.58
K 0.21 0.28 0.22  0.27 0.18  0.25 0.18  0.26
Mg 0.16 0.20 0.15 0.17 0.19 0.27 0.16 0.22
Ca 0.65 0.86 0.59 06.72 0.62 0.87 0.58 0.80
soﬁ‘ 1.81 2.45 1.90  2.43 1.69  2.54 1.75  2.49
cL™ 2.21 2.80 2.05 2.27 2.55 3.71 2.27 2.99
NHZ-N 0.18 0.24 0.21 - 0.27 0.14 D.22 0.17 0.25
NOS—N 0.20 0.27 0,23 0.29 0.18 0,27 0,20 0,28
TON 0,17 0,23 0,18 0,23 0.14 0,21 0.16 0,22
SRP 026 034 L0340 ,038 016 ,022 ,021 .030
TP 038,050 045,057 029 0n2 016,050

Volume-weighted Mean Concentration; all Values are mg/L,
Loading rates are g/mz—yr

Average Annual Loading over the two year period.



at Belle Glade (Figure 4-~2A). The Bahia Honda site represents an almost
completely maritime regime, while the Belle Glade site is located in the
Everglades Agricultural District, a large area of sugar cane plantations and
vegetable farms. Mean deposition of nitrogen over all 24 sites was 0.76 g N/mz—
-yr.

‘Brezonik (1976) concluded. that bulk precipitation-deposits from 1.0 to
2.0 g/mzi}f of total nitrogen over large areas of the United States, and
that deposition rates outside the range of 0.5 to 3.0 g/mz—yr are likely to
occur only under unusual circumstances. Deposition rates across Florida
fall in this range (Figure 4-2), except at two pristine sites, Bahia Honda Key
as discussed above, and Corkscrew Swamp (0.45 g/mz—yr), a remote Audubon
sanctuary, located in the Big Cypress Swamp in south Florida.

TableA;ASummarizes the mean deposition of TN at the stations groupad
according to the dominant land use in the immediate area. ﬁeposition rates
were lowest at coastal and non-agricultural rural locations, and highest
loadings occurred at sites in dominantly agricultural regions. The latter

sites received about 507 more loading of nitrogen than did the coastal sites.

PHOSPHORUS

Deposition of total phosphorus by bulk precipitation in Florida (Figure
4%2B)ranged from 17 (Bahia Honda Key) to 11l mg P/mzayr (Jasper), with 51
mg P/mz—yr as the mean for all sites. The site at Jasper is in an area of
phosphate mining, and the observed high deposition faté‘likely reflects the
mininé activities. In ggneral, highest depositioﬁ rates were recordéd at
agricultural locations, and lowest rates occurred at rural and coastal sites
(Table 4-4) Atmospheric deposition of total phosphorus at the former sites
was more than double that at the latter sites. According to Chapin and
Uttormark (20), atmospheric phosphorus fluxes usually range from 0.1 to 1.0

kg/ha-yr (10 to 100 mg/mz—yr); the results in Figure&2B all in this range,
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Table "4*4 Deposicion ©f tors Sicrogaen Lotal
phosphorus at s. ‘N8 groupw. according

to dominant land .se in the srea.

™ TP

g/m<yr mg/m2-yr
Coastal 0.58 31
Urban 0.76 50
Rural (non-agricultural) 0.62 27
Rural (agricultural) 0.88_ 66
State 0.75 51
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3. SEASONAL VARIATIONS IN THE NUTRIENT CONTENT OF PRECIPITATION

NITROGEN

Rainfall in Florida generally follows a bimodal seasonal pattem, with
most of the rain occurring in the summer and winter months. Sunmer
rainstorms are convecti&e'events; winter rains gener#lly are associated
with cold fronts moving down the peninsula. Spring and fall generally are
dry seasons, and thus it is convenient to compare Florida rainfall chemistry
on a summer/winter basis. The summer values are for the months May to
October, while the winter values are for November to April. As shown in
Table 4-5, concentrations of both-inorganic and organic nitrogen are greater
in summer {comvective) rain storms than in winter (frontal) events. Aver-
aged over all sites, ammonium and TON concentrations in summer rains were al-
most double the winter levels, and NO3” and TN were 40 and 707 higher, respec-
tively. The greater concentrations in summer rain may have resulted from three
factors: increased biogenic emission of gaseous nitrogen compounds due to
higher summer soil temperature; nitrogen fixation by lightning, which fre-
quently is associated with summer storms; and/or more efficient washout of
substances in the highly turbulent convective storms.

Plots of monthly (volume-weighted) average concentrations of N03_ and
NH4+ in bulk precipitation do not show such pronounced seasonal
trends as might be expected from the summary data in Table 4-5. Figure b4
shows monthly variations in these ions and monthly amounts of rainfall at
three sites distributed across the state: Jay. (in the northwest corner),
Gainesville (in the north central part of the peninsula); and Miami (in
southeast Florida). Although concentrations at Jay (Figure 4+4A, and Gaines-

ville (Figure 4-4B) were higher during the summer months than the winter

months, highest concentrations occurred in a few samples collected during

spring and fall, when there was little rain. These high values likely reflect
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Table 4-5. Statewide annual and summer/winter (volume-weighted)
mean concentrations of nitrogen and phosphorus in
bulk precipitation. All values in pg/l.

Annual Summer Winter Racig:%%%%%%
NHZ—N 180 230 120 1.9
NOS-N 200 230 160 1.4
ORG N 170 210 110 1.9
™ 550 670 390 1.7
SRP 26 32 20 1.6
Org P 12 15 10 1.5
TP 38 47 30 1.6

4-17



0.80
Q80 r

040 |-

mg N/I
i

0.20}L

000

30
20
0

Rain{cm)

0.80 -

0.60
L

mg N/1

040{ SN
2'\\\\ AL p--*
- \ s \ ,,’
0.20 & e S e

000 s

Rain {(cm)

mg N/I

Rain{cm)
3]
Y

1978 1979
MONTH

Figure 4-4. Monthly volume-weighted mean concentrations of NH {(S0lid Line),
NO= (Dashed Line), and rainfall at Jay (A), Gainesville (B), and
Miami (C) from May, 1978 to April, 1979.

L-12



atmospheric buildup of contaminants during these dry periods. A seasonal
(summer/winter) pattern is not discernmable at subtropical Miami (Figure 4-MC),
with highest concentrations occurring during the drier months.

PHOSPHORUS

As shown in Table 4-5, volume-weighted average concentrations for SRP
and ORG-P are 60 and 70% higher, respectively in the summer months coﬁpared
to the winter months. Monthly plots of SRP and TP for Jay and Gainesville
(Figure 4-5A and B) show a pronounced decline in monthly mean values during
the winter months (Dec., Jan., Feb.) for both SRP and TP. However, the levels
of SRP and TP at Miami (Figure 4-5C) were greatest during these months. As
was true for the nitrogen species, the driest months generally had the highest
concentrations of both SRP and TP.

4. COMPARISON OF WET VS. DRY DEPOSITION OF NUTRIENTS

NITROGEN

Wet/dry collectors yield information concerning the mechanism of depo-
sition for nutrients. Table’4-6summarizes results for the wet and dry depo-
sition of total nitrogen at the four sites with wet/dry collectors. Mean
deposition of TN by wet-only input over all four sites was approximately
double the average dryfall input. The highest total deposition occurred at
Belle Glade, while the coastal site at CedarbKey had the lowest TN depositiom
of the four wet/dry sites. The dryfall collector at Belle Glade generally
collected the largest amoungs of particulate'm;tter among the four sites,
especially during fall and winter, when the sugarcane fields were burned
prior to harvesting. At these times, the dryfall collector had noticable
amounts of black soot.

The manner in which the forms of nitrogen are partitioned between wet

and dry fallout 1s 1llustrated in Tablei7. Deposition of ammonium and ni-
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Table 4~-6. ' Wet and dry deposition of total nitrogen and phos-
phorus at sites with wet/dry collectors.

Total Nitrogen Total Phosphorus
(g/m2-yr) (mg/m2-yr)
Site Wet Dry Total Vet Dry Total
Gainesville 0.63 0.28 0.91 16 42 58
Cedar Key 0.52 0.25 0.77 6 18 24
Apopka 0.47 0.34 0.81 9 48 57
Belle Glade 0.64 0.49 1.13 12 84 96
mean 0.57 0.34 0.91 11 48 59




A

Table 4-7. Relative deposition of nitrogen and phosphorus forms by wet
versus total (wet plus dry) deposition at the four wet/dry
collection sites.*

Location NHZ No; TIN Org N TN SRP Org P TP

Gainesville 88 70 74 59 69 40 19 28
{(urban)

Cedar Key 82 62 69 61 68 33 20 25

(Coastal) '

Apopka 70 74 72 33 58 20 1 16

(agric.)

Belle Glade 83 67 72 38 57 15 9 13
(Agric.)

Average 81 68 72 48 63 27 15 20

*Values are % deposition by 'wet—-only'" precipitation =(100 x load-
ing from wet collector)/total loading (wet plus from dry).



trate by wet-only input averaged 81 and 68%, respectively, of the total de~
position (wet + dry). Thus for these two substances, rainfall was the pre-~
dominant deposition mechanism. Atmospheric precursors of ammonium and ni-

trate in rainwater are gases (NH, and NOx) and secondary aerosols (particu-

3
lates formed by gaseous reéctions,.e.g..NH4&@3,.NHAHSOA). These.aerosols
are very small (<1 um) and thus do not settle from the atmosphere as dryfall.

‘They are hygroscopic, however, and as a result they are important as con-

densation nuclei for rain drop formation.

While wet-only input is the major mechanism for inorganic nitrogen de-
position, it is less important for the input of organic nitrogen; only 477
of the average atmospheric input of organic nitrogen was from wet deposition.
At Gainesville and Cedar Key,ca. 60% of the TON deposition was by wet inpuc,
while at Apopka and Belle Glade, TON deposition via wet input was only about
35%. As discussed above, the Apopka and Belle Glade sites are located in
areas of intensive agriculture, and atmospheric deposition in these areas
seems to reflect activities such as plowing and harvesting that introduce
relatively large (hence rapidly settling) parficles irto the atmosphere.
Dryfall of soil-derived particles thus appears to be an important mechanisn
for organic nitrogen input, while rainfall is more important for inorganic
nitrogen deposition.

PHOSPHORUS

Data  summarizing the wet and dry deposition of phosphorus at the four
wet/dry sites are presented i{n Tables46andé4 7. The Belle Glade collector
recorded the highest (wet plus dry) deposition of total P (96 mg/mz’yf),
while the coastal Cedar Key collector measured the least deposition (24 mg/
mz—yr). The mean (wet plus dry) deposition of total P for the four collec-

tors was 59 mg/m2~yr (Table 4-6).



Dryfall input of phosphorus was more important than wet precipitation,
accounting for 807% of the total deposition averaged over the four sites
(Table 4~7). The reverse was true for nitrogen (see above discussion).

Only 157 of the organic phosphorus (operationally defined here as total
phosphate minus soluble reactive phosphate [SRP]) was deposited via rainfall,
wnile 277% of the SRP was from rainfall. Total phosphorus depositiomr at the
agricuiﬁural Belle Glade site was 87Z~via-dryfail and only 137% by rain

(Table 4-7. Since phosphorus is a nonvolatile element, its cycle generally
is limited to rock-soil-water phases. Atmospheric depoéition of phosphorus,
therefore, occurs primarily by gravitational settling of particles that

enter the atmosphere by various activities (e.g. argriculture, minieg,
fires). The high dryfall deposition of phosphorus (relative to wet

input) at the agricultural Apopka and Belle Glade locations demonstrates

the importance of land-use activities on atmospheric deposition of terrigenocus

substances.

5. HISTORICAL COMPARISON

Historical data are available for the wet-only deposition of inorganic
nitrogen to compare with the present data. Chapin and Uttormark (1976) con-
structed an isopleth map of inorganic nitrogen flux using Junge's (1958) data
for ammonia and nitrate in wet-only precipitation. The map shows a flux of
inorganic nitrogen of 0.10 to 0.15 g/mz—yr across the southeastern U.S., in-—
cluding Florida. Inorganic nitrogen fluxes via wet-only precipitation mea-

sured in this study range from 0.32 to 0.44 g/m2-yr, with a mean of 0.39

g/mz-yr. The annual mean concentration of TIN in 1955-56 averaged over the
four Florida sites in Junge's study was 0.0 mg/L, while Lodge et al. (1968)
found a volume-weighted mean TIN concentration of 0.08 mg N/L in wet-only

precipitation at Tampa during the period 1960-66. Although there have been

numerous studies of bulk precipitation across Florida since the Lodge et al.
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study, only two wet-only investigations have been reported (T:able 4-1).
Burton et al. (1978) found 0.30 mg/L TIN in wet-only precipitation collected
during 1974-75 at Tallahassee, while Hendry and Brezonik (1984)) reported
0.29 mg/L TIN in Gainesville wet-only precipitation (1976-77) . Averaged
over the 4 wet-only collection sites in this study, the TIN concentration
was similar to the above values- (0.28 mg N/L); thus the meén.;:oncentfatibn‘
bf inorganié nitfogegvin wet-only precipitation and co;responxling flu% have
increased about three-fold in Florida over the last two decades.

In bulk precipitation TIN averaged 0.38 mg/L over all the sites, ranging
from 0.28 (Corkscrew) to 0.59 (Chipley) mg/L. Historical dat#a (Table 4-1)
for TIN in bulk precipitation in Florida ranged from 0.20 to (J.98 mg/L.

With such large variability due to a number of different samprling locations,

no historical trends can be inferred concerning the levels of TIN in bulk
precipitation. Fewer data are available for TON levels in FIorida.
precipitation (Table 4-1) and the values again show a large range, 0.16 to

0.56 mg/L. The state-wide mean (all sites) for TON in this st-udy was 0.17 mg/L
which is near the low value of the above range.

Average total phosphorus (TP) concentration was 38 pg/L Sor all the bulk
precipitation sites, with a range of 29 to 59 pg/L for individlual sites. Pre-
vious studies (Table 4-1) have reported a large range (29-140 wg/L) of TP
values at various locations over the last ten years. As menti oned earlier,
this large variation likely is due to different locations and short (< 1 yr)
sampling periods.

6. SIGNIFICANCE OF N AND P LOADINGS RELATIVE TO LAKE EUTROPHIZATION

The atmospheric loading rates of total nitrogen and phosptiorus found
at each bulk precipitation site can be examined in the context of critical

nutrient loading ratés for lake eutrophication. Figure4-6illusstrates the

rélntionship between the bulk loading rates of N and P at each site and the
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critical loading rates developed by Vollenweider (1968, 1975). The state-—<wride
mean (averaged over all the sites) deposition rate 1s also shown in the fFig—
ure. For both nitrogen and phosphorus, the statewide mean rates are below
the "permissible' values defined by Vollenweider. However, the rates at
several predominantly agricultural sites did exceed the 'permissible" levels.
While atmospheric -inputs of N and P by themselves would not produce the

water quality problems generally associated with lakeﬁeutrophieation, the
higher deposition rates may support substantial standing crops of phytoplaszk-
ton. Moreover, the mean loading rate for nitrogen from bulk precipitation

is about 75% of the total '"permissible' loading and about 37% of the nitro—
gen loading rate associated with the onset of eutrophic conditfons.

Thus even rather low contributions of nitrogen from surface water sources
may be sufficient either to make nitrogen non-limiting or to induce eutro-—
phic conditions, assuming nitrogen were the limiting nutrient. The above
calculations also do not consider the atmospheric nitrogen inputs from gasewus
absorption or from rainfall that reaches a lake via runoff in the watershed =
for further discussion of these aspects see Messer andABrezonik (1980b). The
high rates of nitrogen deposition from the atmosphere, coupled with the rela-
tive mobility of ﬂitrogen (compared to phosphorus) in terrestrial systems,,
help to explain why nitrogen seldom is observed to be the limiting nutrienc
in lakes.

For phosphorus the situation is somewhat different. The statewide meamn

loading is half the permissible réte for lakes that have qg (areal water

[

loading rate) 1 m/yr, and only one fourth of the permissible loading for

(]

lakes with qg S m/yr. Most Florida lakes have qq values < 5 m/yr. Figur=
4-6 suggests that atmospheric deposition alone supplies only about 12 to

16% of the loading required to cause eutrophic conditions in Florida lakes.
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C. MAJOR MINERALS

1. S0DIUM, CHLORIDE AND SULFATE

Volume-weighted average concentrations of sodium and chloride concentra-
tions are plotted in Figure 4-7A and 4-8A. The concentration isopleths for
bofch_Na+ and C17, roughly follow the outl%pe of the peninsula. This is not
surprising since the source of the NaCl in rain and dryfall across Florida
is the Atlantic Ocean and Gulf of Mexico. In fact, the Cl-/Na‘ ratios in
bulk.precipitation (Figure 4-7B) across the state are close to the ratio
of these ions in seawater (1.8) Sites with precipitation ratios less than
1.8 indicate Na* enrichment, while ratios greater than 1.8 indicéte Cl™ enrich-
ment relative to sea salt. The mean ratio for the state (22 sites) is 1.83.
The concentrations isopleths (Figure 4-7A and 4-8A) are more closely spaced
on the west than east coast of the state, indicating a sharper concentration
gradient. The east coast (Atlantic) is a high-energy coastline and salt
particles are carried farther inland than is the case along the west coast
and panhandle.

The input of NaCl appears rather constant over time. Junge and Werby
(1958) reported Na* concentrations at Jacksonville and Tampa of 0.96 and
0.63 mg/L, respectively for 1955-56. Sodium concentrations at sites (Jackson-
ville and Bradenton) in this study near the earlier sampling locations were
1.08 and 0.51 mg/L, respectively.

Sulfate (5042'— §) concentrations in bulk precipitation (Figure 4-8B)
ranged from 1.18 (liarineland) to 0.38 mg/L (Corkscrew Swamp). Sulfate in
rainfall originates from three sources; (1) marine-derived sulfate from
sea-salt aerosols, (2) biogenic emission to the atmosphere and subsequent
oxidation of reduced sulfur compounds (H,S, dimethyl sulfide, dimethyl disul-
fide), and (3) anthropogenic emission of sulfur compounds (SU;, particulate

804). Sulfate deposition was principally by wet processes (average of about
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(A) Volume-weighted mean concentrations of sodium (mg/1l) in bulk
precipitation and (B) Cl1/Na wt/wt concentration ratios (Volume-
weighted values) in bulk precipitation in Florida, May 1978-

April 1979.
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Figure 4-8. Volume-weighted mean concentrations of (A) chloride and (B) sulfate
(as sulfur) in bulk precipitation in Florida, May, 1978 - April, 1979.

All concentrations in mg/l.



75% of the total deposition (Table 4-8), with dry deposition rates higher
during the winter months than the summer months (Table 4-9). The importance
of wet versus dry deposition for sulfate, the relative importance of the above
sources for sulfate in Florida precipitation, and the relationship of sulfate
to rainfall acidity are discussed in greater detail in Chapter S.

9. CALCIUM, MAGNESIUM AND BOTASSIUM

Highest levels of calcium generally were recorded in the southern half
of the state (Figure 4-9A). Calcareous deposits (limestones) in this area
are located just a few feet below the surface of the top soil, and they out-
crop in some areas south of Lake Okeechobee. Mining of these deposits for
use in concrete manufacturing is extensive in south Florida.

Calciumiin rainwater arises from terrestrial sources; i.e. the ocean pro-
vides only small amounts of CaZ* to the atmosphere; this matter is discussed
further in Chapter 5 relative to the factors affecting rainfall acidity in
Florida. As a result of this terrigenous origin, isopleth patterns for Ca
are not similar to those for Na* and CL™. Although the highest volume-
weighted average concentration of Ca2* in bulk precipitation occurred at
Marineland on the Atlantic coast (Figure 4-9A), calcium derived from sea-salt
particles accounted for only about 0.34 mg/L of the total caZ* concentration;

2+ in the rain at this

i.e. 1.30 mg/L is "excess' calcium. The high level of Ca
site is likely due to combination of wave-action on the outcroppings of

coquina (limestone) rock along the coast and wind-driven suspension of cal-
careous pafticles in coastal soils. The historic buildingsin St. Augustine

(16 km'nértﬁ of Ma:ineiand) are constructed in large part of naturally-
occurring coquina. A high 'excess" cal* (0.72 mg/L) also was recorded at the
entirely maritime site, Bahia Honda in the lower Keys (Figure 4-9). This excess

Ca undoubtedly arises from the limestone rock which forms the archipelago

known as the Florida Keys. Calcium and the associated carbonate-bicarbonate
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Table 4-8. Wet and dry deposition of minerals at the wet/dry collection sites, Values are in g/mz—yr.

Gainesville Cedar Key Apopka Belle Glade

Wet Dry Z by wet Wet Dry X by wet Wet Dry % by wet Wet DPry 7 by wet
Sodium 0.35 0.24 59% 1.96 0.48 8C% 0.40 0.33 55% 0.59 0.47 56%
Chloride - 0.67 0.46 59% 3.63 0.82 82% 0.77 0.53 59% 1.22 0.99 55%
Calcium 0.38 0.67 36% 0.47 0.40 54% 0.32 0.31 51% 0.70 1.71 29%
Magnesium 0.06 0.07 467 0.25 0.08 767 0.06 0.06 50% 0.08 0.15 35%
Potassium 0.12 0.06 67% 0.14 0.06 70% 0.10 0.15 40% 0.15 0.20 43%

Sulfate(s) 0.65 0.25 72% 0.72 0.13  85% 0.66 0,16 80% 0.51 0.25 672




All Values are»g/mZ—yr.

Table 4-9. Dry Deposition of Minerals on a (Summer/Winter) Seasonal Basis.
Deposition Rate
2
(g/m" ~yr)
Location Na+ cL™ Ca+2 Mg+2 K+ 552—5
Gainesville
Winter 0.27 0.51 0.69 0.07 0.06 0.25
Summer 0.19 0.40 0.57 0.09 0.06 0,25
Cedar Key
~ Winter 0.57 1.00 0.41 0.09 0.06 0.14
& Summer 0.25 0.65 0.32 0.06 0.06 0.12
(9%
Apopka
Winter 0.37 0.58 0.39 0.07 0.13 0.19
Summer 0.33 0.53 0.21 0.05 0.11 0.14
Belle Glade
Winter 0.56 1.18 1.95 0.18 0.23 0.31
Summer 0.33 0.71 1.53 0.10 0.14 0.18
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Figure 4-9.

Volume-weighted mean concentrations of (A) calcium and (B) magnesium in bulk
precipitation in Florida, May 1978-April 1979. All concentrations in mg/l,



species are important parameters controlling the acidity (pH) of precipitation
in south Florida. The pH of Florida rainwater results from cowmplex inter-
actions of atmospheric acids (H,504and HNO;) with terrestrial My-derived

bases (e.g. CaCOz); see chapter 5 for a detailed discussion oif Florida rain-
fall acidity and. elements controlling the pH of Florida precipitation.

In general, magnesium levels in bulk precipitation (Figuw=e 4-9B) cor-
relate with calcium concentrations (Figure 4-9A). Highest Mg:2+ levels were
found at the southern sites, and high values also were measurezd for coastal
locations. Seasalt supplies a substantial proportion of the I<igZ* in coastal
precipitation at coastal location. In fact all of the magnesium in rain at
the four coastal sites (Cedar Key; Bahia Honda, Stuart, and bMarineland), is
derived from seasalt ( %g in seawater is 0.12).

Potassium arises in rainfall principally from soil-derive:d particles.
Concentrations of K™ were highly variable over the bulk precipitation sites
(Figure 4-10), and they seem to reflect nearby land use activities. Lowest
average concentrations were found at the two most pristine loctations (Lake
Placid and Corkscrew Sanctuary), while somewhat higher levels were recorded
at agricultural locations (Clewiston, Hastings).

3. WET AND DRY DEPOSITION OF MINERALS

The relative importance of wet vs. dry input of minerals is summarized
in Table 4-8. Sodium and chloride deposition at all four wet//dry sites
occurred primarily by wet-only input. Atmospheric sea-salt pesurticles are
highly hygroscopic and thus are important as condensation nucl ei fqr rain drop
formation. No simple trend in deposition mechanism can be see:n for‘Ca2+, Mg2+,
and K*, and either wet or dry processes dominated depending oss the site. For
example, at the highly-agricultural Belle Glade site, total derposition of all
three metals was largely by dry fall (Table 4-8), but at Apopk.a and Cedar Key,

2+

wet and dry deposition of Ca“" was about equal. A strong seas.onal-dependence
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¥igure 4-10. Volume-weighted concentrations of potassium in bulk precipitétion
_— across Florida._ (May 78-May 79)._ All values are mg/l.
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was found in the dry deposition of the five minerals (Table 4-9), with dry —
fall input during the winter months being greater than that in the summer.

This trend likely reflects a lower frequency of rainevents during that season

compared to the summer rainy season.

4. Comparison of Wet + Dry and Bulk Deposition Rates for Major Minerals.

Two different pypesloﬁ collectors (i.e. wet/dry and bulk) were employed
in the precipitation network, and it is of interest to determine whether
the wet plus dry deposition rates (from the wet/dry collectors) correspond
to the bulk deposition rates for various species. Assuming that wet depos<-
tion did not vary with collector éype, two questions are raised regarding Jdry
deposition. The first involves collector height; bulk collectors inm the
network were located 2 m above ground, a concentration gradient exists
between 1 and 2 m, then there may be a corresponding deposition gradient
between the two collectors.

The second question involves shape: bulk collectors are conical,
while the wet/dry collectors and cylindrical. The flow of air ércund
the two ccllectors is different, and thus the rate of turbulent deposi-
tion also may differ. This problem is not completely distinct from that
of reference height, because wind speed and eddy diffusivity are functions
of height. However, the intent here is simply to point out the gross
differences between collectors and then to determine whether these differences
might be responsible for inconsistent deposition rates.

Adequate data are aQéilable at two sites (Gainesville and Orlando)
to compare adjacent wet/dry and bulk collectors, and deposition of major
cations and anions in the two types of collectors are summarized in Table
4-10. Generally, the agreement between wet/dry and bulk collectors is
acceptable. Deposition of sulfate and nitrate, which both originate as

gases or sub-micron particles, was the same in both types of collectors at
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Table ¥-/o. Comparison of loading rates of major ionic species as determined by wet/dry
and bulk precipitation collectors.

Annual Deposition (kg/ha)

excess

Location o na’ kb g™ miaw mo) sq, c1”

Gainesville
Wet + Dry 0.24  5.79  1.65 10.0  1.43  1.85  3.55  24.5  11.3
Bulk 0.27  5.25  1.58 8.5 1.15  2.33  3.44 244 10.0
Wet + Dry x 100 89 110 104 118 124 80 103 100 113

Bulk

Orlando
Wet + Dry 0.19  7.43  2.00  6.18  1.20  1.52  3.16  23.7  13.3
Bulk 0.22 6.71 2.07 5.49  0.71  1.97  3.18  23.8  10.1
Wet + Dry x 100° 86 11 97 113 169 77 99 100 132

Bulk



the two sites. Deposition of hydrogen ion and ammonium was lower im both
vet/dry collectors than in the nearby bulk collectors. The difference

in H+ deposition reflects large cation excesses (hence by inference,
alkalinity) in the dry bucket. The wet deposition of H+ alone was
higher in both cases than the bulk deposition. In the calculation of

- total loading fromrwet/dr§ collectors,rtﬁe aikélinity was assumed to
titrate a stolchiometric amount‘qf H+.r The ammonium discrepancy is
unexpléined, but may signify either a positive gradient in the veftical
direction or simply differences in NH3 interaction with the two collector
surfaces.

Ca+2 and Mg+2 deposition rates are consistently higher for the wet/dry
collectors than the bulk collectors. This may reflect the difference in
collector heights and suggests the presence of a concentration gradient
of suspended soil species near the ground. Assuming that most of the
Ca+2 and Mg+2 depositedAin the collectors is associated with carbonate,
the excess of these ions in the wet/dry collectors, relative to the bulk
collectors, explains the observed underestimate of H+ deposition in the
wet/dry system.

Sea-salt (Né+ and Cl”) deposition was also higher in the wet/dry
collector. Although this could be due to association of NaCl with soil
particles, this explanation seems unlikely since it would necessitate a
relatively high percentage of Na+ and C1  in soil dust. This is unlikely
due to the differential solubilities (leaching rates) of terrestrially-
derived and oceanic species. The fact that deposition of most particulate
species was higher in the wet/dry collectors suggests that the shape and
height of the Bulk sampler may contribute to turbulent scouring of the funnel

and thus to low deposition rates.
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Despite the aforementioned differences between the wet/drsv and bulk
deposition rates, the results are generally comparable. Most species were
deposited to the two collectors with less than 20% difference,, and for
several species differences were only a few percent. Unless szsampling
requirements are very stringent, it seems that either collectwr will yield.
an adequate description of atmospheric deposition. Eurtﬁermoxre, deposi-
tion pattérné are reflected in the consistent mannér by the czollectofs.
Both collection systems indicate that H% deposition at Gaineswille was
higher than that at Orlando, while N§+, Cl™ and K* depositiomr was higher
at Orlando than Gainesville. The problems associated with desposition
of particulate species may be overcome, or at least diminishe«d, by adjust-

ment of collector height and by careful selectiom of sampling location.

5. Comparison of Bulk Precipitation and Throughfall.

Bulk precipitation at the Waldo site, 10 km NE of Gainesw-ille, was
collected atop a 20 m (65 ft) steel tower which extended throwugh the tap of
the forest canopy. Concurrent with these collections, througkafall also was
collected at the base of the tower, below the tree canopy. Ass shown in Table
4-11, distinct chemical differences were found between the buulk precipitation
and throughfall. On an annual, volume-weighted average basiss, throughfall
contained elevated concentrations of all chemical species excerpt H* and
NH4* - N. On a seasonal basis, summer (May 1978 - Oct. 1978} differences in
concentration between the two types of samples-were relatively small, and
nutrient concentrations were approximately the same in the twan sample types.
Concentrations found in the winter months (Oct. 78 - Apr. 78), however, were
much higher in throughfall than in bulk precipitation (except for H').

This likely reflects the fact that the leaves on the trees (pr-imarily cypress,

Taxodium distichum) die in the late fall and minerals are more: easily leached
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Table 4-i1. Comparison of Major ions, conductivity, and nutrients in bulk precipitation and throughfall
on an annual and a sunmer/winter basis at the Waldo site.

Annual Summer Winter
Bulk Throughfall Bulk Throughfall Bulk Throughfall
ut ng/L 24 19 32 18 16 19
(pH 4.62)  (pH 4.73) (pH 4.49) (pH 4.74) (pH 4.80) (pH 4.72)
Specific
Conductance MS/cm @ 25-C 18.1 29.9 20.7 19.7 15.4 42.3
Na ng/L 0.59 1.57 0.51 0.71 0.67 2.60
1 mg/L 0.20 0.59 0.30 0.52 0.09 0.67
Mg ng/L 0.08 0.33 0.06 0.19 0.09 0.5¢C
Ca mg/L 0,30 1.3 0.31 0.83 0.28 1.9¢
s0;” mg/L 2.15 3.18 2.31 2.88 1.99 3.55
cL” mg/L 0.99 3.24 0.69 1.02 1.31 5.94
NHZN mg/L 144 121 .094 .054 .197 .
NOZN mg/L .202 .219 .231 232 .170 .203
TON mg/L 0.24 0.34 0.30 0.32 0.17 0.37
SRP mg/L .014 .017 .021 .019 .007 015

T2 mg/L .025 .030 041 .039 .09 .019



from the leaf tissue. Ewel et al. (1976) found increased mineral levels
(Ca, Mg, K, and P) in both throughfall and stemflow compared to bulk preciwmri-
tation collected in a north Florida mixed hardwoods forest, and they attri —
buted the higher levels to leaching of the plant tissue. Ewel et al. also
reported higher levels of the four minerals in throughfall collected in the
winter than summer.

Hendry (1977) found higher levels of major ions including hydrogen arxd
N and P forms in throughfall than in bulk precipitation collected during 1976~

1977 in a cypress dome north of Gainesville. The higher concentration of

hydrogen ion (lower pH) maj have been due to leached qrganic acids, since the
TOC levels in throughfall were apéroximétely double those of bulk precipitmticn.
Cronan and Schofield (1979) recently reported higher H® levels in through€mli
than in bulk precipitation collected on Mount Moosilauke, New Hampshire. The
lowered pH corresponded to increased concentrations of organic anions in
the throughfall.

The throughfall samples collected in this study generally contained
visibly colored organic materials; thus some leaching was occurring, but tire
extent of this, relative to simple washing of accumulated particulates and
absorbed gases from the canopy, is unknown.

D. MINOR MINERALS

1. SILICA

Volume-weighted mean silica (Si0,) concentrations in bulk precipitation
(Figure 4-11) ranged from 14 (Lisbon) to 63 ug/l (Ft. Myers). Silica levels
for most of the sites (coastal, northern and central) were about 20 to 30 ;.g/l,
and highest values were recorded for three south Florida sites, Ft. Myers,

Clewiston and Miami, This pattern is similar to calcium (Figure 4-9A) and

it indicates input of terrigenous substances.
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2. Fluoride

Detectable levels (> 20 pg/l) of fluoride were found in rainfall samples
from only 4 sites: Bradenton (28 pg/l), Lake Placid (29 ug/1l), Lake Alfred
(82 ug/1), and Jasper (55ug/l). All four sites are located in or near areas
of-phosphate mining and thé processing of phosphate into phoSphoric icid for
use in fertilizers. This processing involves-the addition of acid to apitite
rock (CalO(PO4)6X2 ; X = OH or F) with the resultant release of fluoride as
gaseous hydrogen floride (HF). Tatera (1970) estimated the annual emission
of fluoride to the atmosphere at 103 tons by this process. No estimates, how-

ever, are available for particulate (dust) emissions from the mining and pro-

cessing of fluoroapatite.
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Chapter 5.

The Acidity of Rainfall in Florida

The atmosphere has long been known as an important par hway in the
cycling of nutrients and minerals (Junge 1958; Lodge et. al. I 968). DNumerous
recent studies also have shown that mény pdllutants have signifi cant ACmOSpheric
pathways. Acid ;reﬁipiééﬁioﬁ is ﬁefhapé tﬁé mpsﬁ Qidely known e-xample of
this phenomenon, and its occurrence throughout the northeastern United States
has been reported widely (e.g. Cogbill & Likens. 1974). The gecwgraphic pro-
gression of acid rainfall southward.and westward has been descrZibed elsewhere
(Liken, 1976; Likens et. al., 1979). However, relatively little- information is
available on the geographic and temporal distribution of acid prrecipitatioan in
Florida. Two recent studies demonstrated the occurrence of acid rain at
Tallahassee (Burton et. al. 1978) and Gainesville (Hendry & Bre zonik
1989); rainfall at these locations is about 25 to 30% as acidic as the rain
in severely affected areas of the Northeast. Nevertheless, publ ished data do
not delineate the areas of acid precipitation in Florida; nor do they indicate
the relative importance of oceanic aerosols and biogenically pro:duced sulfur
to Florida rainfall chemistry.

This chapter summérizes results on rainfall acidity (and related
parameters) obtained from the statewide precipitation chemistry 'network des-
cribed in Chapter 4. This chapter describes spatial and temporz 1 trends of
rainfall acidity in the State of Florida, delineates the southea stern boundary
of acid rain in the United States, and discusses the origin and composition of
substances affecting the acidity of Florida precipitation.

EXPERIMENTAL METHODS
The Florida Atmospheric Deposition Network (FADN) had .24 precipitation

collectors (20 bulk, 4 wet/dry) located primarily at state agric-ultural and
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NOAA climatological stations, extending from the wester: panhandle of the state
to the southern Keys (see Figure 4-~1). Precipitation samples and rainfall

data were gathered at these stations and sent to the University of Florida

for analysis. Sample collection was performed on an event basis at Gaines-
ville, weekly at the vertices of the state (Jay, Jacksonville, Miami), and
biweekly at all other Tocationms. Routiné chemical analyses relevant to this

+ o+ 2+ 2+ . -
chapter include major. cations (Na , X , Mg" , Ca , NH4+), major anions (Cl ,

SOZ_, NO3-), pH, and specific conductivity.

Chemical analyses of rainfall samples were done according to
accepted methods (see Appendix 1 for details) using either standard methods
(APHA 1976) or EPA (1976). The pH of rainfall samples was determined as scon
as samples were received in the laboratory, using an Orion Model 801 pH meter
equipped with a Corning #476002 reference electrode and Corning #476024 pH
electrode calibrated at pH 4.00 and 7.00 with Fisher certified buffer solu-
tions. Major anions were analeed by automated (AutoAnalyzer) procedures:
sulfate by the methylthymol blue method, chloride by ferric thiocyanate, and
nitrate by the copperized-cadmium wire reduction method. Ammonium ion also
was measured by an AutoAnalyzer, using the indoﬁhenol method; and other cations
(Na, K, Mg, Ca) were determined by atomic absorption spectrophotometry, using

a Varian Model 1200 spectrophotometer and instrument settings and procedures

recommended by the manufacturer (Varian 1973).
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SPATIAL TRENDS IN ACIDITY AND RELATED PARAMETERS
Concentrations and depositions of the various acid-mediating specie=s
in Florida rainfall, for a number of time periods (i.e. calendars 1978 and
1979, 1978 through 1979, and the intensive year), are summarized in Table
5-1. Tabulated values represent averages for all bulk collectors operative
during the time period of interest. The following discussion will be limited
to the intensive study year (May 1978 - April 1979):-d;ring which all 24

monitoring sites were in operation.

A. Spatial Distribution of Acidity. Results for the sampling year (May 1978

April 1979) show that precipitation 1s distinctly acidic over most of Florida
(Figure 5-1). With few exceptions, sites north of Lake QOkeechobee had annual
(volume-weighted) pH values in the range of 4.6 to 4.8, while those south of
the lake had acidities approaching geochemical neutrality.

Episodes of acid precipitation (pH$5.0) were observed at all sites
except Bahia Honda, McArthur Farms, Clewiston and Fort Myers (Figure 5-1).
The first of these sites, far into the Florida Keys, is separated from major
point sources of sulfur and nitrogen oxides by athleast 100 km and, in spite
of seasonally variable local automobile traffic, probably approximates back-—

ground conditions for the eastern United States.

The high pH values in bulk precipitation at Fort Myers and McArthur
Farms probably reflect local effects of cement mining (elevated Ca+2 and SOi—f)
and cattle ranching (elevated Nﬁ4+), respectively. High sodium and calcium
concentrations in Clewiston rainfall indicate probable contamination by lake—
spray from eutrophic Lake Okeechobee (pH>8.0). These three sites thus show
evidence of locally-neutralized rainfall acidity.

Precipitation collected at Lake Placid and Corkscrew Swamp is pro-

bably more representative of that occurring over most of South Florida. Both
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Table 5~1 Summary of concentrations and depositions of 1 and acid-mediating species in rainfall during
various study periods,

Species
’)—— —
Time Interval H+ NH4+ Caz+ excess—SO4L NO3
Time Interval c* Dk C D C D C D C D
Calendar 1978 11.6 161. 15.0 192. 29.6 360. 34.2 446, 16.3 209.
(4.94>
Calendar 1979 13.5 215. 10.2 154. 31.0 437. 27.9 424, 12,6 189.
‘ (4.87)
Calendar 1978-79 12.4 362. 12.4 339, 28.9 759, 30,2 840. 14,1 387,
(4.91)
Intensive year 11.9 170. 12.7 173. 32.6 430, 31.7 433, 14,1 191.
(May 1978 - April 1979) (4.92) :

(€)

* (Concentrations are averages for all operative sites, units are meq/L.

*% Depositions (D) are averaged over all sites, units are EQ/HA.
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Figure 5-1. Volume-weighted mean pH of precipitation throughout
Florida, May 1978-April 1979.



sites are pristine, at least 50 km from point sources of S$0. and NOX, and well

2
protected from surface disturbances associated with agriculture znd transporta—
tion. Bulk precipitation pH values for the study year were 4.95 at Lake

Placid and 5.15 at Corkscrew Swamp. In all likelihood, the area receives

even higher levels of acidity in rainfall. Based on three months of wet-only
rainfall data from Cnrkscrew-Swamp.- The volume-w;ighted mean>pE' of rainfall
probably is less than 5.0 at least this far south iﬁ Florida.

Highly acidic events (pH<4.0} accurred at several nortinern sites
during the study period. The most acidic event (pE 3.76) occurrwd at Jay in
August, 1978. Storms with pH 3.93 were collected at Gaimesville iIn September,
1978 and February, 1979. These events were brief and intense, asud because of
low rainfall amounts, they correspond te average, or even small Pnydrogen ion
leadings.

In northern Florida, a strong pH gradient is apparent muear coastal
areas. Bulk precipitation at Cedar Key (on the Gulf Coast, 100 Zum SE of
Gainesville) was conly half as acidic aa that at Broason (50 km imiland); and
rainfall at Marineland (on the Atlantic coast) had less than one—third the
acidity of rainfall at Hastings (15 km inland). There are severzl possible
explanations for the coastal neutralization effect: direct tit=mtion with
marine aerosols, dilution or displacement of polluted air masses by relative-
1y clean maritime air, and enhanced depositiocn of terrestrially-ad erived alka-
line particles. The first mechanisms is of limited significance, as a simple
calculation éhéws. The volume-weighted average concentration of sodium at
Marineland was 9.0 mg/L (more than 4x that of any other site). T'he amount
of sea-salt corresponding to this sodium concentration represent:s about
2.0 peq/L of cceanic bicarbonate, or only 30% of the observed dif ference in

I
H% concentration between Marineland and Hastings. k?or the state as a whole,
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the direct input of sea-bicarbonate to rainfall amounted to less than 8,25
ueq/L.\

Inspection of Table 5-2 shows that concentrations of excess-sulfate
and nitrate were similar at neighboring coastal and inland sites. Coastal
rainfall thus is not less acidic than inland rainfall for lack of typically
acidic species.

Ammonium and calcium'(actually its basic counterions) could be
responsible for the reduction in precipitation acidity at coastal sites.
Ammonium was present in falrly constant amounts at the two sets of inland-
coastal sites in question (Table 5-2), and indeed concentrations of NH4+
varied only slightly on a statewlde basis (see Chapter 4). Calcium, on the
other hend, was present at significantly Righer concentrations at coastal
sites than at the adjacent inland sites. If carbonate was the associated
counterion, it would have been deposited in sufficient quantities to account
for the pH differences between coastal and inland sites.

Thus it appears that the commonly invoked principal of rainfall
neutralization by sea salt is not of great significance for Florida precipi-
tation chemistry. Moreover, daily land-breeze Qind patterns did not signifi-~
cantly alter the deposition of acidic species at coastal locations; similar
levels of nitrate and excess-sulfate occurred at the two inland and two
coastal sites (Table 5=2). The distinguishing feature of coastal rainfall
in north Florida is elevated calcium concentrations, the counterion of which
is presumably responsible for high pH values.

The predominant ionicc0nstituents in Florida precipitation vary
considerably from location to locatlon; however, the salient geographic trends
are clarified when the sites are organized into northerm, southern and coastal

groups (see Figure 5-2). The northern group of 12 precipitation collectors

2

4_ dominated

includes all inland sites north of Bradenton; and H+ and SO
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Table 5-2. Comparison of acid-base chemistry of bulk precipitation at two
coastal-inland pairs of sites in north Florida.

Concentration (peq/L)

+ + +2

Site H NH, Ca Excess-SO4= NO,
Cedar Key 9.1 8.2 25.8 24 .4 12.1

(100 m from Gulf)
Bronson 18.2 10.3 15.8 27.7 10.9

(50 km from Gulf)
Marineland 3.0 7.4 82.0 26.8 17.7

(100 m from Atlantic)

Hastings 17.4 7.5 17.0 32.8 11.6

(25 km from Atlantic) .
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precipitation chemistry at these sites, represe..ing 432 of the cations and
60% of anions, respectively. Compared to the northern sites, precipitation

at southern locations (8 inland sites) exhibited a pronounced decrease ia
acidity, accompanied by a large increaselin calcium and the appearance of
substantial amounts of bicarbonate. Marine species (Na+, C17) contributed
significantly to the ionic loading at these sites, indicating the transition
from a terrestrial-dominated to a maritime-dominated atmosphere in thé southern
region of the peninsula. Sulfate levels were about two thirds.as high as in
northern precipitation, but levels of nitrate (derived from NOx that is
emitted somewhat isotropically from mobile sources) and ammonium were

similar in the two groups of sites. " The north-south differential in SOA— con—
centrations would be much larger if the Bradenton siteshad not been included
in the southern group. This site had one of the highest (volume-weighted)
mean soz” concentrations in the state (1.88 mg/L) and apparently is

influenced by large emissions of SO2 in the Tampa Bay region.

Only at coastal locations (i.e. sites <5 km from the Atlantic Ocean
or Gulf of Mexico) did sea salt constituents dominate the chemical composition
of precipitation. Nevertheless, these four sites (two northern: Cedar Key
and Marineland, and two southerm: Stuart and Bahia Honda) show greater
similarity to their inland counterparts than simple ionic balances suggest.
Deviation from geological neutrality was minimal at these sites, but the
cause of this, as previously mentioned, does not invelve marine aerosols
directly. Significant excesses of calcium, sulfate, ammonium and nitrate were
found at all sites, af;er subCraction of the sea-salt component.

Ignoring sea-salt species, southern-coastal precipitation resembles
southern—~inland precipitation. Northern-coastal rainfall, with the exception

of calcium and biocarbonate, likewise is similar to northern-inland rainfall.

The exposed soils associated with coastal and southern areas apparently
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foster entrainment of carbonate species (soil dust, shell fragme'nts, lime-
stone particles) in bulk collectors. Considering wet<only precf.pitation,
there is a high resemblance Between rorthern-inland and northerm-—coastal pre-
cipitation. For example, at Cedar Key wet-only samples were mor e than twice
as acidic as corresponding bulk samples. Similarly, wet—only pr ecipitation
collected 100m fromrthe ocean on Cape Canaveral had a pH of 4.56 (B. Madsen,
University of Central Florida, pers. commn.,‘1979), which is ver-y élose to
our value of 4.60 for Orlando, over 50 km inland.

B. Spatial Trends in Deposition of Acidity.

Deposition of acidity via bulk precipitation in Floridla (Figure 5-3)
ranged from 497 eq/ha at Jay to 21.1 eq/ha at MacArthur Farms, and averaged
182 eq/ha statewlde. The extreme deposition at Jay reflects a. combination of
intensity and volume factors. Jay had the most acid bulk precipitation (weighted
mean pH-4.62) in the network, a2s well as the heaviest precipitatiion (206 cm),
during the study year.

At McArthur Farms, the situation was completely reversied. Rainfall
pH was near geochemical neutrality, and rainfall amount, correspondingly, was
the lowest in the state.

Loadings of H+ at the northern locations {(n=14) were :more than
three times those of the southern locations (n=10), 272 eqdha amd 82 eq/ha,
respectively. This latter value is only 2.6 times greater than would be
contributed by the average annual southern rainfall at a pH of 5i.6.

In general, loadings mirror the concentration distribiztion over the
state; however, as in the case ;f the extremes previously discusssed, there
is some perturbation due to interaction between the concentration field and

the rainfall field. This effect will be explored further in a Mater section.
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Figure 5-3.. Acidity deposition (eq H /ha) throughout Florida, for the
period May 1978-April 1979.



C. Spatial Trends in Sulfate Concentrations.

Sulfur occurs in precipitation almost exclusively as sulfate ion
(SOAQ;). This fact is attributable to the high levels of 5041' aeraosols in
the atmosphere, relative to other sulfur species, as well as the fact that

most other forms of sulfur are rapidly oxidized to 3041‘ in aqueous soiu-—

tion.

Sulfate can be partitioned  into two classes on the basis of origin:
sea - 804?' and excess —'Soaaf. The first of these refers to the sulfate
present as a component of sea-salt, and is determined by the following

expression: (504%-)Sea = 0.25 x (Na+); vhere all Na@ in precipitation is

assumed to be of oceanic origin.

Excess - Sulfate is that sulfate having any source other than the

ocean (i.e. total - 804?: minus sea - SO,237).

precursors of excess - SO

On a global scale, the major

4
4a’ are anthropogenic SO, emissions and biogenic

2

emissions, consisting primarily of H,S, DMS and DMDS. Currently, these

2

two sources of sulfur are thought to contribute about equally to the world
sulfur cycle; however, the forﬁer is usually dominant in areas of high popula—
tion density and industrial activity. The relative importance of these two
sources on Florida precipitation will be treated in a later sectiomn.

A further distinction. between excess - SOAQ' and sea - SO&?Z ldies
L%

in the fact that only excess - 804;- is an acififying species in precipitatiors.

Numerous rainfall studies (Coghill & Likens, 1974; Granat, 1972) have shown

-

that excess - SO4 is the dominant mineral acid in acid rain (pH<5.6), Sea —

SOZ" , on the other hand, is not associated with H+, due to the high pH of

D -
the ocean. Based on the ionic composition of seawater, sea - SO4 is pre-

+
dominantly associated with Na+ and (to a lesser extent) Mg2 . The spatial
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distribution of excess - SOAZ— and sea - so:” in Florida precipitation there-

fore merits separate discussion.

Concentrations of excess - sulfate in the state varied considerably
from north to south (Figure 5-4a). 1In northern Florida, concentrations ranged
from 1.17 mg/L (at Cedar Key) to 2,34.mg/L_(at_Jaspér),_and averaged 1.72 mg/L.
Southern v%lugs; excepp’for Bgadentqn (which'is:effected by Tampa area emis-
sions), were distinctly lower, averaging onl; 1.14 mg/L. The three most pris-
tine southern sites, Bahia Honda, Corkscrew Swamp, and Stuart, had concentrations
of excess - 8041' below one mg/L: 0.89, 0.96 and 0.98 mg/L, respectively.

Thus, a factor of two differences octurred in the distribution of potentially

acidifying excess - sulfate concentrations arcund the state.

Sea-salt sulfur 1s a less significant component of Florida rainfall
chemistry than might be inferred from the peninsular nature of Florida and its
extensive coastline. As shown in Figure 5-4b, sea - soéif concentrations
were small everywhere in the state, except for the coastal periphery. Con-
centrations ranged from 0.09 mg/L, at Tallahassee and Jay, to 2.25 mg/L,
at Marineland, and averaged 0.27 mg/L (or 18% of excess - SO4 , statewide).

The average sea - SOA’* concentration for the four coastal sites
(Marineland, Bahia Honda, Stuart, Cedar Key) was 0.95 mg/L, and only Marine-
land, had higher sea - 8043: than excess - SOA“. Inland sites, in contrast,
averaged 0.11 mg/L sea - SOAQ:, or only 7% of excess - Sozf' concentrations
The rapld disappearance of sea - 3042f in rainfall with distance from the
coast implies that oceanic aerosol particles are relatively large. The

atmospheric lifetime of such aerosols thus is short, as a result of rapid

gravitational settling.
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Figure 5-4, Volume-weighted mean concentration of (A) excess—SOzO and
(B) sea-SO2~, for the intensive study year. Units are mg/L. (Tﬁese
figures to be reduced and displayed on same page).
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D. Spatial Trends in Sulfur Deposition.

Deposition of sulfur in bulk precipitation at the 24 sites during
the 12-month study period ranged from 12.1 kg/ha at Jay to 4.2 kg/ha at
Corkscrew Swamp Sanctuary. As in the previous section on concentrations,
it is meaningful to decompose the total-sulfur deposition into its sea-
sulfur and-excéésﬂsu;fur cqmponénts,-aﬁd’to §£ratify thé-sites'on the basis
of northern, southern,.én&méoastal locations. |

Annual deposition of excess-sulfur (Figuref5a) thus was high at
northern sites (mean~7.8 kg/ha), intermediate at southern sites (mean=5.2 kg/ha),
and lowest at coastal sites (mean=4.4 kg/ha). The order is reversed for
sea-sulfur (FigureS55b), where coastal sites, has the highest input, followed
by souﬁhern, and then northern locations.

Excess-sulfur dominates sulfur deposition at all locations except
Marineland, where large quantities of sea-salt are deposited near the tur-
bulent coast. The ratio of excess-sulfur to sea-sulfur depositiomn at this
site was 0.57, whereas that at inland Jay was 18.3. The corresponding ratio for
the entire state was 5.8.

Annual deposition of excess-sulfur across the extreme northern
portion of the state (Jacksonville, Jasper, Tallahassee, Chipley, Jay)
averaged 9.5 kg/ha, which is similar to the value of about 10 kg/ha reported
by Whelpdale & Galloway (1980) for the Entire eastern United States.

Excess-sulfur deposition is considerably lower only a short distance
(¢50 km) south, where the Cedar Key—Broﬁson—Hastings-Marineland transect
(See Figure 4~1) exhibited an average annual deposition of 5.8 kg/ha, within
a relatively narrow range (5.35-6.41 kg/ha).

Still further south, excess-sulfur deposition rose substantially.

At the Bradenton, Lisbon and Lake Alfred sites annual deposition averaged 8.5

kg/ha. This return to a higher rate of sulfur deposition may involve local
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Figure 5-5. Annual deposition (kg/ha) of (A) excess-S and (B) sea-S
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surface activities. However, a more likely source of the excesis - sulfur
increment is the Tampa area; where more than 207 of statewide smulfur emis-
sious originates.

The undisturbed sites located south of Bradenton (Lakwe Placid,
MacArthur, Stuart, Miami; Bahia,Honda) had much lower annual decposition rates
of excess sulfur. The éverage for this group of sites was onl:v 4.1 kg/ha, and
values ranged from 3.2 kg/ha at Bahia Hond; to 4.8 kg/ha at Lakwe Placid.

Considering the state as a whole; analysis of the varrious groups
of monitoring stations suggests a general trend of decreasing e:xcess-sulfate
deposition along the north-south axis. Super-imposed on this ponattern is
a region, within the central portion of the state, which is inflluenced by
Tampa area emissions.

E. Acid-Mediating Species in Florida Precipitation.

Ionic balances and Granat-type calculations indicate that sulfuric
and nitric acids account for the strong acidity of north Floridla rainfall.
Sulfate contributes about 2.0-2.5x H+ as nitrate while chloride: is highly
associated with sodium and other sea-salt cations and does not influence
acidity. Total acidity titrations of Gainesville precipitatioe: (Hendry and
Brezcnik 1980) demonstrated that samples with ambient pH levelIwss below 5.0
are dominated by strong acid species. The free acidity In suclu samples
averaged about 80% of the total acidity, comparable to values r-eported
for several northeastern locations. As noted by Galloway et all. (1976), weak
acids encountered during a titration dissociate well above the initial pH

of the rain sample, and thus do not contribute to the observed pH of rainfall.

2-
4

samples collected from May 1978 - April 1979 gave a high rz (0..70). A

Regression of H+ against excess-SO, for 52 Gainesvil.le wet-only rain

similar analysis using volume-weighted annual mean values for aill 24 sites
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2
resulted in a much lower r~ (0.25). Multiple regressions of H+ versus
excess—SOZ— and other parameters taken one at a time did not improve the

' 2+ +
correlation, until Ca  was added to the expression. Regression of H

2~ -
against xs-SO4 and xs-—Ca2+ yielded the equation: H+ = 6.10.54 (xs“SOa2

+ 2
- 0.35 (xs—Ca2 ), R" = 0.75. Similar results were obtained earlier for

)

Gainesville wet-~only precipitatibﬁlﬁyiﬁen&ry and Brezonik (1980). Ammonium

and nitrate do not contribute to the explanation of H+ levels significantly
because they are distributed more or less isotropically in precipitation

over the state (see Chapter 4). On the other hand, excess=-sulfate and calcium
vary considerably from site to site statewide; thus these two species and

the degree of neutralization between them determine the pH of Florida pre-
cipitation. The endpoint of such an acid-base titration has been attained

over most of Florida; i.e. the natural constituents (buffers) tending to resist
change in precipitation acidity appear to have been overcome, especially in the
northern part of the state.

F. The Influence of Rainfall Variability on Network Results.

Up to this point, concentrations and loadings of species have been
presented, and geographic trends have been discussed, without reference to the
variability of statewide precipitation. Since atmospheric deposition is a
function of both concentration and rainfall amount, the examination of loading
patterns necessarily requires consideration of rainfall patterns, as well.

The purpose of this section is to determine the influence of spatially vari-
able rainfall on the chemistry of the precipitation network, and to investigate
the manner in which temporally variable rainfall (i.e. deviation from annual
norms) effects precipitation chemistry at individual sites.

The first of these topics can be addressed by considering the

amount of rain collected at the 24 monitoring stations during the study period.
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As shown in Figure§ﬁ;)the 12-month rainfall was uniform over the central por—
tion of the state, relatively high in the Panhandle, and relatively low in tThe
southern extremes. The average rainfall for the 14 northern and 10 southerm
sites was 140 an and 127 an, respectively. This 9% difference in rainfall
between the two groups of gites is small relative to the concentration/depos-i-
tion differentials observed for many species. Thus, it can be inferred that
rainfall amount is not a major factor contributing to the disparate results

for northern and southern Florida.

The relationship between statewide deposition values and rainfall
amounts was further tested by regression of annual loadings against weighted—
mean concentrations and yearly precipitation at all 24 sites. Results of
this analysis show that concentration is the dominant variable im the deposi—
tion of all major'anions and cations (including the various nutrient forms).

The above findings suggest the regional concentration/deposition
pattern 1s real, and not an artifact of rainfall variability; however, there
are a number of potential difficulties with the method of spatial averaging.
Most important is the possibility that systematic effects are incorporated,
rather than eliminated, by such an averaging process. For example, this effect
could occur as the result of a significant departure from the average annual
rainfall over an entire region (e.g. North Florida vs. South Florida). When
only a single year of chemical data is available, this possibility is more
serious, because there is no way to smooth results by averaging several yearl:y
values that represent a range in annual precipitation.

Insight into the reasonableness of the data for the individual
monitoring sites can be obtained by comparing observed rainfall with long-

term annual averages. The ratio of observed to average precipitation can
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Figure 5-6. A. 12 month rainfall totals (cm) for statioms in the Tlorida

Atmospheric Deposition Study, May 1978-June 1979. (These
figures to be reduced and shown on same page)

B. Above data normalized to 10-year average (1969-1978) rain-
fall at identical, or nearly, locationms.
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be used to infer the true (long term) average concentrations arnd average
depositions, assuming that two limiting cases bound the relaticmship between
rainfall chemistry and rainfall amount.

In the first case, abnormal rainfall is considered tc» be a function
of the size of the average event. A wet yeaf would have large:r events than
usual; hence solute conceﬁtrétions would tend . to be,low‘(compazred to the
average yvear). The converse would be true for a dry year. Thiis relationship
follows from our experience at Gainesville, where the concentr:ations of
H+, excess-SOaz— and NO3— were found to obey the following expiression:

[solute] = a @aiﬁF,
where rain is the size of an event, and b is in the range —0.5:5t0-0.65.

In the other limiting case, high or low annual rain€7all can be
construed as simply a function of event frequency. For Gainestville precipitation,
2 -+, NO_ - concentra-

4 4 3

tions and the period of time between events. Rainfall concent:rraztions, then,

no apparent relationship has been found between H+, so,“”, NH

will be taken as invariant with respect to event frequency.
By combining these limiting assumptions, a range of e=xpected con-
centration/deposition values can be estimated for the individuzal sites, as a

function of annual precipitation. For years with below averagse rainfall (i.e.

R/R %1.00), we have:

1.00 j_C/E 3_(R/§)?0°60 (R/ﬁ)O'AOZ_D/B :_(R/ﬁ),l'oo and for y=ears with above

average rainfall (i.e. R/R>1.00) we have:

®/B) 8% ¢/E < 1.00; ®/R) % p/F > (r/R)CHA

Referring to Figuref6lL, it is apparent, on the basis of rainfall

o

alone, that a number of sites may have experienced somewhat untisual rainfall

chemistry during the study period. Jay, for example, was extremely wet,
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indicating that long-term average concentrations might be higher by as much as
15%, and deposition values lower by 10-207. TFor all remaining northern sites,
correction factors amount to less than 107%, and so there is little real ad-
vantage to their use.

The situation is different for the southerm sites, as rainfall
was far from average in this part of the state during 1978-1979. Seven of
the ten sites received significantly less than average rainfall, while
two received somewhat more than average. Clewiston and Miami were the driest
sites, with just under 757 of the normal annual rain. For these extreme
locations, representative concentration values may be as low as 737 of
those reported, while deposition values may be 13-357 higher. Correction
factors for the other sites are lower than this, but are still significant
in most cases.

The mean northern and southern rainfall amounts were 99% and 897, res-
pectively, of the long-term average. Since the anomalous value for the
gsouthern sites raises the possibility that rainfall was systematically in-
volved In spatial trends, corrected loadings were calculated for all sites,
using excess—SOaz- as an example species. Resultant deposition was essentially
unchanged for the north Florida group, but deposition may have been up to
13% higher for the south Florida group. Despite these corrections, the
excess—SOaz_ deposition remained statistically higher (p<0.05) in north Florida
than in south Florida, even when the upper-limit deposition correction was
applied to the latter area.

The findings presented in this section support two conclusions.

First, the spatial variation in rainfall during the study year exerted only a
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minor influence on the overall geographic trends in concentration and deposition.
Second, the 1978-79 observations deviate in certain instances from expectation;
in a general senge, however, they are representative (especially for norther:n
Florida) of what might be observed during a year of normal (average) precipi-—

tation.

G. Variations in Precipitation Chemistry within the Vicinity of Gainesville .

The statewide‘precipitaﬁion network described above has provided
useful information on meso-scale trends in precipitation chemistry, but by
itself it does not address the question of local (micro-scale) variabilitcy in
precipitation chemistry. In addition, the statewide network had no paired
stations to compare urban and non-urban rainfall quality for a given area (i -e.
a city and its surrounding countryside), although such sites are of interes.t
to obtain information on the geographic extent of ﬁrban influence on precipita-
tion chemistry. Consequently, a mini-network of precipitation collectors wass
established, and sampled on a weekly basis during the period July-September,
1979. This consisted . of a line of three bulk rainfall collectors, spaced
at approximately 3 km intervals and extending due south from Gainesville to
Paynes Prairie, the dry bed of the former and ephemeral Alachua Lake.

With access controlled by the Florida Department of Natural
Resources and no inhabitants on the prairie, Paynes Prairie is an ideal
settirg for the collection of rural precipitation. The collectors were
located at least 2 km from the nearest well-traveled road and from any agric-al-
tural activity.

The reference collectors for this study were a wet/dry and a

bulk sampler at the University of Florida campus in southwest Gainesville,
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a semi-urban site with considerable automobile traffic within a few hundred
meters in any direction and a small (“50 car) parking lot within 10 m of the
collectors. The campus sewage treatment plant is 250 m north of the collectors.
The only significant point sources of sulfur oxides in the area are 3 km due
east and 15 km nofthwest of caméus. Rainfall sampling at this site was per—

formed on an event basils, as described earlier.

+2

The 10-~week volume-weighted mean concentrations of H+, NHZ, Ca
504_2 and NOS for the four sites (Table 5-3) show that the three Paynes
Prairie rain collectors yielded similar chemical data. TFor the rural stations,
H' exhibited the broadest concentration range (3.9 peq/L), corresponding
to a pH difference of 0.06 units, but this range is only slightly larger
than the inherent uncertainty in pH measurements (v0.03 units). Concentrations
of the remaining major ions were within their respective analytical uncertain-~
ties, with the exception of NHZ, which ranged from 3.7 Peq/L at site 2 to
6.3 peq/L at site 1.

There is no evidence of contamination or of local sources for
any of the species analyzed at the Paynes Prairie sites. Rainfall amount
was the only parameter exhibiting any sort of a trend, (a monotonic decrease
with distance from Gainesville), but there was no correlation of this trend
with rainfall chemistry.

Comparison of the rural Paynes Prairie results-with those for
Gainesville (semi-urban) bulk precipitation show that the latter environment
appreciably disturbs the bulk deposition of numerous sfecies. This is demon-
strated by substantial increased in Ca2+ and 8042— leveis, and a reduction
of acidity at the Gainesville site. Calcium (actually its counter-ion) is
clearly indicated as the neutralizing species of the semi-urban bulk precipita-

tion, i.e. it is the only cation with a sufficient concentration gradient
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Table 5-3. Comparison of acidic and basic species in Gainesville and Paynes
Prairie precipitation, collected 7/12 - 10/1/79. Numbers in paren-
theses correspond to distances, in kilometers, from Gainesville

site.
Concentration (meq/L)
Location Rainfall pli nt bt cat? s0°  no.T
4 4 3
(cm)

Gainesville wet 41.9 4.49 32.3 6.7 7.3 25.2 14.4
Gainesville bulk 41.9 4.65 22.4% 7.1 17.6 32,7 15.6
Paynes Prairie i1 39.8 4.57 26.8 6.3 - 5.0 24 .8 11.9

(4)
Paynes Prairie #2 38.3 4,57 26.8 3.7 6.1 26.7 13,1

7N
Paynes Prairie #3 36.8 4.51 30.7 5.4 5.9 25.6 13.9

(10)



between the Gainesville and Paynes Prairie sites. The correlatrion of high
soz’ and Ca’’ in Gainesville bulk precipitation suggests that, in the absence
of a strong SO2 or particulate sulfate concentration gradiemt lpetween Gainesville
and Paynes Prairie, high bulk precipitation SOA= valves in towm may result from
scavenging of 802 by locally high 1gvels of particulate Ca+2.

The‘nitrogen ipecies Nﬁzvand NOE appear to be slight.ly influenced
by Gainesville, the former probably by the nearby sewage treat:ment plant, and
the latter perhaps, by automeobile traffic in the urban area. TIHowever, the
magnitude of the differences is small, and their significance . is uncertain.
For the most part, there is a high degree of similarity betwee:n the Gainesville
wet-only and the Paynes Prairies bulk precipitatidm, suggestin:g that the dryfall
component at the rural sites is less significant tham that in town.

Gainesville wet-only precipitation did have higher c:oncentrations
of several species than the Paynes Prairie sites, however (Tab le 5-3). H+ was
significantly higher at the semi-urban site while Ca2+ and ng‘were marginally
higher. These results underscore the fact that wet collectors also are
affected by local perturbations of the environment. Comparing the Gainesville

wet-only and bulk results, it is clear that the wet/dry collec'tor is capable
of filtering out the greater part of local influences.

Two conclusions can be derived from the mini-netwo@. First‘,.
the impact of the urban areas on precipitation chemistry is de:pendent on the
type of sampling (wet/dry or bulk) performed. Relative to the: University
of Florida site, its proximity to Gainesville exerts an imporé:}nt influence
on bulk precipitation but only a minor influence on wet-only p.recipitation.
Second, the perturbations of rainfall chemistry caused by Gaif esville are

of limited spatial extent. At the nearest Paynes Prairie site (4 km from
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/fhe Gainesville site), the impact of Gainesville is not discernible from
the random variability of the measured parameters. Atmospheric contaminants
generated within Gainesville thus blend smoothly into the regional back~

ground, either by dispersion or deposition mechanisms, over a scale length

of less than 4 km.

WET, BULK, AND DRY DEPOSITION OF ACIDIC AND BASIC SPEQIES

A. Comparison of Wet and Bulk Precipitation Chemistry.

Wet-only precipitation was more acidic than bulk precipitation
througézgut the state; pH values of wet rainfall were 0,2-0.4 units lower
than those of nearby bulk samples (Figure 5-7).

The relationship of rainfall acidity to rainfall amounts indicates
some differences between the two methods of collection. For wet-only
samples (Figure¥fa), hydrogen ion concentration decayed rapidly with rain-
fall amount, and leveled off, in the vicinity of 10-20 upeq/L for large
(>2 cm) events. The plot for bulk events differs in that the vertical limb
of the previous relationship is absent and many small storms were almost
completely neutralized. Concentrations of H+ in bulk precipitation tend
to increase with the amount of rain collected up to about 2 cm of rainfall,
then level off in the same manner as the wet samples. Apparently, the H+
content of the initial rainfall (1-2 cm) is neutralized by an alkaline component
of dryfall, most likely carbonate.

Comparison of wet deposition with bulk (wet plus dry) deposition
at five sites (Table 5-4) shows that nitrate, sulfate and ammonium are asso-
ciated with an acidic wet phase, while calcium is predominantly a component
of dry deposition. The anion associated with calcium thus neutralizes rain-
fall in bulk collectors and is largely responsible for differences observed
between neighboring wet and bulk samplers (Figure 5-7). At Gainesville,

the average precipitation event (2.50 cm of rain) deposited 600 and 450 ueq
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Figure 5-7.

475/463

5.04/474

4.80/4.60.

5.61/521

Comparison of annual weighted-mean pH of bulk (above slash)
and wet-only (below slash) precipitation. Locations are,
from north to south: Gainesville, Cedar Key, Apopka, Belle
Glade.
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Table 5-4.  Relative loadings in wet versus total (wet + dry) precipitation. Values
correspond to % deposition from wet-only precipitation,

"~ Excess
Location B ot kT cat? Mgt NH:-N No_-H 50, = c1
Gainesville 100 59 59 31 40 88 68 74 61
(semi-urban) :
Orlando 100 57 55 52 45 73 74 - 77 61
(Agricultural)
Belle Clade 100 59 60 40 45 85 72 75 60
(Agriculcural) .
Cedar Key 100 81 72 54 69 82 62 88 81
(Culf Coast) :
Cape Canaveral 100 18 18 24 19 71 61 71 17

(Atlantic Coast)



+, 2 .

H /m" in wet and bulk collectors, respectively. The differenc.e 1s alwmost
2

exactly balanced by the 147 peq/m” of bicarbonate deposited (orn the basis

of cation excess) in statewide dryfall samples between collect ions.

B. Dry Deposition of Acidic and Basic Species.

Dry deposition is well known as an important mechar._ism of nutrient
and mineral imput to ecosystems (see Chapter 4). The term "dry deposition’
embraces a variety of interaction mechanisms between surfaces (sinks) of
variable resistance to deposition, aerosol particles over a brroad size
range and gaseous species of widelf desparate reactivities. Diry deposition
involves two distinct physical processes: eddy and gravitatioccnal deposition,
The first of these addresses the transport of gases and sub-miccron particles
to receptor surfaces via turbulent eddies. Gravitational depossition is simply
the settling of relatively large (> 2um) particles due to graviitational
forces that imparﬁ high settling velocities to these particles..

The purpose of this section is twofold:z 1) to examiine the
significance of dry deposition versus wet deposition for specie:s related to
acid precipitation, and 2) to determine the influence of seasom: on dry

deposition rates.

2+ +
. NH,

Annual loading rates of alkalinity, excess-SO , O Ca

4 3’
to dryfall collectors at five locations within the state are svumearized in
Table 5-5. Alkalinity was inferred by ionic balance and presumiably reflects

carbonate species. This parameter represents an appreciable fr-action of the

-2
, excess-—SO4 ,

and alkalinity follow the pattern Belle Glade > Gainesville > C'edar Key = Apopka

4
total dryfall loading at all sites. eposition rates of Ca2

area, though agricultural activity (gugarcane, winter vegetabl es), where
large quantities of particulate matter are injected into the at:-mosphere. The
Apopka area, though agricultural, is planted largely to citrus, which requires

substantially less tillage than do the crops grown at Belle Gla.:de.
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Table 5-5. Annual dry deposition of acid-mediating species at 4 Florida sites,

Deposition (EQ/HA)

Location aAlkalinity* Ca2+ NH4+ 8042- N03—
Gainesville 173. 315. 19.3 159. 57.1
Orlando 105. 152. 29,1 - 104. 49,2
Cedar Key 90. 182. 18,5 84.2 72.3
Belle Glade 741. 868. 21,2 153. 87.2

* Alkalinity inferred from net excess of analyzed anions. Valve for Belle Galde is probably g several-fold
over-estimate, due to high deposition of soil organic matter (associated with Ca 2+) at this site,



Inorganic nitrogen species are relatively minor components of

3

uniformly throughout the state, suggesting that the atmospheric sources of

dryfall. Except for Belle Glade, NHZ, and NO. were deﬁosited more or less

NH3 apd NOx are either quitevdiffuse or remote from the collection sites.

The relative Importance of wet and dry deposition for species
that affect rainfall acidity is summarized in Table S5-4. Hydrogen ion,
excess-soa-z, NOS and NHZ are highly associated with an acidic wet phase.
Being gases, or sub-micron aerosols, these species have insignificant settling
velocities and small dry deposition rates. The nature of the collector
buckets also may affect dry deposition of these species; this topic is
addressed later.

The terrestrial species Cazf is deposited primarily through dry
processes. Apparently Ca2+ occurs iﬁ the atmosphere in supra-microm particle:s
which have significant settling velocities. Furthermore, the dryfall bucket
is near (vl m) to the source of these species (the soil), and it probably is
influenced by steep concentration gradients near the surface.

Dry deposition rates for the major ihorganic species were generally
higher during winter than summer (Table 5-6). The striking exception to
this is NH:, of which two~thirds is deposited during the summer. This pre-
sumably reflects enhanced evolution of NH3 from soils during the warm months .
The seasonally disparate deposition rates for most species at Belle Glade
are the result of local agricultural practices. During the winter and early
spring months (primarily January to April), burning of sugarcane fields resul ts
in suspension of large amounts of particulate matter in the atmosphere. The
deposition rates of soil species are enhanced directly by this process. Crop:
burning has recently been shown to release most of the sulfur contained in

vegtative tissue (J. Ewel, Univ. Fla. pers. comm. 1979), and deposition of
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Table 5-6. Comparison of winter (Nov-Apr) and summer (May-Oct) dry deposition of
major ionic species.

Seasonal deposition (kg/ha)
+ + +2 +2 + = -

Location Na K Ca Mg NH, -N No;-N so, c1
Gainesville

Winter 1.35 0.27 3.46 0.36 0.09 0.42 3.82 2.53

Summer 0.95 0.27 2.84 0.46 0.18 0.38 3.82 2,01
Orlando

Winter 1.83 0.64 1.97 0.35 0.21 0.36 2.84 2,91

Summer 1.67 0.23 1.06 0.25 0.19 0.33 2.14 2,64
Cedar Key

Winter 2.84 0.29 2.04 0.46 0.09 0.53 2.18 5,02

Summer 1.79 0.27 1.59 0.29 0.16 0.48 1.83 -3.26
Belie Glade

Winter 2.80 1.15 9.70 0.91 0.08 0.60 4.68 5.90

Summer 1.65 0.71 7.65 0.49 0.22 0.62 2.67 3.57



SO4 also may be enhanced by this practice, first by the release of 502 and

second by the attachment of SO2 to, particulates generated in high concentra-
tions by the burning process.

High wintertime deposition rates'for Ca+2, at the other sites, may
be the result of seasonally high winds. For sea-salt species, this seasonal
trend results in increased atmospheric injection as well as rapid transport
inland (See Chapter 4, Table 4—3). Soil species such as Caz+'also should
have augmented suspension and deposition rates due to seasonally high surface
turbulence.

Frequency of precipitation may also influence dry deposition rates.
All other factors being equal, the more often the atmosphere is cleansed by
rain, the lower the time-averaged concentration of contaminants. Precipita-
tion events occur approximately once a week during the winter, in Florida,
and two to three times a week during the summer. Therefore the levels of
various pollutants, particularly those preferentially scavenged by washout
processes (eg. Ca+2), should be lower during the summer. Insufficient sea-
soanl data on atmospheric concentrations are aVailable, as yet, to test the
validity of this concept.

TEMPORAL PATTERNS IN PRECIPITATION ACIDITY

A. Seasonal Trends.

Summer rains (May-Oct) are more acidic (by 0.2-0.3 pH units) than
winter rains (Nov-Apr) throughout the state (Figure 5-9). In summer, the pH
4.7 isopleth encompasses all of the panhandle and about half of the peninsular
portion of the state, and there is no geo-chemically neutral rain (pH>5.6)
anywhere in the state. During the winter, the pH 4.7 isopleth is displaced
to the north of the state and is replaced by a pH 5.0 contour. Geochemically

neutral rain occurs in large areas of the southern peninsula during this

season.
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Figure 3-9.

WINTER
SUMMER

7

LEGEND

+ .
Volume-weighted mean H concentration for summer (May-Oct) apd yinter
(Nov-Apr) across Florida. For clarity, not all sites are depicted;
statewide means (all sites) are shown in legend.



The seasonal and spatial dichotomies of Florida precipitation

are underscored in Figure 5-10, which illustrates monthly volume-weighted

mean concentrations of H+, xs-SO42 , and NO3 for the northern (n=14) and
southern (n=10) sites during the 1978-79 one-year period. As previously
sStated, H+ was higher in northern sites than southern sites, and was highest
in the north during the summer months. Soﬁthern precipitation varied less

+ : +
in H concentration from month to month, but H was clearly higher in summer

than in winter.

In the north, excess 8042— and NOS exhibited similar seasonal

patterns. Excess 5042— levels were consistently high during summer (May-Oct)
and low during winter (Nov-Apr). The lowest concentrations occurred, as with
H+, during the relatively dry months of transition between convective and
frontal storm activity (November, December and April).

Nitrate concentrations generally adhered to the pattern of high

summer and low winter values. During the dry months of November and April,

however, levels of NOS were elevated rather than reduced. The contrasting

behavior of excess-SOAZ- and NO3‘ during these 2 months reflects the fact

that dryfall represents a greater proportion of NO

3 deposition (33%) than

2-
of excess SO4 deposition (24%).
There were no clearly deflned seasonality of excess SOa~ and

NO3— concentrations in south Florida precipitation. The transition months

exhibited the lowest values for these two ions, but the average winter con-

centration did not differ significantly from the average summer concentrations,
Both excess-SOAZ- and NO3- were as high (or higher) in southern-

winter precipitation as in northern-winter precipitation, a reversal of the
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summer-time relationship between the two groups of sites. Frontal precipita-
tion occurs in Florida approximately once a week during winter, and these wide-
spread systems of rainfall probably confer a degree of homogeneity to winter-
time precipitation chemistry. Additionally, souéhern areas receive less
rainfall than northern_areas during winter (because the cold fronts weaken
as they progress southward).

ﬁespiﬁe the seasonai concentration variations described above,
the deposition of H+, excess-SOi“ and N03— was considerably higher at both
northern and southern location during summer than winter(Table 5-7), In the
north, wintertime depositions of the ions were 29-347 of the annual total,
and winter rains accounted for 437 of the yearly rainfall, The inequality
of winter/summer deposition thus was a function of both seasonal precipitation
and concentration differential at northern sites. In south Florida, winter
time deposition of H+, excess-8042— and NO3- were 25-~327% of the annual
total; these values are similar to the seasonal rainfall disparity (winter

rzinfall was 28% of annual total).

B. Sequential Sampling within Rainfall Events.

In an effort to elucidate the infrastructure of winter and summer
events, several frontal and convectional storms were sampled sequentially on
a wet-only basis by uncovering and rinsing a funnel on the roof of Black Hall
immediately prior to the onset of rainfall. Subsamples (Z;pL), corresponding
to 0.05 cm of precipitation, were collected for the first 1.0 cm of each
event; thereafter, 50 mL samples were taken until cessation of rainfall.

Each fraction was analyzed for H+, Na+, K+, Mg+2, Ca+z, NH * - -
Cl” and conductivity.
Results of the chemical analyses indicate that temporal features

+ .
of both convectional and frontal events can be complex. H concentration,

for example, did not necessarily decrease during the course of an event,
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Table 5-7. Seasonal deposition of acidic and basic species in bulk precipitation
at northern, southern and coastal Florida locations.

Deposition (eq/ha)

Location Season Rainfall H+ NH4+ Ca+2 Excess—804= N03—
(cm) : v
Northern Winter £9.9 81 58 161 162 62
(n = 12)
' Summer 80.0 187 139 159 361 153
Annual 140 269 197 320 523 215
Southern Winter 37.8 17 33 192 88 443
(n = 8)
Summer 88.7 67 105 280 253 133
Annual 126 84 138 472 341 176
Coastal ‘
(n = 4&) Winter 51.5 30 26 281 113 64
Summer 84.1 40 87 300 198 108

Annual 136 70 113 581 311 - 172




as might be expected from the classical '"washout ci.-ve" exhibitred in Figure
5-3a. Rather, H+ and other ions (generalized in the figure by conductivity)
were observed to increase, decrease or oscillate rapidly withi:n events
(Figure 5-11). No clear-cut differences between frontal and ccoavectional
storm types are evident, based on the sampling performed to dare.

é*” §a+, C§+2,

soéa, NO3~, c17) generally behaved coherently, i.e. concentrat®ions rose

>
During most of the events, the major fons (H , NH

and fell in harmony with variations in conductivity. Regressicon analysis,

however, showed that correlations anong certain fons consistenrttly were good,

= - +
4 NO3 and NH!; , for scxample,
2z

+ +
correlated well with H+; the soil-derived elements (Ca 2, Mg ,,

while others were poor. Na+, excess=-S0
K+), on
the other hand, correlated poorly with H+.

The above findings indicate that different processess (i.e. rainout
and washout) may affect those species apparently associated witth H+ and those
not associated with H+ during an event.

For example, Ca2+ is derived from the ground in the form of
particles with large mass-median diameters, and thus is easily and rapidly
scavenged by below-cloud processes (washout). Particulate-sulffate in the
Florida atmosphere on the other hand, occupies a range of very small particle
sizes (Ahlberg et al. 1978), and is'poorly removed via washout..

The above fact may present an important clue to the source of
acidic species (HZSOA’ HN03) in winter (frontal) precipitation.. Frontal
events that occur in Florida during winter are generated by the: collision of
a cold dense ailr mass of arctic or polar origim with a warm, huwmid air
mass of maritime provenance. In the process, the warmer, unstzible air is
uplifted, causing condensation of moisture and precipitation (Z3iyers 1974). Due

to the different source regions of the two air masses, only the- uplifted
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(maritime) air has a significant burden of sea-salt species (e.g. Na+ and
Cl-), and thus these are deposited in frontal precipitation only by the
process of rainout. Based on the correlation of sea-salt and acidic species,
deposition of the latter forms probably follows the same mechanism. The
bulk of the H+, excess;SO4=iand H03- in frontal precipitation thus may-
originate in the southern air, rasher than the northern, or midwesteru, airjy
the acid species and their precursors thus appear to be primarily of local
origin. Of course, this scheme is an oversimplification because there is
mixing between northern and southern air masses when they come into contact.
The degree of mixing is of interest in determining the proportion of local
vs. imported (northern) pollutants in Florida wintertime precipitatiom.
SOURCES OF ATMOSPHERIC SULFUR IN FLORIDA

Estimates of the global significance of biogenic sulfur emissions
are numerous and controversial (Erikkson 1960; Kellogg et al. 1972;
Friend, 1974; Granat et al. 1976). Florida has extensive areas of potential
importance for bilogenic gulfur emissions,‘and consequently it seems appropri ate
to attempt an assessment of the contributions Sf anthropogenic and biogenic
sulfur in the Florida atmosphere. Approximately 20% of the state (3 x 106 ha)
is occupied by wetlands:  fresh and salt water marshes and swamps and poorly—
drained soils (Smith et al. 1973; Coultas, 1976; Coultas & Gross 1972;
Coultas 1978). The most productive of these areas (tidal flats and mangrov =
swamps), occur predominantly in southern coastal areas, where conditions of
available organic carbon and sea-sulfate, coupled with high year-round tempe:=T-
atures, could give rise to considerable biological sulfate reduction.

Published experimental data on emissions from such areas are
scarce, in general, and non-existent for Florida. Emission estimates

are further complicated by the fact that a wide variety of experimental desi-zns
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has been employed in reported studies. Nevertheless, the available data
have been synthesized (Table 5-8) to give a general overview of the potential
emissions of biogenic sulfur in Florida, and the results indicate a range

of annual biogenic sulfur emissions of about 770-51,800 metric tons, (or
0.05-3.34 kg S/ha) statewide. These figures could be higher if temperature
differentials, or other factors, enhance the rates of biogenic sulfur
emission in Florida. On the other hand, if slowly-oxidized organic sulfur
species (e.g. COS, CSZ) were the predominant emissions from wetland areas,

most of this sulfur would be exported from the state before it could be
oxidized to SOZ'

Another means of generating biogenic emission figufes invelves the
use of areal emlsslon rates developed by various authors to balance global
sulfur budgets. These '"calculated'" emission factors range from about 0;53
kg S/ha-yr (Granat et al., 1976) to about 3.8 kg S/ha-yr. (Friend 1973).
Multiplying éhese factors by the area of the state yields annual emissions
of 8,200-60,000 metric tons-S, which agrees fairly well with the previous
reckoning.

The above figures are small compared to anthropogenic sulfur emissions
within Florida. Statewide sulfur emissions for 1975 were 500,000 metric tons
(32.3 kg S/ha). The geographic distribution of these emissions was very
uneven; 857 of total emissions occurred in the northern 587 of the state,
and county-wide average emissions ranged from 1.2 to 428 kg S/ha-yr (Fig.
5-12).

In comparison, wet and bulk sulfur deposition values for 1978-79 were
83,000 and 100,000 metric tons, respectively. Estimated biogenic emissions

amount to no more than 72% and 55% of wet and bulk deposition (and perhaps
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Table 5-8. Inventory of Florida wetlands and potential biogenic sulfur emissions.

Potential # Total
9 Emission Emission
Wetlands Area* (m") Rate (mg-S/m ~yr) (Tons-S/yr)
Freshwater Swamps, 1.2 x 1010 <10 - 100 120 - 1200
Marshes

Poorly-drained organic 1.6 x 1010 <10 - 100 160 ~ 1600
Soils
Tidal mudflats 3.0 x 10° <10? - 10* 300 - 30,000
Mangrove Swamps 1.9 x 107 <10? - 10% 190 - 19,000

Total 770 - 52,000

*Source:

#Source: Hitchcock, 1972; Maroulis and Bandy, 1976; Jaeschke, 1978;

1975

Aneja et al., 1979; Anega & Aneja, 1979.

Smith et al., 1973; Coultas, 1976; 1978; Coultas & Gross, 1972,

Adamg et al., 1979;
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Figure 5-12. County-wide emissions of S0, across Florida for 1978. Units
are kg~S/ha-yr. Statewide mean is 32 kg-~S/ha—yr; mean of
'underlineated county emissions in 6.2 kg~S/ha—yr.
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much less). Moreover, the geographic distribution of biogenic emission
shows little correspondence with the observed pattern of excess-SOi—deposi—
tion. Consequently, biogenic sulfur probably plays only a small role in
Florida precipitation chemistry.

Anthropogenic emissions, on the other hand, are more than six times
wet deposition and five times bulk deposition, and distribution of high emis-

sions correlates roughly with the areas of high rainfall deposition of

-
excess—SOA.

This 1s not to say that biogenic sulfur is not a conmstituent of
Florida precipitation; however, if it is the dominant sulfur species in
precipitation anywhere in the state, it 1is only in areas remote from signifi-
cant point sources (where the presence of strongly acid precipitation
(pH 5.0) is yet to be observed).

We also do not imply that sources of sulfur outside the state fail
to contribute to sulfur loadings within Florida. Nonetheless, there are
several reasons to suspect that such emissions are of limited importance.
First, emissions of 502 within Florida are substantial and amount to roughly
40% of emissions in Ohio, which ranks first nationally (EPA, 1976). Second,
during summer Florida is isolated meteorologically from large northern
SO2 sources by the prevailing synoptic weather patterns (southerly air flow).
This period corresponds to one of heavy deposition of excess soi' and
enhanced precipitation acidity throughout the state (see Figure 5-9 and
Table 5~7). Unless a mechanism exists for significant diffusion counter
to the direction of advective transport, there is little reason to believe
that much of the sulfur in summertime precipitation originates in the midwest,

Lastly, as mentioned in the sequential sampling section, there is some
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evidence that much of the sulfur in winter (frontal) precipitation 1is also
of local origin. Consequently, out-of-state sources probably account for
much less than 50% of annual sulfur deposition in Florida,

ACID RAINFALL IN FLORIDA: A PERSPECTIVE

A, Historical Trends in Florida Precipitation Chemistry

The historical record of precipitation chemistry in Florida ur—
fortunately is incomplete, and there is no exact way to establish the date
when acid rain first appeared in the state. However, two rainfall studies
conducted in the mid-1950s do yield some insight concerning man's alteration
of precipitation during the past quarter century.

Junge's well-known study of U.S. prepipitation (Junge & Werby, 1958)
included five sites that are comparable to sites in the current Florida net—
work. Although pH was not measured in the former study, the chemical analys«s
in other respects were complete enough to estimate H+ concentrations via
ionic balances. Comparison of annual volume weighted-mean concentrations of
hydrogen ion, excess soaz' and N0 for 1955-56 and 1978-79 (Table 5-9)
indicate that the levels of these species at each site have increased marked ly
over the 24 year period. A deficiency of measured anionic equivalents
compared to measured cationic equivalents was found for each of Junge's Florzida
sites, suggesting that bicarbonate (an unmeasured species) was present in
the rainfall of that period. Consequently, although exact pH wvalues cannot
be computed from Junge's data, the results indicate that Florida rainfall
was at or about geochemical neutrality (pH>5.6; H+<2.5ueq/L). The average
increment of excess-sulfate plus nitrate (23.5%ueq/l) over the period is
sufficient to account for the average increase in hydrogen ion ( 15 ueq/L).

It should be noted that this analysis compares wet-only data (Junge's) with
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Table 5-7. Uompavison of parameters related to the acidity of Tlorida rainfall

in 1955-74

and 1978-79.

Weighted-Mcan Councentration (ueq/L)

locating it .;-:-:ces:-sozz r:o;

1956 197y 1956 1979 1956 1974
Mobile, AL/Jay <2.5 24.0 16.0 34.7 2.6 13.9
Tallahassee <2.5 17.4 18.8 33.0 2.9 13.9
Ja-ksonville <2.5 18,3  27.9  43.5 2.9 1A.2.
Tampa/Bradenton <2.5 20.1 28.8 36.4 2,7 14.3
W. Palm Bch./Stuart <2.5 6.9 13.5 20.1 4.1 12,1
Mcan <2.5  17.3  21.0  33.5 3.1 14.1
1979/1956 >8. 4 4.5

“ Proten concentration inferred via anion/cation balance,

* Present Jata are for bulk precipitation (rainfall collectors oven at all times),
whereas 1956 data are for rainfall-only (collectors openr to atmosphere onlv during
rain events). Adjacent wet-only (V) and bulk (B) collectors at Cainesville in the
study have yielded the following volume-weighted concentrations (in peq/1): excess
sulfate, 35.1 (B} and 26.6 (W), B/W = 1.3; nitrate, 16.9 (B) and 13.6 (W), B/V = 1.24.
Thus differcences in collector type do not wholly explain the increases in concentrations.



bulk precipitation data (ours). Because concentrations in bulk precipitation
are somewhat different than those in wet-only precipitation (cf. Figures 5-8),
this leads to a magnification of the current excess of sulfate and nitrate
compared to the levels found in 1955-56. In contrast, the 24-year increment
of H+ probably is unde{?stimated,wsin¢e wet precipitation typically

is more acidic than bulk preciﬁitation.

The other historical study, conducted by the USDA (Jordan et al.,
1959) tc evaluate atmospheric inputs of sulfur to southeastern solls, also
had five sites comparable to present ones. Annual loadings (kg S/ha) of
sulfate in bulk precipitation for the two studies (Figure 5-13) increased at
all five sites between 1952-55 and the present. Atmospheric loadings in
the northern part of the . state have increased by 3-4 fold, while deposition
in southern Florida has increased marginally, and perhaps not significantly.
Assuming that sea-sulfur and biogenic sulfur emissions have remained rela-
tively constant over the period, anthropogenic sulfur emissions are the
cause of the increased deposition at northern sites.

Wet-only precipitation events have been collected for over three
years, in Gainesville. Monthly weighted mean pH values for the period
January 1977 - December 1979 (Figure 5-14) fail to indicate any recent trend
in precipitation acidity. Annual weighted mean pH values of precipitation
for 1977, 1978 and 1979 are 4.51, 4.62 and 4.56, respectively. The uniformity
of these results suggests that the current data base can function as a
sensitive barometer for gauging future changes in precipitatién chemistry.

B. Comparison of Florida and Northeastern Precipitation

Comparison of precipitation loadings of H+ and related parameters

for Florida and Hubbard Brook, New Hampshire show that the acid”rain

phencmenon is considerably more intense in the Northeast. Two factors
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quantitatively responsible for this difference. First, the levels of acidif»—
ing substances (excess-sulfate and nitrate) are somewhat lower in Florida rain.
At northern, southern and coastal sites in Florida (Figure 5-2), the sum of
these anions is 53, 38, and 437%, respectively of the 10-year average values
reported for Hubbard Brook, NH (Likens et al., 1977). Second calcium

(and presumably carbonate) occurs at much higher concentrations (3-4 fold) im
Florida rainfall.

The effect of these two circumstances is especially apparent at the
coastal and southern Florida sites. The rain at these sites typically is
only slightly acidic compared to geologically neutral rain (i.e. pH 5.6-5.7).
Were it not for the excess of calcium in Florida rain compared to levels in
rainfall of the north eastern United States, all of Florida would now be
receiving acid precipitation: northern areas would have a pH of about 4.5, a.nd
southern sites would exhibit pH levels of about 4.7.

Because Florida generally receives more rainfall than the Northeast ,
annual deposition of acidity and related species is closer to northeastern
values than concentration data alone suggest. The site at Jay, for example,
received slightly over 200 cm of rainfall during the study year, resulting
In the deposition of 500 eq H+/ha and 11.5 kg S/ha. Corresponding values at
Lake Apopka, where the rainfall amount was near no;mal for the state, are:

136 cm, 342 eq H+/ha and 6.6 kg S/ha. At Hubbard Brook, the deposition of

these species averaged 970ueq H+/ha (Likens, 1976) and 12.7 kg S/ha (Likens

et al. 1977) in the 1lO-year period 1964-65 to 1973-74. Thus northern Florida
receives about one-third to one-half of the hydrogenlion deposition and 50 to
90% of the sulfate deposition as that in the most impacted region of the Unit =d

States.
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Chapter 6. Effects of Acidification on Softwater Lakes in Florida.

A total of 20 lakes in two geographical regions were selected for sam-
pling during 1978-79, for a variety of physical, chemical and biological
parameters. The sampling was designed to evaluate chemical and ecological
. impacts of acidic precipitation on sensitive aquatic systems. The lakes were
selected on the basis of two main criteria: 1) softwater, making the lakes
susceptible to acidification, and 2) availability of historical data to
determine whether there have been any measurable changes (i.e. decreases
in lakewater pH and alkalinity) over the last decade or so.

This chapter describes the sampling program we ccnducted on these lakes,
temporal trends in chemical composition of the lakes over the past 20 years,
and the variations in composition of the major trophic groups in the lakes

as a function of pH.

Previous Studies on Effects of Acid Precipitation on Aquatic Ecosystems

Acid rain in North America and Europe has contributed to the acidifi-
cation of many aquatic habitats, with subsequent effects on the biota
(Gorham 1976; Hornbeck 2t al. 1976; Oden 1976; 7verrein 1976: Schofield 10976-
and Likens et al. 1979). With increased acidity, effects have been documented
for all trophic levels and include reduced species richness, deformities,

reproductive failures, retarded growth rates and deteriorated health. In
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some severe cases the complete loss of an entire class of organisms can be
traced to increases in acidity (Beamish 1976; Stokes and Hutchinsom 1976 amd
Andersson et al. 1978).

Much valuable information on the effects of increased acidity on
aquatic systems has been obtained from studies of acid mine drainage (Harp
and Campbell 1967 .and Parsons.l1968, 1976) .. Although the rate of acidifi-
cation by mine drainage is often more rapid than by acid rain, the general
responses by the biota are often similar.

The impact of acidification on lakes in Norway has Led to the develop—
ment of a comprehensive project by the Norweigan Research Council (Braekke
1976) designed to investigate the effects of air pollutants on soil, vege—
tation, water, and freshwater fish (Overreinl976). Literature reviews
on the responses of aquatic organisms to increased acidity are presented ir
EIFAC (1969), Giddings and Galloway (1976), and Wright (1976).

Phytoplankton

Effects of increased écidity on phytoplankton communities include
Yeductions in species richness and alterations in the proportions of the
Species present (Leivestad et al. 1976). As species richness decreases,
Species normally found in low aBundance often disappear, while acid toleramt
Species such as Euglena sp. increase in dominance. In a study of growth

Yates of 34 species of freshwater algae, Moss (1973) found Euglena gracilis

and Eunotia sp. to be very acid tolerant and to survive at pH 3.65 and 3.9
Tespectively. Leivestéd et al. (1976) reported that periphytic algae become
dominant in acidic streams. In‘tﬁeir study, thé periphytic diatom Tabellax-ia
£locculosa and the green alga Mougeotia sp. accounted for 704 or more of

. the total number of algae cells in a stream acidified to pH 4.0 - 4.3. Very

By periphytic algae were found in streams at pH 6.0. The high abundance
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of periphytic algae in the acidic stream, resulted in a higher algal biomass
at pH 4 than pH 6.

The effects of increased acidity on phytoplankton communities can be
caused by direct physiological damage or synergistic interactions between
acid and toxic-substances such as heavy metals (Stokes and Hutchinson 1976).
Giddings and Galloway (1976) have suggested that iﬁcreased free €O, concen-
trations ;n acidic lakes could favor some specles while inhibiting others.

Changes in pH have been shown to affect interspecific competition in

Phytoplankton. In a study by Kroes (1971), the inhibitory effect of Chloro-

coccum ellipsoidum on Chlamydomonas globosa was found to be the result of a

change in pH brought about by C. ellipsoidum.
Macrophytes

Macrophyte communities in temperate lakes have been shown to be greatly
reduced in species richness by acid precipitation (Hultberg 1976). 1In a
8tudy by Grahn (1976), the natural vegetation of an oligotrophic lake in

Sweden was reduced from Lobelia dortmanna, Littorella uniflora and Isoetes

lacustris to a monoculture of Sphagnum spp.

Lake Productivity

Acid precipitation has the overall effect of decreasing the productivity
°f a body of water (Grahn 1976). This process is known as oligotrophication
and involves a decrease in available plant nutrients caused by chemical and
biological changes in acidified systems (Overrein 1976). Planktonic produc-
'tiVity is reduced by large mats of Sohagnum because of their abil;;y to
Concentrate cations and their formation of a physical barrier between the
- 8ediment and thevwater column (Grahn 1976). Another aspect of oligotrophi-

- Cation involves a reduction in the rate of biological decomposition of

. -Organic matter. Andersson et al. (1978) have shown a replacement of bacteria



By fungi as the major agents of biologic decomposition in acid waters. This
replacement has the overall effect of decreasing nutrient recycling and thus
lowering productivity.
Zooplankton

Zooplankton communities-have beeﬁ sho&n,to be adversely affected by
acid precipitation, with decreases in species diversity and abyndance of
individuals occuring in acidified lakes (Hagen and Langeland 1973; Hendrey et
al. 1976). Sprules (1975) reported that pH was the factor having the major
effect on the structure of zooplankton communities. The greatest effect was
Noted in lakes of pH 5.0 or less, where many species were completely
eliminated. Some acid-tolerant species were found by Sprules to occur
throughout the pH range (3.8 - 7.0) observed in-his gfoﬁp of lakes, in-

cluding Mesocyclops edax, Cyclops bicuspidatus, Diaptomus minutus, Holopedium

Eibberum and Bosmina sp. Specles absent from lakes of pH 5 or less were

I£Qgpcyclops prasinus, Diaptomus oregonensis, Leptodora kindtii and several
8pecies of Daphnia.
When determining the acid tolerance for a particular species, both the

PH level for survival of adults and the pH at which reproduction stops must be

considered. Davis and Osburn (1969) conducted tolerance studies on Daphnia pulex

and found a survival time of at least 32 hours over a wide range of pH (4.3 -
10.4). However, the organisms reproduced successfully only within the pH
¥ange 7.0 - 8.7. Consequently, Daphnia is not commonly found in acid waters.

On the other hand, Yan (1979) found the small cladoceran Bosmina longirostris

Comprised 89% of all adult crustacea in a group of acidified Canadian lakes.
Because of the reduced‘biomass (resulting in part from the small size of
dominant species), Yan proposed that zooplankton exert less control over

phytOPlankton communities in acid-stressed lakes than in neutral lakes.
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The ability of some zooplankton speciles to adapt to acidlic conditions
was demonstrated by Parsons (1968). 1In this study, acid and non-acid waters
were found to contain some of the same species. When individiuals from a
species common to both types of Water were removed from the rmonacidic water

and subjected to acidic conditions, a high rate of mortality was observed.

Benthic Invertebrates

Benthic invertebrate populations have lower species richiness and re-
duced numbers of individuals in acidic waters (Tomkiewicz andd Dunson 1976).

Harp and Caﬁpbell (1967) found that Chironomus plumosus was t.he only chiro-

ﬁomid established in water of pH 6.0 or below. The presence of C. plumosus
was also highly correlated with the presence of leaf litter aind sediment type.

Gastropods are sensitive to low pH, as demonstrated in au study by ¢kland
(1969) in which snails were absent from Norwegian lakes with :a pH below 5.2.
Benthic crustaceans such as amphipods are an important food s<ource for many
fiéh, and they are adversely affected by high acidity (Hutchimson and.

Havas 1979). Advoidance of acidic conditions by Gammarus pule:x was shown by

Costa (1967). G. pulex showed negative responses to pH level.s of 5.4 or less,
with graded advoidance between 5.6 and 6.4.’ Bell (1971) foumd caddis flies
to be most acid tolerant with mean 30-day survival limits of pH 2.45 to 3.38
and a 50% failure of emergence at pH 5.9.
Fish

Losses of commercial and sport fishing from many lakes i.n Scandinavia
have been reported (Wright and Snekvik 1978). Similar losses in the north-
eastern United States and Canada have been reported (Parsons 1968; Beamish
and Harvey 1972; s¢boefield l976> Tﬁe:loss.qf:fiéh;pobulatiomns from acidic
Waters can be traced to a number of factors,such as increased toxicity of heavy

Metals, ionic imbalances, and especially increased concentrat.ions of aluminum
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in acidic waters (Schofield 1979; Packer and Dunson 1970).

In studies by Leivestad et al. (1976) and Wright and Snekvik (1978),
reproductive failures were noted prior to the loss of fish populations from
acidic lakes. Beamish (1974,1978) found abnormally low levels of serum
calcium in the ovaries of female trou; exposed to low pH levels. Females
with low calcium levels failed to release their ova fo; fertilization and re-
.absorbed much of the ovarian tissue back into their bodies (Beamish 1974).

Acid precipitation can contain high concentrations of heavy metals and
increase leaching of cations from soils (Beamish and Harvey 1972; Schofield
1976; Cronan and Schofield 1979; Malmer 1976). Among the metals associated
with acid precipitation, aluminum has been shown to exert detrimental effects
on organisms at high concentrations (Dickson 1978). Dickson (1978) suggested
that unsuccessful attempts to restock some Swedish lakes with rainbow trout
after the pH had been increased by‘limiqg may be due to aluminum toxicity.
However, aluminum is highly insoluble at neutral pH, and it should precipitate
rapidly in limed lakes.

Parsond (1976) proposed that three major parameters be investigated in
assessing the impact of increased acidity on an ecosystem: 1) quantitative
analysis of populations, 2) community structure and 3) the ability of the

Various species to establish a complete life cycle.



DESCRIPTION OF THE STUDY REGIONS AND LAKES

Two groups of soft-water lakes were chosen for study of the effects
of precipitation on lake water chemistry and biology: a northerm group (T rail
Ridge Group) of 13 lakes in the Alachua, Clay, and Putnam Counties and a
group of 7 lakes (Highlands Ridge Group) in Highlands.bounty in south-cent-ras
Florida. Figure 6-1 shows the location of the two lake groups, and Table 6-1
lists each lake, its surface area, elevation, and county location.
Topography

The two lake districts are topographically similar. Each group is
located along a ridge (the Trail Ridge (north) ahd Highlands Ridge (south) )
within the topographic division of the state known as the Central Highlands
(Clark et al. 1962). The Trail Ridge extends southward along the Bradford'—
Clay County line as a series of hills, with the highest elevation being 75 m
(250 £t) above MSL just south of Kingsley Lake. From this point, tﬁe land
8lopes in a southerly direction and fans out into a wider area of sand-
hills dotted with lakes. The Highland Ridge is a narrow, elongated area ofF
rolling uplands containing numerous hills and lakes, extending from north-—
Western Highland County, southwestward almost to the Glades-Highlands Courrty
1ine, and ranges in elevation from about 60 m (200 £ft) to 12 m (40 ft)
above MSL.
Ceology

The two regions are also geologically similar (Figure 6-2), underlain
by several hundred feet of unconsolidated to semiconsolidated marine and
Non-marine deposits of sand, clay, marl, gravel, limestone, dolomite, and
dolomitic limestone. The oldest formation penetrated by water wells in
both areas is the Lake City limestone of Eocene Age (Clark et al. 1964; Bi=shop

1956). The Eocene series is comprised, in addition to the Lake City limestone,
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ltble 6-1. Locations and Physical Data on Lakes in Survey.

Surface Mean Maximum Elevation Location Previ.
Lake Area Depth Depth (m above MSL) (County) Stud’
(ha) (m) () (Ref.
Trail Ridge Group
Altho 216 3.6 5.8 45 Alachua 2,4
dderson-Cue 8 2.0 4.6 38 Putnam 5,5
Brooklyn 256 5.7 10.4 35 Clay 1,3
{owpen 223 3.7 8.8 21 Putnam c
falilee 34 3.5 5.8 27 Putnam 6
Geneva 650 4.1 3.8 32 Clay 1,12
Johnson 140 £.0 27 Clay 1.
‘Kingsley 652 7.3 26.0 54 Clay 1,71,
‘lovery (Sand Hill) 500 4.8 12.0 40 Clay 1,4,
+Hagnolia 83 8.0 15.0 38 Clay 1,6
¥cCloud 10 2.0 5.0 27 Putuam 5,5
Santa Rosa 42 8.1 13.4 30 Putnam 6
Sheeler 7 17.0 49 Clayv
Bighlands Ridge Group
innie 35 8.3 20.0 34 Highlands
Clay 147 4.0 8.0 24 Highlands 7
Francis 216 2.9 3.0 21 Highlands 2
Juwe (Stearns) 1403 6.0 12.0 22 Highlands %,7
Josephine 494 2.0 3.0 22 Highlands /
Letta 191 3.0 30 Highlands E
‘Macid (Childs) 1329 8.0 17.0 28 Highlands

) Clark et al. (1964). Semi-annual sampling 1957-60.

) Hennessey and Holcomb (1967); Holcomb (1968), (1969); Duchrow (1970,71,72); Holcomb and
1 Starling (1973). Annual sampling 1966-73. -

“) Holcombg(l968,69); Duchrow (1970,71,72); Holcomb and Starling (1973). Annual Sampling
- 1967-72. . ' .

) Duchrow (1970,71,72); Holcomb and Starling (1973). Annual sampling 1969-72.

) brezonik et al. (1969), Biweekly and monthly sampling 1967-68.

2) Shannon (1970). Quarterly sampling 1969.

) Milleson (1978). Quarterly sampling 1974-76.
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of the Avon Park and Ocala Group limestones, which collectively are raferred
to as the Florida Aquifer, and are the major source of fresh water supplies in
the state. The top of the uppermost limestone layer, is approximately 30 m
(100 ft) below mean sea level in the Trail Ridge area and 120 - 150 m (400 ~
500 ft) bglow MSL in the Highlands Ridge.

The relatively thick and impermeéble Hawthorne fo;mation (Miocene
Series), which consists chiefly”of thick clays and clayey sands overlying the
Ocala Group, is a confining bed that holds water under artesian pressure in
the Florida Aquifer. The high terraces that form both the Trail Ridge and
Highlands Ridge consist of loose sands deposited on the Hawthorne Formation
during the interglacial stages of the Pleistocene. The sand deposits
forming the surface of thé ridges have been reworked by wind and wave action,
but ancilent sand dunes and sand bars are well preserved.

The lake regions exemplify typical karst topography, with many circular
to elliptical basins among the sand hills. Lake basin formation along the
ridges resulted from the dissolution of the underlying limestone beds and the
collapse of the impervious Hawthorme layer and overlying veneer of
Pleistocene sands. The basins subsequantly filled with wat2r from precipi-
tation, resulting in perched, soft-water lakes in the sand deposits above
the confining Hawthorne formation.

Soil Characterization

The sand deposit of the Central Highlands region is classified as an
entisol (Asatatula fine sand-quartzipsamment), an excessively drained soil
with very highly permeability. Native vegetation, reflecting the nutrient-
poor status of the sands, primarily consists of mixed turkey and scrub oak
and sand pine. A typical soil profile for this region from the surface (A

horizon) to 300 cm depth (C6é horizon) generally consists of grey to light
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brown fine to coarse sands, strongly acidic, with a cation-exchange capacizy
(CEC) of 1 meq/100 g or less and zero percent base saturation (Carlisle et al.

1978). The soil thus has very little neutralization capacity toward acidic

precipitation.

Description of individual study lakes

The surface areas and eleva;ions presented in Table 6-1 are from data
published by the U.S. and Florida Geological Surveys, Water Resources Di-
vision, or from interpretation of topographic maps when no other informatiwon
was available. Some of the lakes undergo severe fluctuations in lake stage
during times of excess and below normal rainfall. The severe drought of
1955-57, for example, caused Lake Brooklyn at Keystone Heights to be lowerad
7 m (20 ft) and reduced to one-half its normal size (Clark et al. 1964)., “The
areas and elevations given in Table 6-~1 are for normal lake stage le§els. The
lakes are described below in order they appear in that table:

1. Lake Altho, located near Waldo in Alachua County, is in the
Santa Fe River drainage basin. It has a surface area of 216 ha at an
elevation of 45 m MSL. Lake depth at the mid-lake sampling station was
5 m. The lake drains through the Santa Fe Canal into Little Santa Fe Lake.
There is some residential development along the shoreline, but most of the
shoreline is lined with cypress that grades rapidly into pine forset in the:
uplands. The lake is moderately colored because of runoff of humic material
from the surrounding forest.

2. Anderson-Cue lake; ih Putnam County; has an area of 8 ha at a
surface elevation of 37 m. The lake level was low during this study and
its area was reduced by almost 50% compared to normal conditions. Depth a=
the mid~lake station during this study was 3.8 m. The lake has no influent=

or effluent streams and obtains its water from direct precipitation and

6-12



subsurface seepage. Its small drainage basin is delineated by the surrounding
high sand hills with elevations of 55 m. There is no human habitation in
the drainage basin.

3. Lake Brooklyn in Clay County near the town of Keystone Heights,
is the fourth lake in a chain forming the upper Etonié Creek Drainage Basin
(Clark et al. 1963). It has a surface area of 256 ha at ité normal stage.
It is underlain by extremely permeable soils, énd its leQel réceeds as much
as 7 m during years of below average rainfall. During this study the lake
was at a very low stage, having received below normal rainfall for several
consecutive years. The depth at the sampling station was 5 m. There is
residential development along the south and southwest shore of the lake
while the north shore is relatively free of development.

4. Lake Cowpen, located in Putnam County, has an area of 223 ha at
20 m elevation and was 4 m deep at the sampling station. The lake was ex-
tremely low during the study and primarily consisted of several circular
pools. Sampling was done at the center of the largest of these pools where
there was a public boat ramp. There is some residential development along
the portions of the shoreline.

5. Lake Galilee is also located in Putnam County approximately 4 km
east of Lake Cowpen. It has an area of 34 ha at an elevation of 27 m. Lake
Galilee was also low during the sapmling period, but its level was less
affected by the drought than the level in Lake Cowpen was. The depth was
3 m at the mid-lake sampling station. There are a few residents along the
south shore of the lake.

6. Lake Geneva is located in Clay County just south of the town of
Keystone Heights. The depth at the sampling site was 5.5 m. It is the

largest lake (650 ha) in the Etonia Creek Drainage Basin (Clark et al. 1964).
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It receives drainage from a chain of 5 upstream lakes, during years of
average or above average rainfall. Lake Geneva is almost completely sur-
rounded by residential development.

7. Lake Johnson '(140 ha) is located in Gold Head Branch State Park
in Clay County. - It receives. influent-flow from Gold Head Branch Creek which
arises from rainfall pe;;olating through_sandhills having elevations of 65 m
in the immediate area. The lake depth at the sémpling station was 3.3 m.
The only development along the shoreline is a swimming and picnic area and
several rental cottages.

8. Kingsley Lake (Clay County) is 26 m deep at its deepest point and
is thought to be the deepest lake in north Florida (Clark et al. 1964).

The leke is nearly a perfect circle with an area of 652 ha. Water level
fluctuation is small (only ~ 1 m during the period 1945 to 1963) compared
to nearby Lake Brooklyn. There is moderate residential development along
the north side of the lake.

9. Lake Lowery (Sand Hill Lake) located in Clay County is the second
of a chain of lakes in the Etonia Creek basin. It receives flow from Blue
Pond, and its surface outflow goes into Magnolia Lake. Lake Lowery has a
surface area of 500 ha and a maximum depth of 12 m. The depth at the sampling
station was 7 m. The shoreline is completely natural (forest) with the
exception of a boat ramp.

10. Lake Magnolia, located near Lake Lowery, is the third lake in the
Etonia Creek Basin Chain. During years of average or above average rain-
fall the lake supplieé water to Lake Brooklyn through Alligator Creek. Tt
has an area of 83 ha and a maximum depth of 15 m. The depth at the sampling
station was 15 m. The shoreline also is in a natural state, with no develop-

ment other than a boat ramp.
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11. Lake McCloud (Putnam County) is approximately 750 ra north-—east
of Lake Anderson-Cue. It is totally enclosed, with surroundiing sand hills
rising to elevations of 45 m. There are no influent or effluient streams.
The lake was low during this study, and the depth at the mid—lake station
was 5 m. Normally, it has a surface area of 10 ha at an elewvration of 90 f=-.
There is no human habitation in the drainage basin. |

12. Lake Santa Rosa (Putnam County) is a seepage lake wiith an area
of 42 ha at an elevation of 30 m. It was also low during thiis study, and
the ends of docks and piers were 10 - 20 m from the edge of t_he water. The
depth at the mid-lake station was 10 m. There are numerous prermanent and
seasonal cottages in the drainage basin.

13. Lake Sheeler is a small (7 ha) seepage lake near Lauke Johnson
in Gold Head Branch State Park (Clay County). It is nearly c'ircular with
a deep (17 m) conical-shaped basin. The extreme clarity and :depth of the
lake make it attractive for SCUBA diving and the park reserve:s it for
this sport. The watershed and shoreline is completely undeve:loped except
for a trail to the water's edge.

14. Lake Annie (Highlands County) has a surface area of 35 ha at an
elevation of 34 m. The lake is part of the Archbold Biologieral
Station preserve; its drainage basin is uninhabitated and corsists totally
of native vegetation. The basin is of typlical sinkhole forma tion, being
nearly circular and quite deep (20 m). A small stream flows ifrom the north
side of Lake Annie into Lake Placid.

15. Lake Clay is situated approximately 1 km east of Laike June in
Highlands County and has a surface area of 148 ha. Sampling =was performed
at the mid-point of the deepest pool of the lake, where the dw=pth was 7.5 m.

Lake Clay drains northward into Josephine Creek which flows t o Lake
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Istokpoga. Lake Clay is completely surronded by residential development.

16. Lake Francls, located 5 km northwest of the town of Lake Placid
(Highlands County), is in a chain of lakes. It receives surface flow from
Lake Placid and June to the south, and drains north through Josephine Creek
to Lake Istokpoga. Lake Francis has a surface area of 216 ha at surface
elevatioﬁ of 21 m. The depth at the mid—léke station was 8-m; The shore- ]
line consists of approximately equal fesidential devélopment and native
vegetation.

17. TLake June or June-in-Winter (formerly Lake Stearns), located in
Highlands County, receives water from Lake Placid via Catfish Creek to the
south, and its water drains northward through Stearns Creek, The lake is
the largest in this study, with aﬁ area of 1403 ha. The depth at the mid-
lake station was 7 m. Land use along the north and south shorelines
is predominantly residential, while citrus groves occupy the easterm shore-
line. The west shore is primarily native vegetation.

18. Lake Josephine (Highlands County) is relatively shallow, with
the depth at the mid-lake station being 3.5 m. At an elevation of 21.5 m
it has a surface area of 494 ha. It receives water from Wolf and Jackson
Creeks and overflows through Josephine Creek into Lake Istokpoga. Resi-
dential development occupies the south side of the lake, and trailer camps
occur along the east gside. Native vegetatidﬁ and improved pasture are
found to the north.

19. Lake Letta, the northern-most of the Highlands Ridge Group, is
located near the touwn of Avon Park. At an average lake stage of 30 m it
has a surface area of 191 ha. Lake Letta was low during this study, and
the depth at the mid-lake station was 2.5 m. The lake has two inlet streams

and drains into Bonnet Lake. The east and north shore of the lake is resi-
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dential and the southern and eastern shore is dominated by native vegetation.
20. Lake Placid (formerly Lake Childs) is south-southwest of the

town of Lake Placid in Highlands County. It is the second largest lake

in this survex,with a surface area of 1329 ha. It receives water from

Lake Annie and drains northward through Catfish Creek to Lake June. The

depth at the mid-lake station was 7.5 m. The shoreline along the western

and northern edge is primarily residential, and citrus groves and native

vegetation predominate along the eastern and southern shores, respectively.

Previous Lake Studies

Historical data exist for all the study lakes, except Lakes Sheeler
and Annie (Table 6-2),Data for some of the Trail Ridge lakes date back over
two decades.

Clark et al. (1964) reported lake water chemistry data for semi-
annual sampling of lakes Brooklyn, Geneva, Magnolia, Lowery (Sand Hill),
Johnson, and Kingsley in the Trail Ridge Lake District. Tne sampling survey
was initiated in July, 1957, and ended in September, 1960. Included in the
anaylses were pH, major ions, and nutrient férms.

Ten years later, the Florida Game and Fresh Water Fish Commission as
part of a state-wide survey of Florida lakes reported data on pH, major ions,
and nutrient forms for five of the Trail Ridge lakes (Brooklyn, Geneva, Lowery,
Kingsley, and Altho) and three lakes (Francis, June, and Letta)in the Highlands
Ridge Group. Sampiing was performed on an annual basis from 1966 to 1973
(Hennessey and Holcomb 1967; Holcomb 1968, 1969; Duchrow 1970, 1971, 1972;
Holcomb and Starling 1973).

Brezonik et al. (1969) conducted intensive sampling of Lakes Anderson-
Cue and McCloud located in the Trail Ridge District during 1967-68 and re-

ported data for pH, major ions, and nutrient forms. Sampling was biweekly
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Table 6-2. uistorical pH, alkalinity and sulfate data for the Trail Ridge Lake Group.

1957-60" 1963-69"" 1967-72" 1978-79""

Lake 7 : 2- 7u 7
pH alk. SO& pH Alk. 504 pH Alk. SO4 pH Alk. SOI‘

mg/L as CaCo, mg/L mg/L as CaCo, mg/L mg/L as CaCO3 mg/L mg/L as CaCO3 mg/L
Brooklyn 5.5 2.5 4.1 5.5 0.5 4.0 5.1 0.9 3.2 50 0 4.6
Lowery 5.4 2.5 2.0 5.3 0.3 3.8 5.1 0 2.5 5.2 0 3.4
Magnolia 5.6 2.5 2.4 5.5 0.4 3.3 5.1 (L 3.0
Geneva 5.4 1.6 5.8 6.3 1.2 5.4 6.1 4.3 6.0 6.1 6.5 9.0
Kingsley 6.3 5.7 4.9 6.9 5.7 5.2 6.6 7.0 5.1 6.7 10.8 7.3
Johnson 5.5 2.5 2.5 5.2 ¢] 2.1
Anderson-Cue 4.8 0 4.4 V 4.9 0 5.2
Cowpen 5.4 0.4 5.8 4.9 0 13.9
Galilee | 5.6 0.6 6.1 5.0 0 11.8
McCloud 4.9 0 4.5 4.7 0. 6.8
Santa Rosa 5.2 0.3 4.7 _ 5.1 0 5.3

* Bemi-annual sampling during 1957-60 (N=6); Clark et al, (1964).
%% Sampling every four months during 1968-69 [N=3; except Anderson-Cua, McCloud (N=6); Ceneva,
Kingsley (N=5)]; Shannon (1970),
+ Annual sampling 1967-72 (N=6); Holcomb (1968, 1969); Duchrow (1970, 1971, 1972).
++ This study. Sampling during 1978 (N=4),



during 1967 and on a monthly basis during 1968.

Shannon (1970) and Shannon and Brezonik (1972) conducted quarterly
sampling of 55 north-central Florida lakes during 1969, including all the
Trail Ridge Group of lakes in this study, except lakes Johnson and Sheeler.

Milleson f1978) recenfly conducted a sﬁrvey of seven lakes in Highlands
County, including four lakes studied in this project (Placid, June, Clay,

and Josephine). Sampling was on a quarterly basis during the period 1974-76,

and included major ions, pH, and nutrient forms.

SAMPLING AND ANALYTICAL METHODS

The 20 lakes were sampled on a seasonal (quarterly) basils beginning in
spring (April - May) 1978 and ending in winter (January - February) 1979.

A mid-lake sampling station was selected in each lake at either the deepest
part of the lake or the center of the largest pool, if the lake consisted
of several pools. The same station was used on all four sampling dates.
Temperature and dissolved oxygen were measured with a YSI Model 51A oxygen
meter at three depths in the water column, surface (0.5 m), midway between
the surface and bottom, and 1 m from the bottom. Secchi Disk transparency
was also measured at each sampling statiom.

Water samples for chemical analyses were collected with an acrylic
Kemmerer sampler at the three depths described above, and a composite sam-
ple was taken by mixing equal volumes of water in a plastic bucket. Samples
for nutrient analyses were preservéd with 1 mL saturated HgCLz/L, placed

on ice in the field, and stored at 4°C in the laboratory. An aliquot of

the preserved sample was filtered in the laboratory for analysis of inorganic

nutrients.
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Field pH measurements were made using .. ciodel 401 Ionalwzer field

pH meter on the composite sample following standardization with two (pH 4.0

and 7.0) buffers at ambient water temperature.

Analytical methods for chemical determinations on lake water samples

are summarized in Appendix:;' Analyses were performed according to standard
methods (APHA 1976) and/or the EPA water analysis manual (EPA 1976). Analy-
ses for inorganic nutrient forms, chloride, and sulfate were run by automated
methods on an AutoAnalyzer, except for orthophosphate (i.e. "soluble reactive
phosphate™), which was done manually using the single reagent method. Total
Kjeldahl nitrogen and total phosphate were determined by manual semi-micro
digestion of unfiltered samples followed by colorimetric analysis for am-
monium (indophencl method on AutoAnalyzer) and orthophosphate (manual single
reagent method) on the neutralized digestate.

Samples for chlorophyll analysis were collected at 0.5 m for lakes <3 m
and at the top, middle, and bottom of the water column for lakes >5 m by a
2.2 1 Kemmerer sampler. Samples for lakes >5 m were composited with depth,
and a single chlorophyll.sample wag taken. All samples were placed in opaque
plastic bottles and stored in ice. In the laboratory, a minimum of 100 mbL of
sample was filtered through Whatman 4.25 GF/A glass fiber filters. To the
final mL of sample, 5 drops of aqueous saturated magnesium carbonate were
added. The filters were placed in glass test tubes containing 5 mL of acetomne
and ground with a Wheaton tissue grinder. The ground samples were stoppered,
and extracted in the dark at -14%¢c for 24 h. The extracts were filtered
through glass fiber filteré-using a Millipore Swinnex filter attachment and
disposable syringes, and the filtrates wefe brought to final volume of 10 mL
with acertone. Absorbance was read on Beckman DBG spectrophotometer according
to Standard methods (APHA 1976). Chlorophyll a is the active form of the

pigment (i.e. total chlorophyll corrected for phaeophytin [aPHA 19760).

6-20



Phytoplankton samples (80 mlL) were collw Y & 2.2 i ‘Remmerer sampler
at 0.5 m for lakes < 5 m and at the top, middlc and bottom of the water column
of lakes > 5 m. Samples were taken in the center of each lak.e, placed in
SCrew-cap glass bottles, and preserved with 2 ml of acidified Lugol's solution.
In the laboratory, sample aliquots were allowed to settle in :an Utermohl
chambgr apd identified using a Unitron inverted microscope us:ing taxonomic
keys in Whitford and Schumacher (1973), Cocke (1967), Weber ( 1971), Prescott
(1954), and Smith (1950). |

Zooplankton samples were obtained by a vertical tow throwgh the entire

water column near the center of each lake with a number 20 (m-esh 80 um) preserved

10% buffered formalin and identified using taxomomic keys in Edmondson (1959)
and Pennak (1953). At least 100 individuals were counted in «2ach sample under

a8 dissecting microscope at 250x. Zooplankton biomass was obtrained by

multiplying the number of individuals for each species by an zapprovriate biomass

Conversion factor (Dumont et al. 1975).

Two habitats of benthic invertebrate communities were sarapled in each

lake. Duplicate grabs were taken at both a shallow-sand statiion and a deep-

mud station. The importance of substrate characteristics in tthe distribution

of benthic communities has been pointed out by Bloom et al. (¥972), Parsons

(1968), and Mahadevan et al. (1977). Samples were taken with. a Ponar grab

(Powers and Robertson 1967) with a sampling area of 0.02 mz and a penetration
of about 10 cm in mud (slightly less in harder substances sucia as sand) .
Samples were washed in the field through a 0.66 mm mesh sieve to remove excess
sediment, Remaining grganisms were pre;grved in }OZ formalin and stained with
rose bengal. ngples were sor;ed in a white pan in the laboraatory and Iden-
tified using both a dissecting and a cémpound microscope. Bicomass measurements
were determined for each lake station. All individuals from @ single Ponar

sample were placed in a tared crucible and dried at ISOOC for 26 h to determine

dry weights. Ash-free dry weights were determined by combusting samples in a

muffle furnace at 550°C for one hour. Statistical analysis wzas conducted
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using a package of computer programs developed by Bloom et al. (1977} on an

Amdahl 470 at the University of Florida.

ResuLTs ofF Lake STwy: WATER CHEMISTRY

Discussion of the water chemistry of the 20 sur%ey lakes is best accom-
plished by segregating the lakes into groups according to pH. In the original
selection of lakes for study, a geographic grouping (Trail Ridge vs. Highlands
Ridge) was used, reflecting the difference in precipitation acidity (Figure 5-1)
at the northern (Trail Ridge) site compared to the southern site (Highlands
Ridge). However, a one-way ANOVA and Duncan's multiple range test (SAS; Barr
et al. 1976) indicate that the lakes (Figure 6-3) also can be divided into
two groups based on pH (i.e. acidié and non-acidic). The boundary pH be-
tween the two groups is 5.6, which coincidentally is the geochemical equili-
brium pH of pure water in contact with atmospheric C02. The grouping based
on pH compares closely with the geographical grouping (Table 6-1), except that
the three largest lakes of the Trail Ridge group, Kingsley, Geneva, and Altho,
were grouped with the Highlands Ridge 1akes.' These three Trail Ridge lakes
have higher pH levels than the other Trail Ridge lakes, possibly because of
their size, depth, and extent of shoreline development. The following dis-
cussion thus divides the 20 lakes into two groups: an acidic lake group (pH
< 5.6) and an non-acidic group (pH > 5.6).

Lake Transparency

As discussed earlier, the lakes located along the Trail and Highlands
Ridges were formed in basins consisting of sandy deposits, and they have little
or no input of surface runoff. Thus these lakes have the most transparent
waters of any lakes in the state. Except for two highly colored lakes, Altho
and Josephine, which had mean annual color levels of 194 and 154 CU, most of
the lakes had color values of 20 CU or less. Both Altho and Josephine are

a typical of the other Ridge lakes in that cypress wetlands are located within
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GROUPING MEAN pH N LAKE

(o)}
~J
(Xel
w
&~ |

A Francis
A
A 6.742 4 Kingsley
A ) .
AL 6710 4 Clay NOMACID LAKE GROUP
A | 3
A 6.670 4 June
A
A 6.535 4 Placid
A
A 6.497 4 Letta
B 6.145 4 Geneva
B
B 6,142 4 Josephine
B
C B 6.025 4 Altho
C
c 5.752 4 Annie
D 5.245 4 Johnson
D
E D 5.195 4 Lowery
E D
E b 5.140 4 Sheeler
E D
E D 5.097 4 Magnolia L\[“ID U\KE GD\UJP
E D . ¢ Vo 'y
E D 5.057 4 Rosa
E D
E D F 5.025 4 Brooklyn
E D F
E D F 4,980 4 Galilee
E D F
E D F 4,940 4 Anderson Cue
E F
E F  4.857 4 - Cowpen
E F )
F 4,715 4 McCloud

Figure 6~3. Duncan's multiple range test for the annual mean pH of the survesr
’ lakes. Mean lake pH values with the same letter are not signifi-—
cantly different at the .05 level.
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their watersheds, and colored water containing humic material flows from these
swampy areas into the lakes. Lowest color concentrations were recorded for

two pristine, extremely clear lakes, Sheeler (5CU) and Annie (7CU). Average
turbidity levels also were very low in the lakes, ranging from 0.6 NTU {Sheeler
and Cowpen) to 4.9 NfU (Josephine). Values for most of the lakes were less
than 2 NTU.

As expected for lakes having low color and turbidity levels, transparancy
(Secchi disk) values were high. For example, Lakes Sheeler, Santa Rosa, and
Magnolia (in the Trail Ridge group) had average Secchi transparency depths of
7.9, 5.9, and 5.3 m, respectively. Lake Annie (in the Highlands Ridge) had
an average Secchi depth of 5.5 m. The two colored lakes, Altho and Josephine,
had the lowest mean Secchi values of all the lakes, 104 and 67 cm, respectively.
Greatest Secchi depth values generally were recorded in the winter and spring
months. Water levels for several of the Trall Ridge lakes were at a 20 year
low as a result of several years of below normal rainfall. Consequently, the
Secchi disk sometimes was visible resting on the bottom of some of the lakes.
This was particularly truve for lakes Cowpen and McCloud.

Major Ton Composition

The ionic composition of surface waters is a function of contributions
from surface and subsurface runoff within the drainage basin, atmospheric pre-
cipitation, and the balance between evaporation and precipitation. In soft-
water lakes such as those of the Trail. and Highlands ridge districts, the
relative abundance of cations and anions is often given as (Wetzel 1975):

Cations: Na > Ca > Mg > K;
Anions: Cl > SO4 > HCOS.
Table 6-3 1lists the mean concentrations and standard deviations of major ions

in the two lake groups, and Figure 6-4 presents the average contributions (equiva-
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Table 6-3. Means and standard deviations of major ions and
specific conductance in the two lake groups.

Parameter _Acidic Group* Non-acidic Group*

10 Lakes (N=40) 10 Lakes (N=40)

B Lg/L 10.5 + 5.0 0.62 + 0.62

(pH 4.98) (pH 6.21)
Specific uS/cm
Conductance @ 25°C 41.5 + 18.2 92.9 + 39.8
Na' mg/L 2.88 + 1.27 5.92 + 2.13
ca™? mg/L 0.99 + 0.75 3.67 + 1.52
Mg mg/L 0.54 + 0.27 2.15 + 1.36
K" mg/L 0.57 + 0.35 2.03 + 1.67
art? g/ 58 + 29 23 + 15
Cl” mg/L 5.51 + 1.94 11.10 + 3.55
5022 mg/L 5.51 + 1.94 13.01 + 6.51
Hco; mg/L 0 | 8.66 + 5.28

* Means for the two groups are significantly different (P < 0.0001
in each case) for each parameter, based on one-way ANOVA (Barr
et al, 1976),
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lent basis) of the major ions to the total catiom and anion equivalents. For
each parameter listed in Table 6-3 there is a statistically ssignificant differ-
ence between the mean values in each lake group. The ionic bar graphs show
good agreement between the sums of the major cation and ani on equivalents.
Additiohally,-fﬁeoretiéél coﬁdgcti;itiés wefevcalculated é}cmﬁ,the mean igﬁic’
composition of each lake groUp."TheSe yalﬁeg‘cﬁmﬁare cloéel_y to the mean
méasured'condUCtivities for the two groups:

Specific Conductance
pS/cm (at 250C)

Actual Calculated 3. Error
Acidic Group 41.5 38.2 8%
Non-acidic Group 92.9 89.3 4%

The bar graphs in Figure 6-4illustrate that on an upeqs’/L basis, the
order of dominance of cations in both groups of lakes is the same as that
given above for typical softwater lakes. The cations in botkn lake groups are

dominated by sodium on both a mg/L and a peq/L basis. Sodiuma comprises 50

and 39% of the cationic equivalents in the acidic and non-aciidic groups,
respectively. The contributions of calcium (20%) and magnesiium (18%) are
approximately equal in the acidic group as well as in the nora-acidic group;
Ca (27%) and Mg (26%). Potassium is the least important of zthe major cations
and contributes 6-8% of the cationic equivalents in the two yzroups. Hydrogen
(H*) and aluminum ion provide small contributions ( < 5% eack) to the cation

equivalents of the acidic lake group.

The major anions in the acidic lake group are chloride: (Cl1”) and

sulfate (8042’), which comprise 57 and 43% of the total anior equivalents,
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Figure 6-4. Distribution of major cations and anions in the two study lake groups.



respectively. In the non-acidic group the major anion species are Cl (43%) ,

5042' (37%) and bicarbonate, HCO3z™ (20%), but there is no contribution by

HCO3~ to the anion component for the acidic group. The low bicarbonate levels
that existed in these lakes in the 1950s and 1960s have been titrated by in-
puts of acidic precipitation over the last decade. This matter is discussed

in greater detail in the section dealing with historical lakewater chemistry

trends.

Specific conductance values fromthe survey lakes were low, as expectexih
for soft-water lakes. All the lakes had annual mean values less than 150 uS/fcm,
and 9 of the 20 lakes had mean values less than 50 uS/cm (Figureé6~5). The
mean conductivity for the acidic group was 41.5 pS/cm (range of 19 to 78 uS/«<m).
For the non-acidic group the mean was 92.9 uS/cm (range of 35 to 147 uS/cm).

As shown in Figure 6-5 the lakes with the higher pH values also tended to
have higher conductivity values indicating somewhat harder, more buffered
waters.

The mean pH of the acidic lake group was 4.98, and annual means ranged
from 4.71 (McCloud) to 5.21 (Johnson). The mean for the non-acidic group was
6.21, and annual means ranged from 5.73 (Annie) to 6.70 (Clay). The lowest
measured pH during the study was 4.60 for McCloud (winter), while the highes<
value was 7.02 for Francis (fall). Seasonal variations generally were less
pronounced for the acidic lake group than the non-acid group. The very acidic
Lake McCloud, for example, had pH values that raﬁged from 4.60 (winter) to
4.82 (spring), while Lake Francis, # non-acid lake, had pH values ranging
from 6.35 to 7.02(spring and fall, respectively). The larger seasonal fluc-
tuations of pH in the non-acidic lakes likely reflect higher productivities
in these lakes than the acidic lakes. As shown in Table6-3there is a statis-

tically significant difference between the mean pH values of each group.



6~29

[

lspoue1g |

£oTs3ury|

aunp _.

.wﬂumﬁmav,

.mzﬂnmmmOhM\ .

BADUDY ﬁ

oyaty |

aTuuy ﬁk

com¢£0h_

Aiamo m

eTTOUSEN |

13T924g ﬂ‘

BsSoy muGMm~

uhﬁxoopmw.

'5.00

mmaaamwhx
" en)-uosiapuy |

uadmo) ﬂ

pRoTooN |

125 ]

7 i i

75

(e a g\
'} o~

100

I P SR 3 AT TP T TN TN TN T SIS e o e ey o o] v

7.00

6.50

6.00

pH

5.50

.50

4

Annual mean speéific conductance as a function of pH for the 20 survey lakes.

Figure 6-5.



Nutrient Forms

To properly assess the effect of acidification on the biota and pro-
ductivity of the survey lakes it is necessary to also conslder nutrient
levels in the lakes. The most important nutrients controlling the produc-
tivity of.lakes are phosphorus and nitrogen. Silica concentrations can be
importanf in contrélling algal species composition, i.e. in limiting the
growth of diatoms.

Table 6-4 presents the means and standard deviations of major phosphorus
forms in each lake group. In the acidic lake group, annual average soluble
reactive phosphate (SRP) levels ranged from 4 (Sheeler) to 18 ug/L (Anderson—
Cue) and total phosphate (TP) concentrations ranged from 7 (Sheeler) to 40
ug/L (Anderson-Cue). In the non-acidic group, SRP ranged from 4 ug/L (Annie)
to a high of 27 ug/L (Josephire). The annual average TP concentration also
was lowest in Annie (8 ug/L) and highest in Josephine (68 ug/L). Statistical
analysis (ANOVA) showed no significant difference (0.05 level) between the
mean SRP concentrations in the two lake groups, but a significant difference
was found for the TP and ORG/P levels (Table 6-4).

Mean and standard deviations for the major forms of nitrogen in the two
lake groups are listed in Table 6-4. Average inorganic nitrogen comcentra-
tions (in mg N/L) in the acid lake group ranged from 0.037 (Cowpen) to 0.37
(Anderson-Cue), while the range in the non-acid group was 0.026 (Annie) to
0.106 (Placid). Organic nitrogen levels (in mg N/L) ranged from 0.10 (Cowpen)
to 0.46 (Anderson-Cue) in the acid lake group and from 0.23 (Annie) to 0.68
(Josephine) for the non—acia lakés. Statistically significant differences
between the means of each group were not found (Table 6-4) for the inorganic
species (NH4+, and NO3-), but TON and TN levels were different (at the

0.0001 and 0.005 levels, respectively).
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Table 6-4. Means and standard deviations of nutrients in tthe

two lake groups.

- Proba‘bility*

Parameter . Acidic Group. ﬁon—acidic Group means are not
10 lakes (N=40) 10 lakes (N=40) diffe rent
NHZ-N ug/L 72 + 99 i+ 48 ° . (0812
No;-N ug/L 21 + 41 16 + 17 .- 4158
TON  yug/L 199 + 131 405 + 193 . 10001
TN pg/L 292 + 219 462 + 196 -€0005
SRP  ug/L 7+ 6 10 + 11 (0940
TP ug/L 16 + 12 26 + 22 -Q0109
ORG P ug/L 9+ 9 16 + 19 -01353
TOC mg/L 4.6 + 3.4 7.0 + 3.9 . €039
SiO2 ug/L 459 + 341 420 + 416 L9481

*Probabilities listed are from ANOVA (Barr et al. 19765) on the

annual means for each parameter in each group.

are accepted as statistically different.
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Silica concentrations can be important in controlling productivity in
fresh waters especially if the phytoplankton population is composed largely
of diatoms. As shown in Table g-4,the mean values of SiOj in the two lake
groups are similar, and the large standard deviations for each mean indicate
considerable scatter in SiO; concentrations within the groups. For example,
$i07 mean concentrations ranged from 51 (Cowpen) to 950 ué/L (Lowery) in
the acid lake group,and in the non-acid group silica ranged from 115 (Geneva)
to 1180 ug/L (Josephine). Consequently, statistical anlysis indicated no

significant difference in mean SiO2 between the two groups of lakes.

Since significant differences were found in the mean levels of organic
constituents (TON, ORQF, TOC) and total nutrients4(TN, TP) between the two
lake groups (Table 6-4), the non-acidic lakes (with higher values for these
parameters) would appear to bemore productive than the acidic lakes. As
discussed in a later section, the difference in chlorophyll a levels between the
two lake groups support this conclusion. Reasons for the increased levels of
total and organic nutrients in the non-acidic lakes are not certain, but
it may reflect lower rates of nineralization in acidic waters. On the other
hand, the lower nutrient concentrations may sinply reflect lower nutrient
loading rates to the acidic lakes, many of which are in small pristine water-
sheds. Further studies are necessary to evaluate these alternate explanations.
Aluminum ]

Atmospheric inputs of acidity (HZSOA and HNO3) to the drainage basins
of lakes results in increased weathering and mobilization of metals within
the watersheds of the lakes. In noncalcareous soils, increased deposition
of acidity leads to increased concentrations of dissolved aluminum in surface
and ground waters (Cronan and Schofield 1979; Gjessing et al. 1976). An

important ecological consequence of increased aluminum levels in lake waters
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is the loss or diminution of game fish populations because of the toxic

effect of free aluminum ion (Al3+) and its hydroxo-complexes (A10H2+, Al(CEK)2$)
Laboratory studies have shown that brook trout exhibit a toxic response wh-en
aluminum levels are above 200 ug/L in the pH range 4.4 to 5.9.

Since the watersheds of Lhe Trail an& Highlands Ridge lakes are typically
noncalcareous, aluminum analyses were included in the chemical detérminations -
of the lakes. The mean aluminum concentrations and within-year ranges for
each lake are presented as a function of the mean lakewater pH in Figure 6-—6.
Highest aluminum levels were found in the lakes with the lowest mean pR values.
The average aluminum concentration for the acidic lake group was 58 ug/L,
while the mean for the non-acidic group was 23 ug/L. These mean values are
statistically different at the 0.0001 level (Table 6-3). The mean aluminum
concentrations ranged from 116 (Cowpen) to 33 ug/L (Sheeler) in the acidic
lake group and 43 (Annie) to 24 pg/L (Geneva) in the non-acidic group. The
highest Al concentration found during the survey was 150 ug/L in Lake Cowpen
in winter of 1978. Since precipitation contains very little aluminum
( < 10 ug/L), the aluminum levels in the lakes have resulted from leaching

of soils within the watersheds.

Analysis of historical trends in chemical composition of the lakes

Water chemistry data on some of the lakes in the Trail Ridge region
are available for over a 20 year period, and thus it is possible to examin:z
the results of the present lake survey in & historical context. However,
it should be pointed out thét in ﬁost.cases the historical record is rathe =T
sparse. No measurements are available for many years, and the number of
samples collected in any year was very small (one or two) for most of the
historical studies. Tablef§—2 lists cata on oH, alkalinity (mp/L as C£aCC, 2,

and sulfate for eleven of the Trail ridge lakes in a generally chronologice:l
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sequence. These parameters were chosen for historical comparison because
they most likely would reflect lakewater chemistry changes brought about by
increased deposition of acidic precipitation. Approximately 70% of the free
acidity in precipitation in Florida is H2504 (see Chapter 5). The data
indicate that changes in water chemistry have occurred for all the lakes
within the time period of the data collection. Except for Lakes Geneva and
Kingsley, the lakes show a decrease in pH and/or alkalinity, presumably due
to atmospheric inputs of sulfuric and nitric acids. Increases in the 8042‘
content of the lakes are also evident for most of the lakes. Interestingly;
Lakes Geneva and Kingsley show increases in both pH and alkalinity over the
past 20 years. These lakes are the largest of the Trail Ridge lakes (Table6-1}),
and they have experienced extensive shéreline developement during this time
period. There apparently are no historical data on Lake Sheeler with which
comparisons may be made.

Previous data for Lakes June, Francis, and Letta (Highlands Ridge)
collected during 1967-72 (Holcomb 1968,69; Duchrow 1970,71,72) indicate these

lakes have shown little change in pH and-alkalinity over the last 10 years.

It has been estimated (Likens et al. 1979) that lakes with about 80 peq/L
of HCO;~ (alkalinity equal to 4.0 mg/L as CaCOz) and a pH of approximately
6.5 will lose their bicarbonate buffer to the point where the lakewater pH
drops below 5, if the long-term mean pH of precipitation is about 4.3. Less
acidic precipitation could bring about similar changes in lakes with originally
lower bicarbonate levels. As shown in Table6-2,the alkalinity of the soft-
water Trail Ridge lakes has essentially been completely titrated by acidic
precipitation. Consequently, these lakes are very sensitive to further acidic

inputs.
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Results of Lake Survey: Biological Communities

Phytoplankton and Chlorophyll

As the base of the aquatic food chain, phytoplankton are an essential
component of lake ecosystems. Variations in the number of inclividuals, in
specles richnes;,‘dr in'pro&udpivity-mé§'iffégé all tropic lewels. The
~effects of increased acidity on phytoplankton communities inc¥lude a decline
in species richness, a reduction in algal abundance, decrease<d algal productivii-
and a replacement of blue-green algae by green algae as the deowminant phyto-
plankters (Lackey 1938; Leivestad et al. 1976; Yan and Stokes 1978).

The concentration of total phosphorus (TP) is important tro the productivity
of phytoplankton communities (Vollenweider, 1968). The mean IP concentration
in the 10 acidic lakes was 15 pg/L, whereas the less acidic gr-oup had a mean
of 26 ug/ﬁ (Table 6~4). The concentration of phosphorus in laike water can
be decreased by lowering pH in part because rates and efficiemicies on nutrient
recycling from organic matter are thought to be lower under ac:idic conditions
(Grahn 1976). However, most of the lakes in the nonacid group: are in water-
sheds with moderate cultural development (including some orang.e groves).
Watersheds of lakes in the nonacidic group generally have lesss cultural de-
velopment, and the lower concentrations of TP in the acidic l=ikes thus are

likely due to a combination of increased acidity and reduced czultural impact.

Chlorophyll a

Mean annual chlorophyll a concentrations (corrected for rohaephytin) from
tﬁe 10 acidic lakes (Table 6-5) was 2.74 mg/m3, ;nd the mean f or the 10 non-
acidic lakes was 10.0 mg/mg. Concentrations of chlorophyll a decreased with
decreasing pH (Figure 6-7a), although the data exhibit a fair amount of

scatter. The mean chlorophyll a concentration in the 5 pH int:ervals (Figure
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Table 6-5. Summary of phytoplankton data for the 20 study lakes.

Number Individua152 Chloroghyll a

Lake pH of (#/mL) mg/m
Species*

McCloud 4.71 12 7,340 0.9
Cowpen 4.84 9 2,940 1.3
Anderson-Cue 4.89 9 10,870 2.8
Galilee 4,96 12 5,650 2.9
Brooklyn 5.01 8 4,330 3.0
Rosa 5.05 12 3,390 2.2
Sheeler 5.09 11 3,730 1.0
Magnolia 5.10 10 5,460 1.1
Lowery 5.19 12 4,510 1.1
Johnson 5.20 13 8,520 2.5
Annie 5.72 12 8,890 1.5
Altho 6.00 17 8,680 5.5
Josephine 6.07 22 25,580 11.0
Geneva 6.12 11 4,730 3.5
Letta 6.37 19 24,540 10.5
Placid 6.40 17 9,590 7.2
June 6.64 18 9,720 9.7
Francis 6.66 21 24,160 10.9
Kingsley 6.68 12 9,070 2.7
Clay 6.69 16 15,080 12.7

* Mean values for four sampling periods
1. Mean number of species encountered for four sampling periods.

2. Mean values for four sampling periods
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6-7b) more clearly demonstrates the definite trend of decreasing chlorophyll a
with decreasing pH. Using a Kruskal-Wallis rank sum test, the lakes were
shown to contain statistically different concentrations of chlorophyll a

(o = .005).

In addition_to a pH-chlorophyll relationship, a phosphorusfchlofophyll
relationship also can be discerned in Figure 6-8. However, the absence of
lakes with low pH and high total phosphorus concentrations in the sample
group precludes the definition of a response surface for pH, total phosphorus,
and chlorophyll a over the entire pH range (4.5 - 7.0) in the data base. A
sufficient range of TP values exists for lakes with relatively high pH (i.e.
values > 6.0) to demonstrate an overall trend of increased chlorophyll a with
increased total phosphorus. The limited data for lakes with low pH also sug-
gest a similar trend of increasing chlorophyll with increasing phosphate content.

Species Richness and Abundance of Phytoolankton

A reduction in the number of phytoplankton species found in a given sample
decreased (Table 6-5), but as shown in Figure 6-9a, a considerable amount of
scatter exists in the relatiomship, espccialiy for lakes with pH > 6.0. 1In
the less acidic lakes, hydrogen ion concentration exerts less control over
phytoplankton community than in lakes of lower pH. Using a Kruskal-Wallis rank
sum test, the 20 lakes were found to contain statistically different number of
phytoplankton species (a = .005).

The mean number of species i1n the 10 acidic lakes (pH < 5.2) was 10.8,
with a range of 8 to'Ij, éﬁd the ﬁean_pumber of species on the non-acidic
lakes (pH > 5.7) was 16.5, with a range of 11 to 22. By grouping thé 20
lakes into five pH intervals (Figure 6-9b), the decrease in number of species
with decreasing pH is depicted more clearly. The mean number of species in-
creased progressively from 10.5 in the most acidic group of lakes to 17.0 in

the least acidic group of lakes.
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Similarly, the number of phytoplankton individuals decreased with
decreasing pH (Figure 6-10), but again the data are highly scattered, Using
a Kruskal-Wallis rank sum test, the 20 lakes were found to have statistically
differentvphytoplankgpn abundances (a =~.Q005).' The‘mean number of individuals
from the 10 a'ci'd;c'la'kes was 5,670/mL; with a range of 2,940 to 10,%900/mL. The
mean number of iﬁdividals*fiom the nonacidic lakes was 14,000/mL, with a range-
of 4,730 to 25,600/mL. The mean number of phytoplankton individuals in each
of the 5 pH intervals (Figure 6-9b) more clearly illustrates the increase in
the number of individuals in the pH range of 6.0 - 7.0.

The isometric plot in Figure 6-11 illustrates the dependence of phytoplankton
abundance on both pH and total phosphorus concentration. The absence of lakes
with low pH and high total-phosphorus in the data base again precludes definition
of the complete response surface. Based on available data, phytoplankton
abundance increased with increasing pH.at all levels of total phosphorus
encountered in the 20 study lakes. A similar but less complete trend of in-
creasing phytoplankton abundance with increasing total phosphorus was observed
at all pH intervals.

The ability of acidic conditions to decrease the concentration of
available plant nutrients (such as phosphorus) has been proposed {(Dickson,

1978; Grahn 1976; Anderson et al. 1978). The consistently low total phosphorus
levels in all acidic lakes except Anderson-Cue, plus reports in the literature
of decreased recycling of ngtrients in acidic lakes suggest a causal relationship
between the low phosphorus concentration and low pH of the lakes. Anderson~Cue
lake was the site of a previous eutrophication experiment (Brezonik et. al.

1969) and received relatively high inputs of phosphorus for several years.
Further studies are needed to define the relationship among phosphorus,

chlorophyll, and lake acidity.
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Species Composition

One of the most obvious changes in the composition of phytoplankton
communities, both in previous studies (Yan 1975) and in the present investi-
gation, 1s a replacement of blﬁefgreen algae as the dominant group at high
pH by‘gfeen élgae as the dominant group.at low pH. 'In lakes of pH 4.5 - 5.0
(Figure 6-12), greén algae made up'60Zvof the total nhmber of phytoplankton
individuals, while blue~green algae contributed 25%. In lakes of pH 6.51 - 7.0,
green algae were responsible for 31%, while blue-green algae made up 63% of
the total number of individuals. Similar results were obtained by Yan and
Stokes (1978), who found an increase in the ratio of green algae to blue-
green algae with increasing acidity.

A decrease in the number of rare species was strongly associated with
decreasing pH, as shown in the species list in Table 6-6. Highly acidic lakes

were dominated by Staurastrum spp., Scenedesmus sp., Ankistrodesmus falcatus,

Peridinium inconspicuum and several species of small coccoid green algae.

Blue-green algae were sparse in the acidic lakes and were represented mainly

by Oscillatoria limnetica and Anacystis incewta. Other algae found in the

acidic lakes included Euglena sp., Oocystis spp. and Chlamydomonas sp. Diatoms

were also rare in the acidic waters, with Tabellaria sp. as the dominant
genus and Navicula and Melosira as the principal subdominants. The nonacidic
Florida lakes contained more rare species and greater numbers of blue-green

species such as Amigdalum quadridentata, Anabaena spp., Spirulina laxissima

and Microcystis aeruginosa.

The species composition of the study lakes was similar to that for lakes
of comparable pH reported in the literature. Almer et al. (1974) found

Chlamydomonas sp., Peridinium inconspicuum, and Oocystis sp. as the dominants

in acidified lakes of Scandinavia.

et
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Table 6-6. Phytoplankton distribution with pH from 20 Florida study lakes.

Phytoplankton 4.5-5.0

5.0-5.50

5.51-6.0

6.01-6.5

6.51-6.7

Staurastrum spp.
Synedesmus

Lyngbya
- Oseillatoria limetic
Peridiniwn inconspicum’
Chroomonas sp.
Ankistrodesmus faleatus
Selenastrum minutum
Chlamydomonas
Elakatothrix gelatinosa
Rhabdoderma sp.
Anacystia incerta
Gloetheca linearis
.Penate diatom sp.
Tabellaria sp.
Closterium sp.

Euglena sp.

Small gr. coccotids
Oocystis pusillia
Dinobryon sp.

Anacystis montana
Phacus sp.

Cosmarium spp.

Tetradon minimun
Croococcus Llinmeticus
Synedra

Kirehnierella contorta
Amigdalum quadridentata
Closteriopsis
Dactylococopis rhaphidioides
Crucigenia tetrapodia
Mierocystis aeruginosa
Chlorella sp.

Centric diatom sp.
Gomphosphaeria lacustris
Pseudotetraspora sp.
Gonyostomum semen
Spirulina laxissima
Aphanothece nidulans
Asterionella formasa
Anabaena sp. )
Melosira herzogii
Rhizosolenia sp.
Chlorogonium elongotum
Oscillatoria angustissima
Anacystis thermalis
Eehinosphaerilla 8p.
Gleocapsa rupestris
Staurodesmus dijectus
Sehizothrix caleicola
Mallomonas 8p.
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The overall effects of increased acidity on the phytoplankton communit ies
of Florida lakes thus include a reduction in number of species and individuals
and lower chlorophyll a. Blue-green algae were found to be dominant in non-
acich lakes, while green algae were the most common group in the acidic lakes.
The effects Qf'pH on the phytoplankton éommunity are confounded in part

by a trend of lower concentrations .of total phosphorus in more acidic lakes.

Zooplaakton

Zooplankton community structure in the 20 study lakes was analyzed based
on the number of species, abundance of individuals, and the distribution of
individuals among the various species. In addition, two common multivariate
statistical techniques were used to reduce the dimensionality of the data andi
to generate trends from the complicated data base. The first method involved
classification of the zooplankton communities in the 20 study lakes based on
cluster analysis and a calculated similarity matrix. The second method invol-ved
ordination, i.e. extraction of principal coordinates or axes for the 20 lakes
from the multidimensional hyperspace based on their zooplankton communities.
These statistical methods show correlations between environmental factors and
biotic responses but do not imply causation. If similar trends are depicted by
each technique, a stronger correlation between pH and zooplankton communities
can be deduced.

Zooplankton Community Structure

Reduced species.richness i1s often associated with_acid—stressed environ—
ments. As th; number‘of sﬁécies decreases, the rare species are lost, and
species that can tolerate the altered environmental conditions increase in
dominance. Increased acidity in freshwater systems has been associated with 2
general decrease in the number of zooplankton species (Yan 1979; Sprules 1975

Parsons 1968). In the present study, the mean number of zooplankton



species in the nonacidic group was 19, while in the acidic group only 14
species were found (Table 6-7). The Kruskal-Wallis rank-sum test indicated
that the number of zooplankton species in the various lakes was statistically
different at a = 0.005. The distribution of specles richness across 5 pH
interﬁals,(figure 6-13) showed a monotonic increase in the number of species
from the second lowest pH interval (13.5 species at pH 5.0 - 5.5) to the
highest interval (19.5 species at pH 6.5 - 7.0). The most acidic group

(pH 4.5 - 5.0) had approximately the same number of species (13.7) as the
next pH interval. The range of species richness was relatively gmall over
the entire pH spectrum, suggesting that pH does not have an overwhelming
effect on zooplankton diversity in Florida lakes.

The number of zooplankton species found in the present study is much
higher than the numbers reported in other studies on lakes of comparable pH.
In a study of acidic lakes near Sudbury, Ontario, Yan (1979) found about
half as many zooplankton species in lakes with pH values comparable to the
acidic Florida lakes. Leivestad et al. (1976) found that numbers of zoo-
plankton species in acidic Norweigan lakes were two to three times lower
than those observed in the present study. Lower concentrations of toxic
heavy metals that are often assoclated with acid precipitation may be re-
sponsible for the higher species diversity found in Florida lakes, but fur-
ther studies are necessary to evaluate this hypothesis. In addition, sub-
tropical lakes in Florida are not subjected to the hafsh seasonal fluctuations
that occur in temperate lakes. The range of temperature in the Florida lakes
was about 12 to 30°¢c during the year of sample collection. All 20 lakes are
oligotrophic or mesotrophic, and none exhibited anoxic conditions in the
water column. With such moderate environmental conditions, the adaptive po-
tential of organisms to an external stress such as increased acidity may be

enhanced.

The population density of zooplankton also ,has been showd to decrease



30 ] — 300
25 | { 250
[ 4]
@ 7
& - 'h /a l
o 15 | 0% 4 150
+ ¢ )
g C/ %
210 |- 4 A4~ 100
2 % 25
% oy
5 | Z ﬁ; 4 so
¢ 2
| ) .
4.5-5.0 5.0-5.5 5.5-6.0 6.0-6.5 6.5-7.0
pH
Number of 4 6 2 ) 4 4

lakes

Figure 6-13. Average number of species (per lake) and average number of
zooplankton individuals per liter for the 20 lakes grouped
into five pH intervals.

Number of Individuals (#/L)



with decreasing pH (Yan 1979; Yamamoto 1972; Parsons 1968). The mean
abundance of zooplankton in the 10 acidic Florida lakes (Tabl e 6-7) was

7.5 x 104 individuals/m3 (range 3.0 - 13.8 x 104), while the corresponding
values for the 10 nonacidic lakes were 14.5 x 104 and 3.8 - 32.6 x 104. The
scatter iﬁ population values at a given pﬁ péecluaes delineat.i;n of a simple-
trend between zooplankton population density and pH (Figure 6 —14), but the
Kruskal-Wallis rank-sum test indicated significant difference:s (a = 0.005)
between the mean number of individuals in the lakes. Althoug'h a histogram
of mean zooplankton numbers for the five pH intervals suggest.s a trend of
increasing numbers with increasing pH, large and overlapping «error bars were
found for each interval.

The abundance of zooplankton in the lakes was influenced by phyto-
plankton density, as shown by the correlation between zooplanikton numbers
and chlorophyll levels in Figure 6~15. Since chlorophyll leve2ls increased
with increasing pH, the modest trend noted between zooplanktom abundance and
pH may reflect changes in overall lake productivity rather thsn direct effects
of pH on zooplaukton growth and survival rates.

Mean annual zooplankton biomass (Table 6-7) was calculared from species
counts and conversion factors obtained from the literature (Duimont et al.
1975). Mean annual biomass fér the 10 acidiec lakes was 93 mg/’m3 (range: 24
to 175 mg/m3). The mean biomass in the ten nonacidic lakes wzis 123 mg/m3
(range: 49 to 268 mg/mB). Zooplankton biomass displayed trer.uds similar to
those observed for zooplankton- abundance. Much of the variatilon between pH
intervals associated with zooplankton biomass, reflects change:s in the pro-
portions of species of differing sizes.

Of considerable importance in evaluating the effects of X.ncreased

acidity on zooplankton communities is the change in species coomposition with



Table 6-7. Summary data on zooplahkton and related diversity indices in
the 20 Florida lakes.t

Shannon- Evenness Modified
Weaver (H?Hmax) Simpson's

Number Individuals Biomass  Index Index
Lake pH of species #/m3 mg/m3 e : (ST*)
McCloud- 4.71 11 79,400 - 116 0.86 0.77 0.82
‘Cowpen 4.84 13 30,:500 24 0.86 0.73 0.82
Anderson-Cue 4.89 14 135,500 170 0.87 0.70 0.82
Galilee 4.96 17 86,400 110 0.99 0.76 0.87
Brooklyn 5.01 12 137,800 120 0.85 0.72 0.81
Rosa 5.05 13 77,900 175 0.66 0.55 0.69
Sheeler 5.09 12 33,200 33 0.86 0.75 0.83
Magnolia 5.10 15 47,300 57 0.83 0.66 0.81
Lowery 5.19 15 45,400 60 0.95 0.77 0.86
Johnson 5.20 14 79,000 64 0.89 0.73 0.83
Annie 5.72 16 108,900 72 0.81 0.63 0.79
Altho 6.00 18 70,400 49 0.93 0.71 0.84
Josephine 6.07 20 326,400 268 0.97 0.71 0.85
Geneva 6.12 18 93,500 132 0.89 0.67 0.83
Letta 6.37 18 150,200 92 0.89 0.67 0.80
Placid 6.40 17 154,300 103 0.94 0.74 0.84
June 6.64 21 201,600 137 1.07 0.78 0.88
Francis 6.66 23 194,300 190 1.03 0.74 0.85
Kingsley 6.68 15 109,800 66 0.86 0.68 0.80
Clay 6.69 19 38,400 120 0.95 0.71 0.83

1.

Counts and biomass are averages of four (quarterly) samples. Diversity indices
are calculated from mean counts of the four sampling dates.
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pH. A group of acid-tolerant species was dominant in all lakes (from pH

4.71 to pH 6.69) and consisted of Diaptomus floridanus, Cyclops varicans,

Bosmina longirostris, Daphnia ambigua, Keratella cochlearis and Mesocyclops

gdax'(Table 6-8). Other species that were found. at . all pH .levels but were

not dominant included Tropocyclops prasinué, Leptodora kindti, Trichocerca’

multierinus, Conochilus unicornis and Pélyarthra vulgaris. The majority of

the species restircted to lgkes.of high pH were rotifers, and these were rare,

even in thec-lakes where they were found. One notable exception is Asplanchna

sp., which occured consistently in lakes with a pH greater than 6.0.
A similar group of zooplankton species dominates both acidic and non-
acidic lakes in Canada (Sprules 1975). The dominant acid-tolerant species

reported by Sprules include Mesocyclops edax, Cyclops bicuspidatus thomasi,

Diaptomus minutus, Holopedium gibberum, Diaphanosoma leuchtenbergianum and

Bosmina sp. Five of the dominant genera found by Sprules also were found to
be acid-tolerant in Florida. Daphnids have been reported to be absent from

acidic lakes in several studies (Yan 1979; Parsons 1968), but Daphnia ambigua

was present at all pH levels in the Florida lakes and had a yearly mean
abundance of 6 x 103/m3 in the most acidic lake (pH 4.71).

In order to obtain overall trends of species composition with increasing
acidity, the percentage of total number of species contributed by copepods,
cladocerans, and rotifers was calculated. Rotifers were the major zoo-
plankters in every pH interval (Figure 6-16a), but their contribution de-
creased from 58% to 35% of the total number of species from the least acidic
to the most acidic group of lakes. Copepods were the principal subdominant
group at all pH intervals and displayed an inverse trend to that of the
rotifers, i.e. an increase in importance with decreasing pH (217 of the total

species at pH 6.5 - 7.0 and 35% of the total species at pH 4.5 - 5.0).
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ble 6~-8. Composite species list from 20 Florida lakes . .our Quarr;ers.l

Acid lakes Non-Ac :id lakes
pH .
4.7 to 5.2 5.7 tto 6.7
=1 [=] [y} 2 -~
v [} [J] e - o+ = -d 2] [J}
3 £ 0 o~ v > 0 s o ~J o~
(o] [«¥] I o B4 ~+t Q 4 1)} (U] Q. > Q@ (8] 2]
wood 55459388856 isg28siReten
o 238 ¥ g6 FR8 388838 2E¢¢
aptomus floridanus X X X X XX X X X X X X XX X X X X X X
‘clops varicans X X X XX X X X X X X X X T X M.X X X x
socyclops edax ¥ X X X X X X X ¥ X XX X X X X X X X X
opocyclops prasinus X X X X X X XX X X X X M X X X X
gasilus €p.. X- X X. X-X - -X X X X X X - X -
pepodite X X X X X X X X X X X X X X X ¥ X X ¥ %
wlit X X X X X X X X X X XXX X X XM X X X X
adocera
Bnrina Zongirostmls X X X X X X X X X X XX ¥ X X X X X X X
phnia ambigua ¥ X X X X XX X X X X X X X X X X X X
Ptodora kindtid X X X X X X X X X X X ¥ X X X X
e Clodoceran X X X X X X X X X X X X X X
dorus sphaericus X X X X X X X X
eminopsis dieterst X X
aphanosoma brachyurum X
riodaphnia reticulata X
mocephalus sp. X
lopediwn amazonicum X
atella cochlecris X X X X X X X X X X XX X X X X. X X X X
lchocerca multicrinug X X X X X X X X X X X X X X X X
lyarthra vulgortis X X X X X X X X X X X X R X X X X
Mehocerca longiceta X X X X X X XXX X X X X ¥X X X X X
mochilus Unicornis X X X X X X X X X X ¥ X X X
ratella taurocephula X X X X X X X X X X e X X
llicottia sp. X X X X X X X X X w X X X X
tchionus quadridentata X X X X X
ehionus hauanaensis X X X X X X
linia sp. X X X X X X X X X X
styla 8p. X X X X X
achionus angularis X X X X
ratella quadrata X , X
chionus calyciflorus X X
tosoma sp. X X
tropus 8p. X X
matus sp-. X »
tyias patulus X
ochiloides sp. X
ane Sp. X

akes listed in order of increasing pH. X indicates the species was forund in the lake at
east once during the four quarters.
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Cladoceran importance remained fairly constant across all PH intervals and
represented between 18 and 227 of the total number of species.

Trends in the percentage of the total number of individuals contribut ed
by the three major groups of zooplankton over the five pH intervals are more
complicated (Figure 6-16B). In acidic lakes (4.5 - 5.5), copepods contri—
buted the largest proportion of the totai zooplankton abundance-(GO to 71X,
and rotifers contributed only 21 to 30%. Cladocerans made up only 8 to 11X
of the total zooplankton abundance in the acidic lakes. 1In the pH range
5.51 -~ 6.5, copepods declined in dominance, while rotifers increased to 463
of the total individuals, but the percentage contribution of each zooplank ton
component in the pH range 6.5 -~ 7.0 was nearly identical to that found in
the most acidic group of lakes. Based on these results, no clear trends iz
the percent of total zooplankton abundance can be detected across the pH
spectrum.

Species diversity indices have been widely used to describe biotic
communities in ecological studies (Sanders 1968; Pielou 1969). In the
present study, three diversity measures (Tabie 6—~7) were calculated from tiwe
mean annual zooplankton data for the 20 lakes. Simpson's Index
[si* = 1 ni(Ni—l)/N(N(N—l)] defines the probability that two individuals
selected at random will be of the same species (Simpson 1949). In the
present study we report SI* = 1.0 - SI so that values of 1 and 0 correspond
to total eveness and extreme skew, respectively. In addition, both the
Shannon-Weiner function [H' = % Py log (l/?i)] and evenness [H'/H'max] were
computed.

The mean value of SI* from the acidic lakes was 0.82, and the mean
value from the nonacidic lakes was 0.83; thus based on this index, no

differences in the zooplankton communities can be discerned between the



acidic and nonacidic lakes. The mean value of H' for the acidic lakes

was 0.86, and the mean value for the nonacidic lakes reflects their greater
species richness. The two groups of lakes had nearly identical evenness
measures (E = 0.71 for the acidic lakes; E = 0.70 for the nonacidic lakes).
Since .H' has both an avenness and a species richnéss component, the hig'ner‘

H; for the nonacidic lake group thlus reflects a higher numﬁer of‘species.
Overall, the similar mean values for the three measures of diversity for the
two groups of lakes indicates that little difference exists in the species
diversity of the zooplankton communities of acidic and nonacidic Florida lakes.

Clasgification of Zooplankton Communities

Cluster analysis was used to identify patterns in the zooplankton
communities associated with increased acidity. This method assumes that
some general set of controlling factors is acting on the biotic community.
Thus, the various species assemblages act as a natural biloassay, permitting
the detection of major influences exerted by environmental and biological
parameters. Conclusions drawn from this multivariate technique, as well as
those from the univariate techniques used earlier in this section, are cor-
relative and do not prove causation. Sneath and Sokal (1973) discussed the
principles and techniques of classification in detail, while Poole (1974) has
reviewed methods for cluster analysis. Czekanowski's similarity index was
used to measure the similarity between the various zooplankton communities
(Cormack 1971). Recent studies (Bloom 1979) have demonstrated the superiority
of this index over pther indices to accurately group assemblages of knowm
similarity. The zooplankton data were log transformed (X' = lan(x + 1), aund no
standardization was used. Two types of classifications were generated:
standard (Q-mode) analysis, which clusters the lakes according to the simil-
arity of their species composition, and reverse (R-mode) énalysis, which clusters

the species according to their similarity of occurrence. Both analyses were



performed using quantitative(actual count) data and qualitative (presence-absence)
data. The former thus includes information on the relative dominance of
species, while the latter disregards abundance.

Results of the cluster analyses are presented as dendrograms, in which
groups of similar objects are depicted by the joining of 1ines into progres—
sively larger groups.. The dendrogram generated from Q-mode quantitative
classification of quarterly zooplankton data from the 20 lakes (Figure 6-17)
shows a strong effect of seasonality on zooplankton communities; clusters of
highest similarity generally comprised of various lakes within a single
season. At a arbitrarily defined simila;ity leyél’of 63%Z, 11 groups of two or
more stations were defined, along with a number of solitary stations. Clusters
g, b, 1, J and k are comprised primarily of acid lakes, and a single season
(fall, winter, or spring) dominated each cluster. Two nonacidic lakes
(Kingsley and Geneva) also are included in this group. Clusters b and e are
mostly from the summer quarter and are made up of both acidic and nomacidic
lakes. Clusters c, d and f are dominated by nonacidic lakes from all four
quarters. The overall frend suggests that a‘greater difference in zooplank-—
ton communities exists between the acidic and nonacidic groups during the
fall, spring and winter quarters and that a higher level of similarity exists
during the summer. Results of Q-mode classification based on presence-absence
data followed the same patterns described for the quantitative data. The level
of similarity of the various groups was higher because the effect of dominance
was removed by considering only presence-absence data.

In order to assess the overall yearly trends in zooplankton communities,
a classification was conducted on the yearly mean data. A dendrogram obtained
from the mean annual quantitative data (Figure 6-18) shows that two major
groups are formed at the 687 similarity level. One group is composed of seven

lakes with a pH range of 6.00 to 6.69. The second group contains ten acidic
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lakes (mean pH 4.71 to 5.2) and three nonacidic lakes. The latter three
lakes all are considerably more oligotrophic than the other nonacidic lakes,
suggesting that the zooplankton communities are heavily influenced by phyto-
plankton abundance.

An R-mode cluster analysis using quantitative data on the relaticoship
among” the species found in the 20 lakes (Figure 6—19) shows that the group
of acid-tolerant species that were dominant at all pH leveis grouped to-
gether at a high level of similarity. These six species, along with copepodites
and nauplii, constitute a group delineated at the 87% similarity level.
Species groups were added to this central group of dominant acid-tolerant
individuals in order of decreasing occurrence and abundance.

Ordination of Zooplankton Communities

Ordination methods are useful in extracting information om underlying
factors or trends from a complicated data base. Ordination techniques suciz
as principal component analysis and fagtor analysis have been used in both
terrestrial and aquatic studies (Bray and Curtis 1957; and Shannon and
Brezonik 1972). 1In the present study, principal coordinate analysis (PCORY

was applied to log-transformed data from the 20 study lakes, and a series of

principal axes were calculated to account for the variance within the place-—
ment of the stations. The principal axes are linear combinations of the
variables that explain the maximum possible variance in the original data.
In simple terms, the principal axes can be considered as new (derived)
variables that reduce the dimensionality of ghe original data set. The de—
rived variables can ﬁe considered as underlying factors explaining the varifa-
tions in the measured variables. For further explanations of ordination
techniques, see Gowers (1966), Sneath and Sokal (1973), and Poole (1974).
Principal coordinate analysis of the zooplankton data was dome using

‘the computer program described in Bloom et al. (1977). The zooplankton
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counts for each lake were first log-transformed (to obtain normal distribu-
tions), and Z-scores for each species were then computed so that all variables
had means of zero and unit variance. Figure 6-20a presents a three dimensiomal
view of the 20 lakes plotted on the first three principal axes. These axes
account for 547 of"the variance in the data, which is rather good for such a-
complicated data base. The o#erlaé of several of the lakes in Figure 6-20a
obscures some of the information, and the exact location of each lake on the
three axes can be obtained from Figures 6-20b and ¢, which show cross-—sectional
views of the 20 lakes on planes representing axes 1 and II, and I and III,
respectively.

Two main groups of lakes are visible from Figure 6-20b, a dense group of
13 lakes and diépersed group of 7 lakes. The smaller group contalns only
nonacidic lakes, and the other group consists of ten acidic and three non-
acidic lakes. These two groups of lakes agree in composition with the two
groups obtained in the cluster dendrogram (Figure 6-18), further indicating
a difference in the zooplankton communities of the two groups of lakes. With-
in the group of seven nonacidic lakes, three lakes (Josephine, Francis and
June), are located away from the rest of the group, and they had the highest
numbers of individuals and the greatest number of species of all 20 lakes.
A further similarity between the clustering and ordination results is the
relative positions of Lake Cowpen and Lake Sheeler. Both lakes are highly
acidic with low-color content, and both had reduced species richness and low
zooplankton abundance. These lakes were the last to be added to thé cluster
of acid lakes (Figure 6-18), and both are grouped together (and at some dis-
tance from the other acidic lakes) in the ordination graphs (Figure 6-20a-c).

The overall pattern depicted by the multivariate analyses suggests that
a difference exists between acidic and nonacidic lakes, but low productivity

nonacid lakes are grouped with the acid lakes.
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Benthic Invertebrates

Community structure of the benthic invertebrate assemblages from the 20
study lakes was analyzed based on species richness, abundance of individuals
and ;pecies diversity. 1In addition, both cluster analysis and ordination.
were used to detect'differences in the structure:of thé benthic communities

among the 20 study lakes.

Species Richness

Reductions in the number of benthic species have been related to in-
creases in acidity in lakes (Parsons, 1968; Leivestad et al., 1976). The
present data also indicate a slight reduction in the mean number of benthic
species with increasing acidity (Table 6-9). The mean number of species in
the 10 acidic lakes (pH <5.6) was 24.6 (range of 21 to ‘30), and the mean in
the 10 nonacidic lakes (pH >5.6) was 26.6 (range 17 to 37). The mean num-
ber of benthic species within the 20 lakes was found to be statistically
different using a Kruskal-Wallis test (4= ,005). The mean number of specles
showed counsiderable variation between lakes in both the acidic and nonacidic
groups. The nonacidic group of lakes exhibited the greatest
variability, a fact that can be attributed to the greater trophic diversity
of this‘group. Lakes with the highest numbers of species routinely were
the most productive. Arranged according to the five previously established
pH intervals, a bimodal pattern of species richness emerges with the great-
est number of species occurring in lakes of either the highest or lowest
pH (Figure 6-21). Such a distribution suggests that species richness in the

study lakes is controlled by factors other than pH.

T

The importance of sediment characteristics as a controlling factor for
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ble 6-9. Summary of data on benthic invertebrates and related diversity Indices
for 20 Florida lakes.}

Number Individuals Biomass Shannon- Modified Evermsess 1o
of 9 2 Weavef Index Siwmpson Index v
- pH  Specles (#/m") (g/m7) (1) (S*) (H /'H max}
Cloud - 4.71 28 5380 0.354 0.88 0.8L 0.61
Npen 4.84 30 2130 0.168 1.05 0.85 0.71
derson-Cue 4.89 25 3720 0.364 0.85 0.75 0.61
lilee 4.96 24 1450 0.403 1.06 0.88 0.77
rooklyn 5.01 26 1100 0.320 1.14 0.81 0.90
s 5.05 23 3990 0.376 0.87 0.80 0.64
beeler 5.09 23 2950 0.428 0.75 0.73 0.55
lgnolia 5.10 21 2590 0.557 0.75 0.76 0.57
wery 5.19 23 940 0.223 1.03 0.86 0.76
bhnson 5.20 23 980 0.335 1.02 0.85 0.75
mie 5.72 17 2860 0.299 0.59 0.60 0.48
ltho 6.00 17 1240 0.080 0.69 0.68 .56
psephine 6.07 33 2130 0.596 1.85 0.56 D.71
Zeneva 6.12 24 690 0.127 1.05 0.86 D.76
etta 6.37 25 1220 0.331 1.12 0.90 .80
lacid 6.40 27 1940 0.728 1.06 0.86 0.13
ine 6.64 37 2330 0.705 '1.05 0.84 0.67
rancis 6.66 32 2490 0.632 0.99 0.86 0.66
tngsley 6.68 22 1980 0.254 0.83 0.77 0.62
lay 6.69 32 3960 0.457 0.80 0.53 0.73

Values are averages for the four sampling periods.
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benthic community structure has been well-established by Harp and Campbell
(1967) and Bloom et al. (1972). The wide variation in species richmess at
all pH levels in this study may in part be attributed to interbasin varia-
tions in sediment characteristics. Based on the previously established pro-
ductivity ~ pH relationship, organic deposition and thus sediment organic
content may be expécted to decrease with decreasing pH. Thus, species fe-
quiring a highly organic substrate for either deposit feeding or burrow
formation may be excluded from lower pH lakes. The variations in the benthos
response within a given pH interval is a reflection of the fact that the or—
ganic content of sediments is influenced by allochthonus organic inmputs
from the watershed, as well as autochthonous production.

Finally, both the quality and quantity of food may limit benthos distribu—
tion. Filter-feeding species may be eliminated from low pH lakes due to the
generally lower algal concentrations in these lakes. 1In addition, bacteria,
which are known to be an important dietary component for some benthic in-
vertebrates, are Iin reduced concentrations in acidic habicacs.(Aqdeison
et al. 1978).

Number of Individuals

A reduction in the total number of benthic individuals has been associ-
ated with increased acidity (Lackey 1938; Harp and Campbell 1967). Results
from the present study (Table 6-9) indicate a high degree of variability among
the 20 study lakes, with no clear reduction in the abundance of benthic in-
vertebrates being associated with increased acidity. _The mean number of
benthic invertebrates in ﬁhe 10 acidic lakes (pH <5.6) was 2,520/m% with a
range of 936 to 5.380/m2; and nonacidic group (pH >5.6) had a mean of

2
2,080/m2, with a range of 692 to 3,960/m".
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When grouped into five pH-intervals, benthic invertebrat e abundance
displays a bimodal pattern with the most aclidic lakes and the: least acidic
lakes containing the greatest number of individuals (Figureg—-21). The present

results demonstrate a decline in abundance in moderately acid ic lakes (pH
5.5-6.0), but do not delineate a linear .reduction in beathic iwértebrates

with decreasing pH.

Larvae of the dipteran, Chaoborus punctipennis, were oft en collected in

benthic samples and were counted as part of the benthic inver tebrate assemblage

in the present study. C. punctipennis is known to be associa ted with bottom

sediments during the day and to migrate up through the water -column at night
(Roth 1968). Elimination of this species from our benthic cowumts decreased
the total number of individuals at all pH levels but failed tro change the
generzl abundance-pH relationshilp discussed above.

Biomass of Benthic Invertebrates

Biomass of benthic invertebrates (ash-free dry weight) grenerally de-
creased with decreasing pH in the 20 Florida lakes (Table 6~9)). Mean biomass
for the 10 acidic lakes was 0.32 g/m2 and for the 10 nonacidic lakes was
0.42 g/mz. The large variation in biomass of benthic inverteibrates in the
lakes (Figure 6-22) suggests that additional factors besides ypH are influencing
the distribution of the benthos.

Species Diversity

Species diversity was calculated separately for each of trhe 20 lakes as

Shannon-Weiner (H'), evenness, and Simpson (SI#*) indices. Ther 10 acidic Takes

had a mean value for log R' of 0.94 and a range of 0.75 to 1.4, but the 10
nonacidic lakes had a slightly lower mean value for H' of 0.9€) and a range of

0.59 to 1.12 (Table 6-9). Thus, no clear relationship betweem Shammon-Weiner
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diversity and pH could be delineated.

Mean values for the modified Simpson's index (Table 6-9) were 0.82
(acidic lakes) and 0.86 (nonacidic lakes). Simpson's index is sensitive to
dominance by a few species. The slightly higher value for SI* from the 10
uonacidiculakes_reflects a more even distribution of individuals among the
various speciles. Ovefall, very little difference exists between the two
lakes groups in reference to the three measures of diversity, and no strong
relationship could be established between these indices and pH.

Comnunity Composition

The relationship of individual species or groups of species to pH can
provide useful data on the response of benthos to acidification. A group af
acid tolerant species was found to dominate invertebrate assemblages at alZX

pH levels: Limnodrilus hoffmeisteri, Hvalella azteca, Bezzia getulosa, Chao-

borus punctipennis, Coelotanypus tricolor, Procladius sp., Stictochironomus

devinctus, Cladotanytarsus sp., and Tanytarsus sp. Other species also occorred

at all pH levels but were never present in large numbers (Table 6-10). Chivouomi
larvae were an important component in the benthic communities of all study

lakes and accounted for nearly 50% of the number of total individuals as well

as a majority of the species in the acidic lakes. Chironomids were found Em

all nonacidic lakes but accounted for a smaller portion of the Individuals

and species richness than in the acidic lakes. A replacement series of major
invertebrate groups was note& along the pH gradient (Figure 6-23). Oligochaetes
and amphipodd increased in importance with increasing pH, but chironomids

and molluscs decreased with increasing pH, with no individuals of the latterw
group found in lakes with 'a pE <6.0.

Decapods such as Palaemonetes paludosus were only found in lakes with
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sble 6-10.

Lakes listed in order of increasing pH.

rganism

ygesia tigrina
imodrilus hoffeisteri
umbriculus sp.
plobdella sp.
llinobdella sp.
isidium sp.
orbicula fluminea
pera sp.

lstza sp.

nid. Plecopotera
donotides sp.

raulus deflectus
lviparus intartarus
alella azteca
ranaanyx §p.

ormarus sp.
zlaemonetes poludceus
nmnocgthare 3D.
gragenic 8p.

briphus williansont
Ldymops sp.

pgenius breuistylus
glthemis sp.

geromica Sp.

ympetrum sp.

eptocella sp.
gychomia sp.

id. Tricoptera
kyethira sp.
ydroptilidae

bzzia setulosa
haoborus punctipennis
rocladius sp.

anupus sp.

labesmyia porajanta
velotanypus tricolor
velotonypus seapularia
natopynio Sp-
aralauterborniella sp.
ironorus attenuatus
ptochivonomus fuluus
tgchia viridulus
arachironomus
ectinatellae
oZJpedzbzm halterale
0lypedilim scalaenum

Composite species list of Benthic invertebr..

from 20 Florida lakes.
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Table 6-10.

lyptotendipes senilis

lictochironomus devinctus
lerotendipes leueoscells

seudochironomus sp.
gntaneura sp.
nfeldia sp.
eladopelma sp.
odotanytarsus s&p.
ytarsus
stempellina sp.
relia 8p.
lotanypus sp.
ectroclodius sp.

eudodiamesa pertnax
lchoeladius sp.
Ltotopus sp.

ttia 6p.

lerucella sp.
lloepus sp.

dessus sp.

continued...

X X X X X% X X X X X X X X X
X X X X X X X X X X X X X X X
X X X X X X X X X X X
X X X X X X X X X X X
X X
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X
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X X X
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high pH. In most cases, species restricted to nonacidic lakes were found

in low numbers when present. Conversely, several rare taxa were found only
in acidic lakes: Macromia sp., Psychomia sp., Zavrelia sp. and Pseudodiamesa
pertnax.

The benthic assemblages of all 20 Florida lakes were dominated by a
group of species whose distribution appeared to be independent of pH. Indi-
vidual species confined to either acidic or nonacidic lakes never constituted
a major component of the benthos in any lake. Thus, changes in the parti-
tioning of individuals among species rather than the wholesale replacement

of species was the principal response of benthic invertebrates to increasing

acidification.

Classification of Benthic Communities

Benthic data were classified by standard (Q-mode) analysis using
Czekanowski's Similarity Index on log transformed quantitative data from
the 20 study lakes. A Q-mode classification of quarterly quantitative
benthic data (Figure 6-24) did not demonstra;e the same high degree of sea-
sonality displayed from a similar analysis of zooplankton data. The majority
of lakes, both acidic and nonacidic, showed a stronger interbasin similarity
than intrabasin similarity when considering all four quarters of data. Two
major groups can be identified from the Q-mode analysis (Figure 6-24); group
A is composed of nonacidic lakes, and group B is composed principally of
acidic lakes. The remainder of the dend;ogram consistsrof a large number of
very small clusters of both acidic and noséeidic lakes linked to groups A

and B at decreasing levels of similarity. Such a loose pattern of associa-
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tion suggests that the structure of the benthic community is controlled less
by pH than by additional factors, including substrate heterogeneity.
Classification of the 20 study lakes using a Q-mode analysis of quan-~
titative benthic data expressed as a yearly mean (4 quarters combined) per
each lakes (Figure 6-25) identified two distinct clusters, one composed of
acidic lakes (A) and'oﬁe éomposed of nonacidic lakes (B). Six lakeg, 2
acidic and 4 nonacidic, did not cluster within either group A or B. Two of
these six lakes, Annie and Sheeler, are very oligotrophic and are considerably
deeper than the other study lakes.

Ordination of Benthic Invertebrate Data

Principal coordinate analysis based on Gower's distance measure, unit
variance standarization, and log normalized data resulted in a central lake
group with a small number of lakes some distance away (Figure 6-26a). This
three dimensional representation of the lakes plotted on the first three
principal axes accounted for 37% of the variance in the data. Lake Cowpen
(6) and June-in-Winter (12) show a high degree of dissimilarity from the re-
maining 18 lakes. Lake Cowpen (mean pH'A.SAj contained the highest aluminum
concentrations of the 20 study lakes (Figure 6-6). Tricopterans and two

species of chironomids (Tanytarsus sp. and Pseudochironomus sp.) were higher

in Cowpen than other lakes, but Chaoborus punctipennis, a major dominant in

both the acidic and nonacidic lakes, was totally absent. Lake June-in-Winter
(mean pH 6.64) contained the greatest number of total species as well as
greatéét number of species and abundance of molluscs.

The exact location of individual lakes in the central cluster of Figure
6-26a can not be defined because of the overlap of lakes. This problem can
be overcome by examining the position of individual basins on axes two and

three (Figures 6-26bc) relative to principal axis one. Two clusters are de-
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fined from a combination of the first and second principal axes (Figure 6-26b),
one composed of 6 nonacidic lakes (cluster A) and one composed of 9 acidic

and 3 nonacidic lakes (Cluster B). This arrangement suggests a correlation
between the composition of benthic communities and pH. The inclusion of

three lakes with high pH and relatively low productivity i.e. Lake Geneva

(14), Annie (1;)‘Altho (12). in the acidic cluster also.suzzests a cor-
relation between trophic state and the structure of benthic communities.

The position of the 20 study lakes on the first and third axes (Figure
6=~26c) shows a high degree of similarity between the acidic and nonacidic
cluster of lakes. No clear distinction is visible between the two groups of
lakes with reference to their position along the third principal axes, sug-
gesting that most of the variation in the benthic data from the 20 lakes
that can be correlated with pH is explained along the first two principal
axes.

In summary, both classification and ordination techniques demonstrated
a general trend of greater similarity in the benthic communities of lakes
with similar pH. These data do not indicate.that a detrimertal effect is
being exerted by decreased pH on the benthic blota. More complete studies
are needed to determine specific responses by the benthic invertebrates to

increased acidity.



FIsi

Several prelimipary studies on the fish populations in acidified Florida
lakes also were undertaken as part of the present project. A qualitative
survey of the fish fauna of Lake Sheeler (mean annual pH 5.09) was conducted

with SCUBA during the summer of 1979. The narrow littoral zone was dominaz ed

by mosquito fish (Gambﬁsia affinis) and secondarily by centrarchid finger—
lings. The pelagic fauna, although somewhat sparse, was comprised of sever=al

species of centrarchids, including bream (Lepomis macrochirus) aud large—

mouth bass (Micropterus salmoides), and one unidentified species of ictalurid

catfish. Largemouth bass ranged in length from approximately 25 to 60 cm.
Adult largemouth bass were collected from Lakes McCloud (mean annual
pH 4.71) and Anderson-Cue (mean annual pH 4.89) in July, 1979. A conditiom
factor (K), relating body length (L, in mm) to body weight (W, in g) was
calculated according to the formula: K= 105 W (Nikolsky (1963). Fish bodiw
L3
weight per unit body length (and thus the condition factor, K) should imcre ase
in response to enhanced growth conditions. The mean K values for largemoutr®
bass from McCloud and Anderson-Cue were 1.00'(n = 3) and 1.19 (n = 6), re—~
spectively. These values are in contrast to a K value of 2.17 calculated
by Chew (1974) for largemouth bass in Lake Weir, Florida (mean amnual pH 6.5),
suggesting that the fitness of largemouth bass declines with lake acidifica—
tion. This trend is not surprising given that aquatic productivity and thus
the food supply of these secondary carnivores should decrease with decreas-—
ing pH. Consequently, fish populations may have to rely increasingly on
allochthonous organic matter to sustain‘them (Yamamoto 1972).
The age of individual bass was determined from microscopic examination
of scale annuli. The individual fish ranged in age from two to four years

old; thus although Anderson-Cue Lake has been acidic (pH <5.0) for at least
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the past 10 years (Table 6-2), reproduction of largemouth bass has continued.
These data are in contrast to those of Beamish (1975) indicating that small-

mouth bass (Micropterus dolomieui), a congeneric of largemouth bass, falled

to reproduce in Ontario lakes with pH <5.5-6.0,

Cronéﬁ an& géﬁgfield (l9i§) attfiﬁﬁﬁéé both fﬁe observed gill necrosis
and the generéi impoverishrent af the fiéh faunz i acidified Adirondack
lakes to recent increases in aluminum mobilization within the watersheds as
a result of acid precipitation. Some phvsical damage to fish has been as-
sociated with Al concentrations as low as 100 ug/L, but the most serious
effects have been reported at Al levels above 200 pg/L. Wright and Snekvik
(1978) suggested that increased calcium concentrations may ameliorate the
deleterious effects of increased acidity on fish populations by reducing
sodium loss from blood. Calcium concentrations generally declined with in-
creasing acidity in the 700 Norwegian lakes they examined. Based on this
survey, Wright and Snekvik concluded that fish could be expected in lakes
with pH values >4.5-5.5 and calcium concentrations >1-4 mg/L.

Based on the findings of Cronan and Schofield (1979) for Adirondack
fishes, we aléo examined the gills of the bass for signs of necrosis associated
with lake acidification. No evidence of either gill necrosis or of other
physical deformities were found in any specimen. The lack of a response mavy
reflect differences in water chemistry between Florida lakes and north-temperate
lakes of comparable pH, where responses were noted. If fish populations re-
spond more to concentrations of heavy metals and cations than to pH directly,
then observations of breeding populations of largemouth bass in Florida at
pH values lower than those required by congenerics in temperate lakes may be
explained. Fish reproduction should not be impaired by either the low
aluminum concentrations (mean 58 ug/Ll) or the moderate calcium levels (méan

1.0 mg/L) found in acidic Florida lakes. However, it should be noted that

L~%



these are preliminary observations, and that further studies are needed on
the distribution, fertility and growth of fish in acidic Florida lakes, as
well as on the forms and levels of aluminum in the lakes. The effect of in-
creased temperature on';he response of fishes in subtropical Florida lakes

to acidification also is unknown..
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Analytical Methods for Chemical and Physical Paramecters on Rain and Lake Samples.

Parameter Method Reference
pH Orion Model 801 Ionalyzer in the lab. An Orion Model 401 Ionalyzer in the

field.
Conductivity Beckman Model RC 16B2 conductivity bridge. APHA (1976)
Dissolved Oxygen YST Model 51A Oxygen Meter, Hydrolab Monitor, or Winkler wet chemical technique. APHA (1976)
Temperature YSI Model 51A Oxygen Meter or Hydrolab Monitor.
Color Sample centrifuged and compared against standard chloroplatinate solution at

420 mm on a Bausch and Lomb Spectromic 8%. APHA (1976)
Turbidity Hach Turbidimeter Model 2424 standardized with formazin suspensions. APHA (1976)
Alkalinity Titration with standard acid using color indicators. APHA (1976
Total Kjeldahl Manual semi-micro digestion followed by analysis of ammonium on neutrglized
Nitrogen (TKN) samples by alkaline phenol method on AutoAnalyzer. EPA (1974)




Parameter Method Reference
Ammonium Alkaline phenol method on AutoAnalyzer. EPA (1974)
Nitrate Cadmium (wire) reduction method on AutcAnalyzer. Stainton (1975)

Total Phosphorus

Sample digested with ammonium persulfate, and measured using the single reagent

molybdenum blue test on an unfiltered sample. APHA (1976)
Orthophosphate Measured at 880 nm using the molybdenum blue test on a filtered sample. APHA (1976)
Total Inorganic Measured by combusting samples in a Beckman Model 915 TOC Analyzer with analysis

in a Beckman Model 865 Infrared Analyzer. TC - IC = 0OC. APHA (1976)

and Organic Car-
bon

Technicon Methes

Silica Molybdenum blue method on Technicon AutoAnalyzer. (Analogous to manual

method in APHA 1975). #186-72W
Sulfate Methylthymol blue method on Technicon AutoAnalyzer. APHA (1976) -
Chloride Ferricyanide method on Technicon AutoAnalyzer. APHA (1976)
Aluminum Eriochrome Cyanine R Method on Technicon AutoAnalyzer, .APHA (1976)
Fluoride :Orion Model 96-09 Specific Ion Electrode APHA (1976)
Cations (Calcium, Varian Model 1200 atomic absorption spectrophotometer. EPA (1974)

Magnesium, Sodium,

Potassium)




APPENDIX II

Volume-weighted mean concentrations and Ammual Depositiion Rates for
each site during the project period.
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A. Calendar Year 1978 cont....

G35 SITC DATE  Qaln H Con NA K MG CA NH4 NO3 S04 cL oP TP TKN

o3 TALL AHASIEE iv73 133 4.25 17.2 0.227 0.208 0.048 0.497 0. 194 0.250 .89 0.832 0.012 0.021 0. 298

23 Wl 0O BULk 73 104 4.56 19.B 0.591 0.272 0.073 Q.85 0.1135 0.220 2.21 0.842 0.018 0.035 O0.377

23 WAL DD THROUSHFALL 19758 109 4.80 29.5 1.550 0.723 0.330 1.4% 0.156 0.2% 3.32 3.220 0.022 Q.038 O 548

C3s r GRON s {eil INORGN TOTN UVEGH EQGHDEP SES04 EXS0% SESDEP EXSDEP S04DEP NADEP
<3 0. GO2D173780 G. 104 0. 009 Q. 444 0. 538 17. 3730 231. 128 0. 08173 1. 80829 0. 36242 8. 014627 2%, 137 &, 3491
23 0. COCha7S-E3 0. 382 0.017 0.335 0. 657 27. 3423 349. 047 0.14773 2. 09223 0. &5993 9. 345358 30. 014 7. 9154
) 0. 0020158489 C.Me G. 018 0. 413 Q. 827 13. 8389 158. 489 C. 38730 2. 93230 1.29147 9. 77300 33. 200 13. 3000
C33 ADEP MGIER CADLF RNH4DEP NQ3DEP CLDEF CPOEP TPREP TANDEP TNDEP GRGHDEP ORGPDEP INNDEP

23 3. 3303 0. 23583 5. L1080 2. 9802 3. 32% 11. 0438 G. 159 0.27923. 3. 9438 7. 2884 1.3832 0. 1137 5. 9052

% 3. 4448 0. 9782 3. 0323 1. 3410 2. 948 11.2828 0. 2412 0. 4690 &.3918 9. 3398 4. 8508 0. 2272 4. 48Y0

2% 3300 3. 50G0 14. 50G0 1. 3600 2. 590 32. 2000 0. 224¢ 0. 3300 S. 6800 8. 2700 4. 1200 0. 1600 4. 1500



Calendar year 1979,

rates by site.

B.

Volume-weighted average annual concentrations and deposition

(See end of appendix for explanation of symbols and units).

CA NHA NO3 sG4 CcL e TP

MG

PH NA

RAIN

DATE

O M (I QN IO IO O
e = (YOO O T e GO = 1D ) i 1)
CAQMUUOLUOTOQQLO-OULOTVO

OO ANMMNAONNGMON G- BN
00%40000330]00)4 Qe
OOQUWOACADVUOVOLNOLVOOOO

COCOO000COICHCC0T0CCO0T
—OBO~IONODNOCMO =AU =IO
DOV TN O O <) PN = >0 - (1040
GORNONTEENODJPeITNIODOT

[elulelelololelololoR lolololololololol Jole)
OO =IO NI = =IO U NS
NMOPNUNG D md QT TN~ WL AT

ot CUf et et 9 vt 9t ot e vt ) v 0ot ot ot O =0 ot v ) v o

1

COOCUCR N INDNOO == NN
LEINOVOMNNOING =ONOINNNOMN
s ot ot (\] o o 3t et [ e o (1) 9t vt (1] 0t 0 9t 9o O 0

ANNNOTNON =T[OIMMI~UCIMNOM
COQCOINNEIORFTORO =TSN~
O OO O ==t QOO = ()= = OO

OGN ~MNONONNONSTNTINDD
NT QDO I =V TN CTD==NITOCITTTN
NONLYETII =N G s DN T OITNOGO

NORNOQMNSNOOCCAONAUNG O M)
OB TITOINUOINTCCQO SN A0
OOt memQ=ITQO~TI0CT

CC000AN0B0000E0TBCHCLY

MO D= AC DL = NI
QAT DOONCOINOMNT <0 r -
OB0=O0NI =G mIAVRIImC OV~

CO003C I0CT000CCOOCSSOSO

MOBrOOOPCNmt = LT O I~
L e R T e I B Sied? L SR LI EALS Bl A
CIGRGINTHI OB e I IOINT TN

MNAAENCMOINNTrNeLNONL0NT

S ottt O\ (vt o 0t ot ot ot ot 0 [ ot o vt o

ONENNO =G DMMINMOMS MO ne
OedNGOINCI = r T QNN =IO 0

wwMNSALMTTRCTPEOINTNDIID
MO MS =O0MADBGDNITNN D

s e e et LT SRR P

[+ et Jolol Salb L b d B d 2 N
NANARSLAS NSNS NS NN
PACPIITLIOPOPOOD

P e Lt e b R b b L T R R

"7

9

<
-
24
(231
> aa. "
Lt X L™ ©
<z ) $£L L4
My X3 <
« . uvl w
-
Wiz > =
20 2
T £
< The
X< .
sl
(=i
a.
<

SOITEANKC O NOIPN O NP O mfy

P L W I I ]

£04DEP

cp

UE.GH CCHDEP SESO4 EXS04 SESDeP £XSD

TOTN

INORCN

ORGP

OGN

TAN

Lol Rolt RalaSarin Aot )

g T Y T T = O o

5
8

SODFNBONe O e GNOC O
P MON NS OO N
Dt eI et LA =D (VNN O
CITT e QUL DTS QDN N TGN ORI

GBS S DR HOTROBBIBEE N T O
phd

BONPFOCOONT NI OO ON
WO TOIT SN O I C3EID D
Qe e NN VP e T T £ e D)
Cd~OM WD o8 O IO w NI T LA 7 O (SO0

OMOOO~=0T~000CII0CCCOO
POOVCODNCONNONILINIQONNEN
NOOIQCOANNOMNTIOTSCINO WIS
PO ONBICINCHIN = (IO UL O 0
M Y S P L e R I R e )
O N OO ST NQ = = OO T -~
P, SRR G | SUIERY P
NACINDOCWNAQVNONNNOOVMINGN
MNOONQOOCNOMNON VO VINNCICE
OO IO ANITIOCLI 0N INOIN T
NUANS OGN N O~0O0NN
QOO RUONUNO~OO Qs me ot

CLH=ECCNOOTAOTFIMO DTN
DA S=NTASSHAFT=OBNO -
CrACIBTISIOIN~FA LN~ (100M
NN GT Qe N AN LRI NSO ™ =N
O TEMOIBTOTELO 0O0GLASNIT
A ENNOTO S TGN

N mC T rOARTOL oD =T A IDN]
SO DNG SN UDTNT N 0N
RSN N TR =G T NN
< LUFF—CIRARNAOD O TE R TN
CIOM GEINONF I=CINENNG S0 ==J
G mGuTiGee e G O

BOMNCAN=TSI=NOUNONNONTOO
CINADDENPACNUEROI0ICTICITNO
NOTOCGONCONNCTM T INSTOLNMN,

CNEN=ANOIMSANTNDLN
R PN e e I e D R L
QIO CIMIUNOAN O~

260
63

G5

374
&

g0 Rl TAlN o nds, Belagsthad]
OQQ === N Al
SO00OQCILIUOOICOO00

5335]77.77087...-4613',0 a4
G ATMOHAINC A QCININGN MO
Bt D) ottt vt ot ot o [y Qe T

s COO0O00VLLOSDDNO00N
GHNAISOCO00CICOITN0OIO0
YR RO T N o R AT S O SR Y (T ]
s R Tl a L A T Py N T N e BV RV I ]
SRR O T R AL S T R 4 B VT ST S T )
COCCLEEIGCCIOOBLIEI000A0

-« T U NI D = OO I Y )

rerseteteretar e (VTS

1INTER

CRCPLER

DEP

GRG™

TPDEP TANDEP TNDTP

OPLCEP

CLDEP

NHADEP NOJLEP

cADEP

pohEp

KDZP

e

NOD

[# 12457

O GODD T D -G08 QP 010D 63 DO
rmvarswe ] IVl AT D T T J Y YD
T VYY) I OPT e Q] et U0 4T Y O oo P
DO Ay OAQ (I QI O OT TN

COCAOOVOOSIACOLOCICICS -

D OO @Mersr DT LMoy I IDIIOND 0D
EL RT3 s AR o o PN P PO RS eha g £ K 2 4
S L TPt B R RN A SR T T ]
TPUONC AL Ee Telalb Ty ST 4 N0y |

VOPTTFOTrNICITTDNRODTONOOO
P PO N 3 e DI = 3D TSN DO
P DOCINT DT I CIT SO 00BN
QDM I D= BACIOIN DO TNMIN

QNN DU TADM NIV
COINN = JBO o Ci D SWACTOICNNEN Y
QP OM = QP 1T = U3 DG O Tl
QDO =N TIrOQDITIGIOCACIOD

QURANGO DT Cime NN WO IDTNOQ
=MNATO IR THIINCURTOON
ENITUONTROLTO <> 3 Qe e N
-t O D=L OIN DT D

QYT OCTONDLNTCINT LD
Qa0 N e SIS RIS NG DN TANDO
Q=IO > NI e
COONIVOUTLONIOLIA(I={I0-00

CIMrOLOOC 0O ALPTINMIIDOON
EDRC = QDN BDTITUNGCC TS =
ANNNNIOV Q= QU O TNIMNE~IOS

DOANTTIPNVMIQI GO INMN
COTNOEZDBONGNITUOILIOISAOS
s OO Q0O T3 IS IS 7 I e IO (IS
NETEILOMINNC =T IN QIO
00 s O 03 805 OO o 01 e UM SISO = 108
—_QCRO-0ONOICINTHE T ANTNNID
RO~ ENONCICECILO NI e e O s

C RO (IO P AL ING ~DITCIC N
OO QPO TOICNODNNOTING

~“~ONQATNMIMANBONAINT TN LTINOD
DM TNDRCIAIININC QT IIND
O NTODNTNANDOCIN ILNCN
LRI —DO =t T D O VIR NN T
ClmreTrMBOCNMACO L IN0NG

1) - - =

N e T IO NG - S TO010
C IO AR IC I LI L LTS T D
DIECANNCN DN NS ATTING D
G e S DN T T I TSROSO > T
P P e L~ o

P e L e 2 Liade AR B At edrd i p T Tis sy 1 L
PP IO O G0dd TSI CENIC T <
T O Qe O CTN R or N i Y e YT
NOOE DO QUF. » ) 3OV =G

LIV QI OD O CACITE D2 DINHTOLD
[ BTN LENVITNY S5 T 00, DS N o3 SR TAN R i LR T Ao}
—_—E S DOV GO (D U0l
.JLB_.I.S-IS»J,I._JZer.rJPJ.Jlrl.‘uxu.ql,o.

o ey eaws re e

AN LN IR NS N INECEO~N

P R T T (Y ]



B.
SI11E
FARINTLUAND
Mism]
STUART
VALLAMASSEE
WALTG BULK
WAL DG THRGU

TAN

0. 242 0
0. 233 G.
0. 227 0
0.213 o]
0. 353 0
0. 343 o]
NALE?P “
203. 420 12
15 €LD 0.
20, 252 1.
$. 834 1.
9. 036 1.
2%5. 028 8.

Calendar year 1979 continued...
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C. Project period (1978-79) continued...

SITE DATE RAIN PH CON NA R (3 CA RH4 NO3 SQ4 CL oeP TR THId

78u79 Tol 5.5 18.2 1.580 0.176 0. 1¥3 0.377 0.127 0.134 1.33 2. 9% 0.01465 0 02¢ O©.

£%79 237 4.73 14.6 0.30% 0.178 0.05¢ 0.407 0.120 0. 1@d 1.5 0.&%d 0002 0.{'s O

79 296 4.&5 17.4 0. 57 O0.157% 0,075 0.26% 0.174 0.1¥5 1.99 0993 0013 0. ¢z OC.

73379 223 .71 33.9% 1.790 0.534 0.400 1.5350 0.120 0.22&6 J.60 3,410 0.015:0.C¢7 O

ORGP TROASH TOTH vCan EGHLEP sEsos EX304 SESDUP EXEDEP ECaLEP

0. 008 0. 281 0. 433 8. 12T 2306148 Q. 37L00 ©. 93500 3. 43550 8. 1313 33 713

0. 008 0. 325 0. 435 19. 5209 $41.315 0. 67600 1. 46460 0 60G10 11,7206 - 3 972

0.0:10 Q. 3L9 G &07 1. 8778 601 993 0. 14173 1. 0G44Q5 1.40809 18 3393 oy

0. 011 0. 336 0. £54 i%. 4984 134 G5 0. 44750 3. 15350 3 324z &3, 435 62 180
288 i CADZP | NH4DER NOLTEP LuEP aroce TPOLEP THRNDEP TNDEP GRGNDEP ORGPLESR
e3 La-L 5. 1e78 9 8397 3. 3147 4. G199~ 77. 2560 0 41746 0. ¢o64 7.2B1% 14.023013 3. 9872 0. 2083
< 5. G52 1. 1859 G 5459 2. 6440 4 3045 14,3003 0. 1696 0. 3742 5. 92v0 10. 3095 3 9810 CO.16%4
% 5. 7232 2 5356 7. 8970 S. 1652 5. 0110 29. 2934 D. 3474 0. 65354 12.2776 18. OUBs 7. 0924 B ]
26 14,1332 9. 5200 34, 85L%50 26760 5.03%98 84. 94630 0. 3bit Q. 4021 ?.7674 140072 7.0414 Q453
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Project period (May 1978-April 1979) continued....

SITE
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TALL AHASEEE
AL DO BULK
Wal. DO THROUGHFALL

TUN

0. 0000234874
0. 00000£ 7133
0. O00G173700
0. 000022%9€03
0. 0C00156207
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DATE RAIN PH CON
1079 112 3. 48 19. 1
7a-72 117 5. 14 21. 4
78--79 141 4. 76 15. 0
TH-79 139 4. &2 18. §
2u-79 103 4.73 29. 9
(EIGN ORGP INCRGN
0.271 Q. 018 0. 283
0181 Q. 008 0. 310
0. 130 0. 010 0. 333
0. 236 0. 011 0. 344
0. 542 Q. 013 0. 340
vre CADEP NHaDEP NOJDEP
7Y34 10, 682 1.2992 1.87G3
«377 5.5458 1.6497 1.9773
€337 5. 1478 2. 2419 2. 73354
0703 4.1233 2.0018 2 €078
4545 14.07C0  1.2705 2.299%
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cA NH4 NG3 sS04 cL
57 0.9% 0.116 C.167 1.%8 2.3
g1 0. 474 0. 141 0. 1a9 1. 82 4. ¢
57 0. 435 0.15% 0.194 1. 47 0.7
77 0. 297 0. 144 6.202 213 0.9
29 1. 330 0. 121 0. 219 3.18 3.e
GHDE S£504 EXE04 SESDEP £xS
3.83% 0.3150 1. 250 1.17600 4.7
0. 944 0.560C 0.5600 2.183500 3.7
3. 030 0.0879 1.932%  0.41123 7.4
3. 428 0.1470 2.0¢30 0. 68110 9.@
5 519  0.3928% 2.7a’% 1.37375 9.7
DEP TANDEP  TNDEP CRCNGEP  DRGPLLP
4236 4.33344 6.2048 3.0322 0. 2014
3510 3.7&674 5.7447 2.1177  0.0Y34
3233 4.0739 6.61G63 1.6320 0. 14:0
3475 5.2820 6.0698 3. 2304 g. 3¢9
3150 4.8&61% 7.1610 3.95910 0. 136%
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APPENDIX KEY

RAIN = Rainfall (cm)

PH | = ~Log [aﬁ+] (unitless)

CON = Specific conductance (uS/cm @25%)
NA = Sodium_(mg/L). o

K = Potagsium (mg/L)

MG = Magnesium (mg/L)

CA % = Calcium (mg/L)

NH4 E = Ammonium nitrogen (mg/L)

NO3 = Nitrate nitrogen (mg/L)

S04 = Sulfate (mg/L)

CL = Chloride (mg/L)

OP - = QOrtho-phosphorus (mg/L)

TP = Total phosphorus (mg/L)

TKN = Total Kjeldahl nitrogen (mg/L)
H = Hydrogen ion (g/L)

ORGN = QOrganic nitrogen (mg/L)

ORGP = Organic phosphorus (mg/L)
INORGN% = Inorganic nitrogen (mg/L)

TOTN iﬂ Total nitrogen (mg/L)

UEOH | = Microequivalents hydrogen ion (req/L)
EQHDEP §= Hydrogen deposition (g/ha-yr)

Sea (Marine-derived) sulfate (mg/L)
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Excess (non-marine) sulfate (mg/L)
SESDEP = Sea sulfate-sulfur deposition (kg/ha-yr)
EXSDEP = Excess sulfate-sulfur deposition (kg/ha-yr)

SO4DEP = Sulfate deposition (kg/ha-yr)
NADEP = Sodium deposition (kg/ha-yr)
KDEP = Potassium deposition (kg/ha-yr)

MGDEP = Magnesium deposition (kg/ha-yr)

CADEP = Calcium deposition (kg/ha-yr)

NH4DEP = Ammonium nitrogen deposition (kg/ha-yr)
NO3DEP = Nitrate nitrogen deposition (kg/ha-yr)

CLDEP = Chloride deposition (kg/ha-yr)
OPDEP = Ortho-phosphorus deposition (kg/ha-yr)
TPDEP = Total phosphorus deposition (kg/ha-yr)



TRNDEP
TNDEP
ORGNDEP
ORGPDEP
INNDEP
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Total kjeldahl nitrogen deposition (kg/ha-yr)
Total nitrogen deposition (kg/ha-yr)

Organic nitrogen deposition (kg/ha-yr)
Organic phosphorus deposition (kg/ha-yr)
Inorganic nitrogen deposition (kg/ha-yr)



