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Abstract Isotope analyses of nitrate and algae were

used to gain better understanding of sources of nitrate

to Florida’s karst springs and processes affecting

nitrate in the Floridan aquifer at multiple scales. In

wet years, d15N and d18O of nitrate ranged from ?3 to

?9% in headwater springs in north Florida, indicating

nitrification of soil ammonium as the dominant

source. With below normal rainfall, the d15N and

d18O of nitrate were higher in almost all springs

(reaching ?20.2 and ?15.3%, respectively) and were

negatively correlated with dissolved oxygen. In

springs with values of d15N-NO3 and d18O-NO3

greater than ?10%, nitrate concentrations declined

40–50% in dry years and variations in the d15N and

d18O of nitrate were consistent with the effects of

denitrification. Modeling of the aquifer as a closed

system yielded in situ fractionation caused by deni-

trification of 9 and 18% for D18O and D15N,

respectively. We observed no strong evidence for

local sources of nitrate along spring runs; concentra-

tions declined downstream (0.42–3.3 lmol-NO3 L-1

per km) and the isotopic dynamics of algae and nitrate

indicated a closed system. Correlation between the

d15N composition of nitrate and algae was observed at

regional and spring-run scales, but the relationship

was complicated by varying isotopic fractionation

factors associated with nitrate uptake (D ranged from

2 to 13%). Our study demonstrates that nitrate inputs

to Florida’s springs are derived predominantly from

non-point sources and that denitrification is detectable

in aquifer waters with relatively long residence time

(i.e., matrix flow).
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Introduction

Growing human population and land-use change have

increased nitrate in the Floridan aquifer (De Braban-

dere et al. 2007; Munch et al. 2006; Katz et al. 2001),

a groundwater system which extends through the

United States southeast. Nitrate in many Florida karst

springs has increased over the last 50 years, from less

than 0.1 mg N-NO3 L-1 to as high as 5 mg L-1, but

phosphorus levels have remained stable (Hornsby and

Ceryak 1999; Scott et al. 2004; Strong 2004). While

phosphate sorbs onto metal oxides and is precipitated

with carbonate minerals in Florida’s calcitic soils and

in the limestone matrix of the aquifer (Rhue et al.

2006), nitrate is transported in the deep aquifer system

(Katz 2004). Thus, Florida’s spring ecosystems are

susceptible to land applications of nitrogen (Bacchus

and Barile 2005; Katz et al. 2008), but the partitioning

of nitrogen sources is difficult owing to the complex-

ity of land use patterns (Vasques et al. 2010) and

hydrologic flowpaths within the aquifer (Martin and

Dean 2001). Increases in filamentous algae have been

observed in many springs, particularly the cyanobac-

teria Lyngbya wollei (Cyanophyceae) and the yellow-

green alga, Vaucheria sp. (Xanthophyceae) (Stevenson

et al. 2004; Pinowska et al. 2007) and may be the

consequence of increased nitrate loading.

Anthropogenic sources of nitrate to springs include

inorganic fertilizers, confined animal feeding opera-

tions (CAFOs), septic effluent, and atmospheric

deposition of NO3
- (Bacchus and Barile 2005; Katz

et al. 2008). Natural sources include the products of

microbial mineralization of organic matter and

subsequent nitrification and biological dinitrogen

fixation, which can contribute 28% of the total N

input to pine savannas (Van Breemen et al. 2002;

Hiers et al. 2003; Cohen 2008). In budgets calculated

for springsheds in Florida, inorganic fertilizers (con-

taining ammonium) are the largest anthropogenic

source of nitrogen, however, the amount of nitrogen

that actually reaches the Floridan aquifer from non-

point sources is difficult to determine. Urban devel-

opment along spring runs, is another potential source

of nitrogen, but has received relatively little attention.

Isotope tracers provide a tool to elucidate sources of

nitrate in aquatic ecosystems, but their use is compli-

cated by mixing of multiple N sources with overlap-

ping isotopic composition as well as biogeochemical

processes that obscure source signatures (Kendall

1998; De Brabandere et al. 2007; Einsiedl and Mayer

2006; Derse et al. 2007). The d15N of groundwater

nitrate can be attributed to mixtures of the following

sources: (1) inorganic fertilizer (-7 to ?7%), (2) soil

nitrate (-3 to ?14%), (3) animal and septic waste (?2

to ?25%) and (4) atmospheric deposition (NH4
? and

NO3
- in rain, -7 to ?8%) (Einsiedl and Mayer 2006;

Kendall 1998; Aravena and Robertson 1998; Kreitler

1979; Kendall et al. 2007).

Dual isotope analysis of nitrate (d15N-NO3 and

d18O-NO3) provides additional information to differ-

entiate watershed sources of nitrate and helps to

overcome the problems of overlapping source signa-

tures and fractionation processes (Fukada et al. 2004;

Dahnke et al. 2008; Pellerin et al. 2009; Wankel et al.

2009). The d18O values of nitrate are typically within

the following ranges (1) inorganic fertilizer (-15 to

25%), (2) cultivated and natural soils (-15 to 15%),

(3) atmospheric deposition (NH4 and NO3 in rain, 20

to 95%) and (4) animal and septic waste (-15 to

?15%) (Kendall et al. 2007; Einsiedl and Mayer

2006; Kendall 1998; Durka et al. 1994). In aquifers,

the denitrification process produces isotopically

lighter N2 and N2O gases, leaving behind 15N-

enriched residual nitrate that can be isotopically

similar to that of animal and septic waste (Panno

et al. 2001). Additionally, because the d18O and d15N

of the residual nitrate increase systematically as a

result of denitrification (the expected isotopic enrich-

ment of d18O relative to d15N is 1:2), dual-isotope

analysis potentially allows for the detection of

denitrification in aquifers (Böttcher et al. 1990;

Kendall 1998; Chen and MacQuarrie 2005).

Katz (2004) used several lines of evidence to

conclude that denitrification in the Floridan aquifer is

negligible: (1) spring waters are aerobic and contain

low concentrations of dissolved organic carbon (DOC)

(i.e., redox levels are above those required for

denitrification and there is little substrate to support

heterotrophic respiration) and (2) the ratio of N2:Ar

gases dissolved in spring waters was consistent

with atmospheric equilibration during groundwater

recharge (excess N2 would indicate a non-atmospheric

source of N2 gas in the aquifer, e.g., denitrification). In

a later study conducted in the Wakulla Springs region,

Katz et al. (2008) found evidence that denitrification

processes had occurred in some wells that had enriched

d15N-NO3 and d18O-NO3, low NO3, and slightly

excess N2:Ar ratios. More research is needed to
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identify sources of nitrate to Florida springs and to

understand the occurrence and magnitude of denitri-

fication in the Floridan Aquifer.

The goal of our study was to elucidate sources of

nitrate to springs across north Florida and to assess

whether denitrification is altering the isotopic signa-

ture of nitrate in the Floridan Aquifer. We hypoth-

esize that fertilizers are the main source of excess

nitrate in the aquifer and that denitrification can be

detected using isotopic analysis of nitrate. We used

dual isotope analysis of nitrate in spring water and

d15N of algal tissues to examine nitrate sources at two

spatial scales: (1) regional surveys of nitrate and algal

tissue d15N conducted during 3 years (2005, 2006,

and 2008), and (2) longitudinal sampling of nitrate

and algal tissue d15N along river runs of four springs

on a single date (2006). The sampling for the synoptic

study was conducted during years with both above

and below normal rainfall and we were able to

observe the effect of varying hydrology on nitrate

concentrations and stable isotopes of nitrate. The

longitudinal study was designed to detect point

sources of nitrate along spring runs (e.g., septic

systems) and test the hypothesis that biological

uptake of N is relevant along spring river runs.

Materials and methods

Synoptic and longitudinal surveys of springs

Synoptic surveys of first magnitude springs (dis-

charge [ 2.8 m3 s-1) in north Florida were conducted

during the summer of 2005 (13 springs), July 2006

(10 springs) and summer of 2008 (15 springs)

(Table 1 and see Electronic Supplementary Material).

Spring names are listed as found in Scott et al.

(2004). Seven springs were sampled in all 3 years:

Fanning, Lafayette Blue, Madison Blue, Rainbow

No. 1, Troy and Wakulla and Silver (Main) Spring

(hereafter called Silver Spring). At all springs during

all years, water samples were collected for nitrate

concentration analysis and dual isotopic analysis of

nitrate (d15N-NO3 and d18O-NO3). Dissolved oxygen

(DO) was measured at each site using a YSI 556

Multi-probe System (YSI Incorporated, Yellow

Springs, OH, USA). Water samples and water quality

measurements were collected at the boil (the region

of the spring where groundwater first reaches the

surface). During 2006, samples of macroalgae were

collected from mats near the boil for identification,

stable isotope analysis (d15N) and determination of

elemental composition (%N and %P).

Longitudinal surveys were conducted in four spring

river runs during January 2006 to determine whether

local point-source pollution could be detected: Silver

River (7.7 km transect), Rainbow River (7.2 km

transect), Wakulla River (3.2 km transect) and the

Weeki Wachee River (8.1 km transect). The sites

sampled along each river run and their geographic

locations and site codes are presented in the Supple-

mentary Materials. The sites chosen for sampling

overlapped with stations in Stevenson et al. (2004). At

each site, water samples were collected for nitrate

analysis (concentration and isotopes) and samples of

macroalgae were obtained for identification, isotope

analysis and elemental composition (%N and %P).

Collection of algae and water

Individual samples of each of the most common algal

species were collected (by snorkeling or from a

kayak), shaken in the water to remove any loosely

attached debris and placed into 1 gallon Ziploc bags

filled with site water. A duplicate algal sample (ca.

0.5–1 g fresh mass) was also collected and placed in

a scintillation vial to confirm the accuracy of field

identification. Samples were transported to the labo-

ratory on ice.

Water samples were collected at the same time at a

depth of 0.5 m from the surface. Samples were filtered

in the field through 0.45-lm cartridge filters (Millipore

model number—GWSC04550, Millipore, Billerica,

MA, USA) using a peristaltic pump or through 0.45-

lm polycarbonate membranes (Whatmann Inc., Flor-

ham Park, NJ, USA) using a 47 mm filter holder and

syringe. Filtered aliquots were collected for d15N-NO3

and d18O-NO3 determination and NO3 ? NO2 analy-

sis. Samples for NO3 ? NO2 analysis were acidified to

pH 2 with concentrated H2SO4 and stored at 4�C for a

maximum of 28 days until analyzed. All samples for

d15N-NO3 and d18O-NO3 determination were stored

frozen at -20�C and analyzed in 2008.

Processing and analysis of algae and water

Algae samples were identified, and picked clean of

invertebrates and debris within 24 h of field
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collection and stored frozen. Prior to isotopic analysis

and elemental analysis, algal samples were lyophi-

lized and picked clean again of any debris initially

missed, and ground and homogenized in a ball mill.

Nitrogen isotopic composition of algae was measured

on a Thermo Delta-Plus XP, isotope ratio mass

spectrometer (Thermo Fisher Scientific, Inc., Wal-

tham, MA, USA) at the University of Florida using an

elemental analyzer inlet system (Costech) and con-

tinuous flow of helium. The International Atomic

Energy Association reference material, N1, was used

for isotopic standardization in each run. Nitrogen

Table 1 Stable isotopes of

nitrate (d15N-NO3 and

d18O-NO3) and nitrate

concentrations from

individual Florida head

springs sampled during

synoptic surveys in 2005,

2006 and 2008

Spring Year sampled NO3 lmol L-1 d15N-NO3% d18O-NO3%

Fanning 2005 321 8.0 5.5

2006 350 7.9 5.5

2008 220 7.7 5.7

Guaranto 2006 70.0 5.1 8.0

2008 81.4 5.4 7.2

Ichetucknee Blue Hole 2005 50.7 4.4 7.4

2008 48.6 4.2 7.2

Ichetucknee Head 2005 45.0 3.5 3.0

2008 73.6 3.9 6.3

Jackson Blue 2005 231 2.9 4.9

Lafayette Blue 2005 202 8.0 8.8

2006 157 9.3 9.3

2008 105 13.3 11.4

Little Fanning 2006 349 7.9 5.4

Little River 2006 85.7 5.7 7.8

2008 80.0 11.0 11.1

Madison Blue 2005 158 3.6 6.7

2006 107 4.2 6.4

2008 278 4.9 6.4

Manatee 2005 115 5.7 7.7

2008 145 6.6 7.0

Rainbow no. 1 2005 122 3.9 7.2

2006 107 4.0 6.0

2008 146 4.2 5.8

Silver (Main Spring) 2005 45.0 6.8 7.7

2006 92.9 7.4 7.4

2008 109 7.6 7.4

Troy 2005 219 7.1 10.2

2006 157 7.2 10.1

2008 111 20.2 15.3

Volusia Blue 2008 31.4 14.5 10.8

Wakulla 2005 42.9 8.8 3.8

2006 5.36 9.2 5.5

2008 101 9.7 5.1

Weeki Wachee 2005 57.9 6.2 4.5

2008 56.4 6.2 4.6

Wekiwa 2005 87.9 10.3 10.2

2008 50.0 15.9 13.9
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isotope values are reported in d notation relative to

atmospheric N2. Percent nitrogen of the dried algal

tissue was measured by high temperature combustion

using a Flash EA 1112 Nitrogen/Carbon Analyzer

with MAS 200 R Autosampler (Thermo Fisher

Scientific Inc., Waltham, MA, USA). Phosphorus

content of dried algal tissues and sediment was

measured on combusted (550�C) and acid digested

(6 N HCl) samples as SRP (Anderson 1976) on a

Technicon Autoanalyzer (Technicon Instruments

Corporation Wilmington, MA, USA).

Nitrate plus nitrite were measured on a Bran ?

Luebbe Auto Analyzer 3 (Bran ? Luebbe, Norder-

stedt, Germany) using EPA Method 353.2. In all

samples, nitrate represented greater than 98% of the

oxidized inorganic nitrogen, hence we present only

the nitrate concentrations in the manuscript. All

samples for the dual-isotope analysis of nitrate (d15N-

NO3 and d18O-NO3) were analyzed at the University

of Florida using the bacterial denitrifier method

(Sigman et al. 2001; Casciotti et al. 2002) in which

nitrate is converted to N2O by the bacteria Pseudo-

monas aureofasciens. The d15N and d18O of the N2O

produced was measured on a Thermo Delta-Plus XP

isotope ratio mass spectrometer at the University of

Florida using the GasBench interface and a contin-

uous flow of helium. Based on Sigman et al. (2001)

and Casciotti et al. (2002), the International Atomic

Energy Association standard, N3, was included in

each analytical run and used for isotopic standardi-

zation. Percent incorporation of oxygen from H2O

into N2O during denitrification by P. aureofaciens

was not measured for each culture batch, therefore

5% incorporation was assumed, resulting in ±0.6%
uncertainty in d18O-NO3 values (Casciotti et al.

2002). Uncertainty of d15N-NO3 values was ±0.3%.

Nitrogen isotope values are reported in d notation

relative to atmospheric air; oxygen isotope values are

reported in d notation relative to the standard Vienna

Standard Mean Ocean Water (VSMOW).

Results

Regional patterns of spring water nitrate

For the 17 individual springs sampled during the

synoptic surveys, d15N of spring water nitrate ranged

from ?2.9 to ?20.2%, d18O ranged from ?3.0 to

?15.3% and nitrate concentrations varied from 5.4 to

350 lmol L-1 (Table 1). Relatively high d15N and

d18O values (d15N and d18O C 10%) were observed

during 2008 at Troy, Wekiwa, Volusia Blue, Lafayette

Blue, and Little River Spring. Relatively low values

(d15N and d18O B 5%) were observed during 2005 at

Ichetucknee Head Spring, Jackson Blue, Ichetucknee

Blue Hole, Madison Blue and Rainbow No. 1. At the

seven springs sampled in all 3 years, all except

Fanning exhibited increasing d15N and d18O values

with time, while nitrate concentrations increased at

four springs (Madison Blue, Rainbow No. 1, Silver and

Wakulla), and decreased at three springs (Fanning,

Lafayette Blue and Troy) (Table 1).

The relationship between d15N and d18O of nitrate

varied over the 3 years (Fig. 1). During 2005 and

2006, regressions describing the linear relationship

were non-significant with slopes not significantly

different from zero (Fig. 1a, b). During 2008, the

linear regression was significant (p \ 0.001) and the

slope of the line was 0.59 (the 95% confidence

interval for the slope was 0.41–0.77) (Fig. 1c).

Springs that were sampled in all 3 years exhibited

the same trends in the relationship between d15N-NO3

and d18O-NO3 as the whole sample population (solid

circles in Fig. 1). Additionally, in 2008 significant

logarithmic relationships were observed between

dissolved oxygen concentrations in spring water and

both d15N-NO3 and d18O-NO3 (p \ 0.001) (Fig. 2),

while in other years there was no correlation between

isotopes of nitrate and dissolved oxygen of spring

water (p [ 0.05). During 2008, the d15N and d18O of

nitrate was highest in springs with the lowest DO

concentrations.

Precipitation in north Florida varied from 2005 to

2008 and sampling in 2005 occurred during and

following a period with greater incidence of tropical

storms and hurricanes while in 2008, sampling

occurred when the aquifer was in a condition of

lower flow owing to below normal precipitation

(Fig. 3). Therefore we classified 2005/2006 as wet

years while 2008 was considered a dry year. Based on

differences in precipitation and the observed differ-

ences in nitrate concentrations and isotope values

over time at several spring sites (Table 1), we split

our sample population into two sets: (1) springs

where nitrate declined over time (i.e., nitrate con-

centrations were higher in 2005 and 2006 relative to

2008) (Fig. 4a, c) and (2) springs where nitrate
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increased over time (Fig. 4b, d). The springs in which

nitrate declined were Fanning, Ichetucknee Blue

Hole, Lafayette Blue, Little River, Troy, Weeki

Wachee and Wekiwa while the springs in which

nitrate increased were Guaranto, Ichetucknee Head

Spring, Madison Blue, Manatee, Rainbow, Silver and

Wakulla. In springs where nitrate declined, we

observed relatively large enrichments in d15N (up to

13%) and these enrichments were somewhat

proportional to the amount of nitrate decline; the

main exception was Fanning Spring (denoted with an

X) where nitrate declined by 100 lmol L-1 with only

a 0.3% change in d15N (Fig. 4a). In the springs with

decreasing nitrate, the increase in d15N of nitrate was

accompanied by an increase in d18O and produced a

slope of 0.41 (Fig. 4c). The springs where nitrate

increased from 2005/2006 to 2008 showed much less

change in d15N-NO3 (Fig. 4b) and no significant

relationship between d15N and d18O (Fig. 4d).
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Fig. 1 Stable isotopes of nitrate (d15N-NO3 and d18O-NO3) in

Florida springs sampled during synoptic surveys in 2005 (a),

2006 (b) and 2008 (c). Springs sampled in all 3 years are

denoted with solid circles, while springs that were sampled in

only one or two years are denoted with open circles. The

relationship between the d15N and d18O of nitrate was not

significant (p [ 0.05) in 2005 and 2006

Fig. 2 Relationship between dissolved oxygen in water and

d15N-NO3 and d18O-NO3 in Florida springs sampled during the

2008 regional survey. During other years, no significant

correlation between isotopes of nitrate and dissolved oxygen

was observed (p [ 0.05)
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Potential fractionation factors for denitrification

As a thought experiment to estimate the potential

isotopic fractionation factor for denitrification in the

Floridan aquifer, we modeled the isotopic behavior of

nitrate in the water feeding springs such as Troy,

Lafayette and Wekiwa springs (which showed nitrate

concentration declines of 49, 48 and 43%, respec-

tively, and increases in d15N and d18O from 2005 to

2008) using closed-system Rayleigh equations (Fry

2006) (Fig. 5):

dRS ¼ dINPUT � D� Ln 1� fð Þ ð1Þ

where dRS is the d of the residual substrate, dINPUT is

the initial d value of the substrate, D is the

fractionation factor, and f is the fraction of the

substrate that is reacted. We started with an initial

nitrate source with d15N and d18O of 7.1 and 10.2%,

respectively, based on the isotopic values observed in

Troy Spring in 2005 (Table 1). Next we varied the

fractionation factors (D) for denitrification, keeping

the ratio of D18O:D15N at 0.5, so that at a fraction

reacted of 0.5 (i.e., when 50% of nitrate substrate is

lost to denitrification) we observed residual nitrate

with d15N of ca. ?20% and d18O of ca. ?15%,

which coincide with the values observed in 2008 at

Troy Springs. Setting D18O:D15N at 9:18 produced

the best agreement with the isotopically enriched

nitrate (Fig. 5).

Relationship between the d15N of algae and d15N

of spring water nitrate

The range of algal d15N values measured in the ten

head springs sampled during 2006 was -8 to ?6%,

while the range in d15N of spring water nitrate was

narrower, from ?4 to ?10%. The lowest d15N values

of algal tissue were found for Vaucheria sp. at Little

A

C D

B
Fig. 4 Relationships

between the d15N values

of nitrate and nitrate

concentration in years with

above normal (‘‘Wet’’) and

below normal (‘‘Dry’’)

precipitation. We

considered 2005/2006 to be

wet years and 2008 was

considered a dry year. In

these analyses we separated

springs in which nitrate

decreased from 2005/2006

to 2008 (a and c) from

springs in which nitrate

increased (b and d)

Fig. 5 Results from modeling the isotopic dynamics of nitrate

in the Floridan aquifer as a closed system with single source

with d15N of 7.1% and d18O of 10.2% which is affected by

denitrification. Open circles denote d15N and filled squares
denote d18O behavior. Closed system Rayleigh equations were

used to model the isotopic dynamics (Fry 2006). Setting the

fractionations factors for denitrification to 18% for 15N and

9% for 18O yielded residual nitrate with d15N-NO3 of

approximately ?20% and d18O-NO3 of ?15%, when 50%

of the nitrate was lost to denitrification
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River Springs (-7.3%) and Troy Springs (-6.4%),

while the highest values were measured in Spirogyra

sp. (Chlorophyceae), a green alga, along the Wakulla

River run and at Lafayette Blue Springs (?5.9 and

?6.4%). There was a significant, positive correlation

between the d15N of algae and the d15N-NO3 in the

ten springs sampled in 2006 (R2 = 0.39, p = 0.01;

Fig. 6a). While there are relatively few data, there

does not appear to be any species-specific relation-

ship between the nitrogen isotopic composition of

algae and nitrate. The average offset between the

d15N of nitrate and algae was 5.7% (range

2.0–13.6%) with the algae being isotopically lighter

in all cases.

Variation in stable isotopes and algal

stoichiometry along longitudinal gradients

Similar to the regional surveys, we observed statis-

tically significant relationships between the d15N of

nitrate and algae along three of the four river runs;

along the Weeki Wachee River there was no signif-

icant correlation (Figs. 6b, 7). In all rivers, the

variations in algal d15N were on the order of 5–6%
whereas d15N-NO3 varied by less than 1%. At

Rainbow, Silver and Wakulla rivers, consistent

patterns were observed in the behavior of nitrate

concentration and the isotopes of nitrate moving from

the boil towards downstream reaches. Nitrate

declined by 2.5–3.3 lmol L-1 per km in the Rainbow

and Silver rivers while slower losses were observed at

Wakulla and Weeki Wachee Rivers (0.74 and

0.42 lmol L-1 per km) (Fig. 7). Coincident with

nitrate decline, we observed increasing d15N of both

algae and nitrate, with stronger isotopic enrichment

seen in the algae (Fig. 7). For the Rainbow and Silver

Rivers, Lyngbya wollei was found at each sampling

location, whereas other species were not and are

therefore not shown in Fig. 7a and c. At Wakulla

Springs, Compsopogon sp. (Rhodophyceae), a red

alga, and Spirogyra sp., a green alga, were most

commonly observed and are included in Fig. 7b.

Along the Weeki Wachee River, Dichotomosiphon

sp. (Chlorophyceae,), a green alga, and L. wollei were

the most widely distributed species and are shown in

Fig. 7d. With the exception of nitrate concentration

and d15N-NO3 at Weeki Wachee, all longitudinal

trends along the spring runs were significant at the

0.05 level and all slopes were significantly different

from zero (p \ 0.05).

Statistically significant Pearson product-moment

correlation was observed between the N:P molar

ratios of algal tissue and the fractionation factor, D
(Fry 2006), for algal assimilation of nitrate along the

Rainbow and Wakulla Rivers (r = ? 0.73, p =

0.025 and r = ? 0.920, p \ 0.001, respectively, data

not graphed). Values of D and N:P molar ratio

decreased moving downstream from the boils which

suggests that fractionation during nitrate assimilation

lessened as algal growth became more limited by

nitrogen availability. In the Rainbow River, N:P

molar ratios of L. wollei ranged from 23 to 32, with

corresponding fractionation ranging from 4 to 6%. In

the Wakulla River, N:P ratios of Compsopogon sp.
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NO3 in 2006 (R = 0.58, p = 0.01) (a). With the exception of

Weeki Wachee Spring, there were statistically significant

(p \ 0.05), positive relationships between d15N-NO3 and d15N

of macro-algae in samples collected along spring runs (b)
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ranged from 26 to 37, with corresponding fraction-

ation from 4 to 7% and Spirogyra sp. N:P ratios

ranged from 18 to 21, and fractionation from 2 to

7%. The correlation between Lyngbya wollei N:P

ratios and fractionation was not as strong in the Silver

River (r = 0.54, p = 0.27). N:P ratios ranged from

26 to 38 and fractionation of N showed no correlation

to distance from the boil. No relationships were found

between N:P and algal fractionation along the Weeki

Wachee River.

Discussion

Nitrate sources and processes affecting nitrate

in the Floridan aquifer

We attempted to discern sources of nitrate to springs

at the regional scale using synoptic surveys con-

ducted over 3 years and at the local scale using

longitudinal surveys conducted on a single date at

four springs. Variations in isotopes of nitrate mea-

sured in Florida springs allow inferences to be made

about the dominant sources of nitrate to the springs in

our regional surveys. Five springs sampled in 2008,

Troy, Wekiwa, Volusia Blue, Lafayette Blue and

Little River had d15N and d18O between 10 and 20%,

which could indicate inputs from manure/septic waste

or nitrate that has been affected by denitrification

(Table 1, Fig. 1) (Kendall 1998; Panno et al. 2001).

The remaining springs (and samples from Troy,

Wekiwa, Volusia Blue, Lafayette Blue and Little

River collected in 2005 and 2006) had d15N and d18O

values between 3 and 9%, indicating an inorganic

N-source, such as oxidation of ammonium fertilizer

and/or soil nitrogen (Kendall 1998),which supports

our initial hypothesis. Katz and Griffin (2008) found

that inorganic fertilizers were the major source of

nitrogen at Ichetucknee Head Springs and Blue Hole,

which is consistent with isotopic signatures observed

in our study. Additionally, Katz (2004) obtained a

d15N-NO3 value for Wakulla Springs of 8% (similar

to our study, 9% in 2005 and 2006), which he

attributed to a mixture of inorganic fertilizers and

septic/animal sources based on N mass balance

calculations for the spring by Chelette et al. (2002).

Isotope values were higher for both d15N and d18O

in samples collected in 2008 versus those collected in

2005 for several springs (Table 1) and we observed

an inverse relationship between nitrate isotopic

composition and DO. Troy, Lafayette, and Little

River showed relatively large increases in isotopic
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Fig. 7 Longitudinal trends in nitrate concentration, d15N-NO3

and d15N of dominant macro-algae in Rainbow Springs (a),

Wakulla Springs (b), Silver River (c), and Weeki Wachee

Spring (d) during 2006. In general, nitrate concentrations

declined along the spring runs while d15N-NO3 and d15N of

macroalgae increased. All longitudinal trends along the spring

runs were significant at the 0.05 level and all slopes were

significantly different from zero (p \ 0.05), except for nitrate

concentration and d15N-NO3 at Weeki Wachee
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values (changes of 3–13% in both d15N and d18O),

coupled with decreasing nitrate concentration, which

is suggestive of denitrification which supports our

initial hypothesis. In 2008, sampling occurred when

the aquifer was in a condition of lower flow owing to

below normal precipitation while the 2005 sampling

followed a period with greater incidence of tropical

storms and hurricanes (Fig. 3). We speculate that

these differences in precipitation altered the hydrol-

ogy of the aquifer and changed the relative proportion

of discharge deriving from conduit flow and matrix

flow (Martin and Dean 2001). It is likely that

denitrification is occurring to a greater extent in

matrix flows (e.g., within inter-granular pores within

rocks) that have longer residence time relative to

conduit flows, which facilitate the rapid movement of

water (Martin and Dean 2001, Ritorto et al. 2009).

Thus, the isotopic composition of nitrate reaching

Troy, Lafayette, and Little River springs had likely

been altered by denitrification in 2008. While DOC

concentrations in most springs were typically less

than 1–2 mg L-1 and the waters were oxygenated

(Albertin 2009), denitrification can occur with ferrous

iron and pyrite (H2S) as electron donors (Pauwels

et al. 2000; Einsiedl and Mayer 2006; Einsiedl et al.

2005) at anoxic microsites within the aquifer.

We hypothesize that spring discharge at some

locations in 2008 had greater contribution from

regions of the Floridan aquifer with longer residence

time, and therefore reflected more clearly the process

of denitrification, while water discharged in 2005

may have been ‘‘younger’’ and primarily reflected

mixing of multiple nitrate sources across the spring-

shed. Katz (2004) indicates that water contributions

from local conduit-flow systems (e.g., sinkholes)

increase during conditions of high recharge, like in

2005. Groundwater discharged from springs located

in unconfined portions of the Floridan Aquifer has

estimated residence times from 11 to 66 years

(Happell et al. 2006) and 10–30 years (Katz et al.

2001). However, using dye tracer studies, Wilson and

Skiles (1988) showed that water can move through

conduit systems to springs in as little as days to

weeks. In contrast, using radiocarbon dating of

dissolved inorganic carbon, Plummer and Sprinkle

(2001) found that the majority of the water in

confined parts of the Floridan Aquifer was recharged

in the past 15,000 to 30,000 years.

While higher d15N-NO3 during 2008 could be

interpreted as greater influence of septic/CAFOs, the

fact that d18O-NO3 also increased and the slope of the

line in Fig. 1c closely approximated the expected

slope from denitrification of groundwater nitrate of

0.5 leads us to conclude that denitrification is an

important process in the aquifers feeding some

springs. In more recent literature, questions have

arisen about the expected 0.5 slope from denitrifica-

tion (e.g., the expected isotopic enrichment of d18O

relative to d15N is 1:2) (Kendall et al. 2007). Work by

Sigman et al. (2005) and Granger et al. (2004) with

laboratory cultures of denitrifying bacteria resulted in

slopes near 1 and it has been hypothesized that older

methods for determining d15N-NO3 and d18O-NO,

(sealed tube combustions or pyrolysis rather than

denitrifying bacteria) may have produced biased

d18O-NO3 data (Kendall et al. 2007). However, in

experiments using two strains of denitrifying bacte-

ria, Knöller et al. (2011) produced a mean ratio of 0.5

for multiple laboratory experiments (with a range of

0.33–0.79) and Kendall et al. (2007) state that they

have obtained slopes of \1 in groundwater where

denitrification occurs.

Figure 4 provides additional support for denitrifi-

cation being a significant nitrate sink in portions of

the Florida aquifer during dry years. In the springs

with decreasing nitrate, the increase in d15N of nitrate

was accompanied by an increase in d18O and a plot of

the changes in isotope composition of nitrate

(Fig. 4b) yields a slope of 0.41 which is close to

the expected slope resulting from denitrification (the

95% confidence interval for the regression slope was

0.26–0.56). In contrast, the springs where nitrate

increased from 2005/2006 to 2008 showed much less

change in d15N-NO3 (Fig. 4b) and the small isotope

changes observed were highly correlated to the

change in concentration which is suggestive of a

two-component mixing system (Fry 2006). When

changes in d15N-NO3 were plotted against changes in

d18O-NO3 for the springs in Fig. 4b, we observed no

relationship (Fig. 4d). We hypothesize that isotope

dynamics in the springs with increasing nitrate were

controlled primarily by mixing of different sources

and that the source contribution of water and nitrate

changed only modestly going from a wet period to a

relatively dry period. In comparison, we hypothesize

that the isotope dynamics in the springs with
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decreasing nitrate were a function of mixing of

different nitrate sources and denitrification.

We speculate that the springs in Fig. 4a receive

proportionally more matrix flow during dry years than

those in Fig. 4b, based on a study of temporal changes in

spring chemistry by Martin and Gordon (2000). Fur-

thermore, the strong logarithmic relationship between

both d15N and d18O of nitrate and DO concentrations for

springs sampled in 2008 (Fig. 2) suggests that isotopic

enrichment of nitrate within the aquifer varies as a

function of redox condition and that isotope dynamics

approximate a closed system (Fry 2006). Katz et al.

(1999) found that DO concentrations of springs in the

Suwanee River Basin were negatively correlated with

groundwater age, as did Dietrich and Herbert (1997) in a

karst aquifer in Germany thus one could interpret the x-

axis on Fig. 2 as groundwater age and conclude that

older waters (i.e., lowest DO concentration) more fully

express the isotopic effects of denitrification. Denitrifi-

cation rates in aquifers are difficult to measure and vary

widely (5–40%, Kendall 1998), but it has been

suggested that higher D values will occur in aquifers

with longer residence time and slower rates of denitri-

fication (Kendall 1998). The results of our model

estimating the fractionation factors for denitrification

(shown in Fig. 5) further suggest that denitrification

should be considered when using isotopes of nitrate to

distinguish sources to the Floridan aquifer and that

denitrification can be an important sink for nitrate along

flowpaths with longer residence time.

d15N and nitrate gradients in spring-fed river runs

Based on our longitudinal study, we did not observe

local inputs of nitrate at three of the four springs;

nitrate isotope behavior at Weeki Wachee spring may

suggest some localized sources of nitrate, but was

inconclusive. Instead nitrate concentrations declined

due to algal uptake supporting our initial hypothesis.

Coherence among nitrate concentrations and the d15N

of algae and nitrate suggests that nitrate from spring

boils is the major source of nitrogen to spring algae,

supporting the findings of Sickman et al. (2009) who

found that nutrient recycling within algal mats at

Manatee and Ichetucknee Springs was a minor source

of nitrogen for mat algae relative to the flux of nitrate

from the boil.

The results from our longitudinal surveys are

similar to those of De Brabandere et al. (2007) who

found that the d15N of epiphytic periphyton, macro-

phytes and dissolved nitrate increased as nitrate

concentrations decreased moving downstream in two

spring-fed river systems. Decreasing nitrate concen-

trations (ca. 6–7 lmol L-1 per km) were attributed to

biological uptake of nitrogen and De Brabandere

et al. (2007) hypothesized that increases in the d15N

of nitrate and aquatic plants moving downstream

were a consequence of isotopic fractionation associ-

ated with preferential use of 14NO3
- by aquatic

plants. Our findings support this hypothesis, however

it is noteworthy that we observed a generally greater

change in algal d15N with decreasing nitrate concen-

tration compared to De Brabandere et al. (Fig. 7),

which could result from differences in algal species

and nutrient limitation status.

In both the Rainbow and Wakulla rivers, signif-

icant correlations were found between the N:P molar

ratios of algae and fractionation factors, and a

marginally significant correlation was found along

the Silver River; as N:P ratios decreased (i.e., N

content decreased relative to P), the algae became

less selective for 14NO3
-. These findings are sup-

ported by Albertin (2009), who observed that algal

d15N was negatively correlated to water column total

N and NO2/NO3-N concentrations and positively

correlated to P availability indices, i.e., algal d15N

was higher when N was in shorter supply, but P was

available. Under conditions of lower N availability,

more complete assimilation of water column nitrate is

expected, resulting in less isotopic fractionation and

creating algal tissues with d15N more similar to the

source nitrate. In contrast, when N supplies are

relatively greater than P demand, then algal cells can

be more discriminating in the isotope form of their

nitrate source (14N vs. 15N), thereby producing

greater fractionation and comparatively ‘‘lighter’’

algal tissues.

Utility of d15N measurements of algae

At both the regional and local scale we observed a

significant positive correlation between the d15N of

algae and the d15N-NO3 in spring water discharged

from the boil (Fig. 6a, b). Algal d15N was always

lower than d15N-NO3 of the source water, due to

fractionation during algal uptake of nitrate. In the

regional study values for D ranged from 2 to 13%.

Interestingly, we observed D values of about 5–6 at
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the boils in the spring runs, but the trend lines for

d15N of nitrate and algae tended to converge moving

down river, indicating substantial reductions in the D
factor with distance from the boil, which may be an

indication of the nutrient status of algae, as discussed

above. Overall, however, linear regressions between

d15N of algae and the d15N-NO3, while statistically

significant (Fig. 6a, b), have limited application in

regional monitoring programs given the wide range

and unpredictability of fractionation factors for algal

assimilation of nitrate. De Brabandere et al. (2007)

found that fractionation in periphyton attached to

macrophytes in the spring-fed Chassahowitzka and

Homossassa rivers of Florida varied from 0.7 to 2.5%
and state that fractionation between algae and nitrate

reported in the literature ranges from 2.5 to 10%
(multiple sources listed therein). Fogel and Cifuentes

(1993) state that fractionation values of up to 27%
have been recorded for algae growing in culture. We

would also note that the variability in fractionation

factors could be due in part to the large diversity of

algal genera and families found in our study, which

have physiological diversity that could affect isotope

dynamics.

Conclusions

Variation in the d15N-NO3 and d18O-NO3 within our

study sites across multiple years demonstrates the

complexity of Florida’s karst springs, systems which

integrate surface derived inputs of water and nutrients

across wide areas and over multiple time scales. In

wet years when mixing likely dominated the isotopic

dynamics of nitrate in the aquifer, d15N-NO3 and

d18O-NO3 values ranged from ?3 to ?9% in spring

boils, which could be the result of nitrification of

ammonium in natural or agricultural soils. This

finding is supported by mass balances studies that

have found that inorganic fertilizers are the largest

anthropogenic input of nitrogen in most springsheds.

During years with below normal rainfall, d15N-NO3

and d18O-NO3 values increased while nitrate con-

centrations decreased in some springs providing

evidence for denitrification in the aquifer. We

hypothesize that during dry years, the average age

of water discharged from some springs increased and

waters with longer residence time (and lower DO)

had greater potential for denitrification to reduce

nitrate concentrations and alter the isotopic compo-

sition of nitrate. At a finer spatial scale we found little

evidence for localized sources of nitrate pollution

along four spring runs; instead nitrate concentrations

and the isotopic composition of nitrate and algae

varied in a systematic and linear fashion with

distance from the boil. Variations between fraction-

ation factors for algal uptake of nitrate and algal

stoichiometry indicate that the degree of nitrogen

limitation of algae may strongly affect the fraction-

ation factor. Correlation between the d15N composi-

tion of nitrate and algae was observed at both the

regional and spring-run scale, but the wide range of

fractionation factors observed, meant that measure-

ments of algal d15N cannot be used to accurately infer

the d15N of nitrate. Thus, the problem of evaluating

anthropogenic nitrate sources to Florida springs is

better addressed at the regional scale with tools that

can provide information on the relative inputs of non-

point sources of nitrate in springsheds as well as

biogeochemical processes affecting nitrate in the

Floridan aquifer.
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