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Inch/Pound to SI

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)
inch (in.) 25,400 micrometer (µm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

square mile (mi2) 2.5900 square kilometer (km2)
Rate

pounds per acre (lbs/ac) 1.12 kilograms per hectare (kg/ha)

SI to Inch/Pound

Multiply By To obtain

Length

micrometer (µm) 3.937 x 10-5 inch (in.)
Volume

liter (L) 33.82 ounce, fluid (fl. oz)
liter (L) 0.2642 gallon (gal)

Mass

milligram (mg) 3.527396 x 10-5 ounce, avoirdupois (oz.)
microgram (µg) 3.527396 x 10-8 ounce, avoirdupois (oz)

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 
(NAD 83). 
Altitude, as used in this report, refers to distance above the vertical datum.
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) 
or micrograms per liter (µg/L).
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Pesticides and Nitrate in Groundwater Underlying Citrus 
Croplands, Lake Wales Ridge, Central Florida, 1999–2005

By A.F. Choquette 

Abstract
This report summarizes pesticide and nitrate (as nitrogen) 

results from quarterly sampling of 31 surficial-aquifer wells in 
the Lake Wales Ridge Monitoring Network during April 1999 
through January 2005. The wells, located adjacent to citrus 
orchards and used for monitoring only, were generally 
screened (sampled) within 5 to 40 feet of the water table. Of 
the 44 citrus pesticides and pesticide degradates analyzed, 17 
were detected in groundwater samples. Parent pesticides and 
degradates detected in quarterly groundwater samples, ordered 
by frequency of detection, included norflurazon, demethyl nor-
flurazon, simazine, diuron, bromacil, aldicarb sulfone, aldicarb 
sulfoxide, deisopropylatrazine (DIA), imidacloprid, metalaxyl, 
thiazopyr monoacid, oxamyl, and aldicarb. Reconnaissance 
sampling of five Network wells yielded detections of four 
additional pesticide degradates (hydroxysimazine, didealkyla-
trazine, deisopropylhydroxyatrazine, and hydroxyatrazine). 
The highest median concentration values per well, based 
on samples collected during the 1999–2005 period (n=14 to 
24 samples per well), included 3.05 µg/L (micrograms per 
liter) (simazine), 3.90 µg/L (diuron), 6.30 µg/L (aldicarb 
sulfone), 6.85 µg/L (aldicarb sulfoxide), 22.0 µg/L (demethyl 
norflurazon), 25.0 µg/L (norflurazon), 89 µg/L (bromacil), and 
25.5 mg/L (milligrams per liter) (nitrate). Nitrate concentra-
tions exceeded the 10 mg/L (as nitrogen) drinking water 
standard in one or more groundwater samples from 28 of the 
wells, and the median nitrate concentration among these wells 
was 14 mg/L. Sampled groundwater pesticide concentrations 
exceeded Florida’s health-guidance benchmarks for aldicarb 
sulfoxide and aldicarb sulfone (4 wells), the sum of aldicarb 
and its degradates (6 wells), simazine (2 wells), the sum of 
simazine and DIA (3 wells), diuron (2 wells), bromacil (1 
well), and the sum of norflurazon and demethyl norflurazon (1 
well). The magnitude of fluctuations in groundwater pesticide 
concentrations varied between wells and between pesticide 
compounds. Of the 10 pesticide compounds detected at 
sufficient frequency to assess temporal variability in quarterly 
sampling records, median values of the relative interquartile 
range (ratio of the interquartile range to the median) among 

wells typically ranged from about 100 to 150 percent. The 
relative interquartile range of pesticide concentrations at 
individual wells could be much higher, sometimes exceeding 
200 to 500 percent. No distinct spatial patterns were apparent 
among median pesticide concentrations in sampled wells; 
nitrate concentrations tended to be greater in samples from 
wells in the northern part of the study area.

Introduction 

The Lake Wales Ridge, a 700-square mile (mi2) upland 
physiographic region in central Florida, is one of the primary 
citrus-production regions in Florida. In response to concerns 
regarding groundwater quality in this region, the Lake Wales 
Ridge Monitoring Network, hereafter referred to as the 
LWRM Network in this report, was established in April 1999 
(Choquette and Sepulveda, 2000) and planned as a long term 
monitoring program. Network sampling has continued to 
present (2013) and is ongoing.

Previous summaries of LWRM Network sample results 
include assessment of 1990–2003 temporal trends in pesticide 
detections (Choquette and others, 2005; Gilliom and others, 
2006) and a summary of 2009–2010 results for pesticides 
and inorganic chemicals including comparison between 
groundwater quality in citrus and non-citrus land-use areas 
(Choquette and others, 2012). Changes in agrichemical 
usage patterns and land use in this region potentially affect-
ing groundwater quality include restrictions and (or) the 
prohibition of selected pesticides, discussed further in the 
section “Agrichemical usage in Florida citrus croplands”; 
the implementation of fertilizer best management practices 
(State of Florida, 2002b; Parsons and Boman, 2006); the onset 
and spread of citrus greening disease (National Academy 
of Sciences, 2010; Rogers and others, 2010; Rogers, 2011); 
and the conversion of citrus croplands to residential and 
commercial development. 
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Purpose and Scope

The purpose of this report is to provide a summary of 
results of the LWRM Network water-quality samples collected 
from April 1999 through January 2005, along with information 
on concurrent pesticide usage and rainfall patterns. The sum-
maries in this report include quarterly records of pesticide and 
nitrate concentrations in groundwater samples from 31 wells 
tapping the surficial aquifer (fig. 1) and results of reconnais-
sance sampling at 5 Network wells, which included analyses 
of several triazine pesticide degradates. 

The water-quality summaries include maps and descrip-
tive statistics (by well and by pesticide compound), deter-
mined using methods to adjust for censored (“less-than”) 
values, and characterize the spatial and temporal variability of 
pesticide and nitrate concentrations in groundwater underly-
ing citrus land use in the Lake Wales Ridge study area during 
the April 1999 through January 2005 period. A separate 
summary was performed for the period of common record, 
October 2001 through January 2005, when the network was 
implemented fully and all wells were sampled quarterly. 
Sampled concentrations also were compared to Florida’s 
health-guidance benchmarks for groundwater.

This report documents water-quality conditions during 
the first 6 years of the LWRM Network monitoring program, 
planned as a long-term (20 or more years) program. The data 
summaries in this report also provide a basis for comparison 
with monitoring results for subsequent periods of record, to 
document, for example, potential water-quality responses to 
changes in land use and (or) agrichemical usage. 

Description of Study Area

The Lake Wales Ridge, hereafter referred to as the Ridge 
in this report, is one of the most extensively cultivated and 
productive citrus areas in Florida and the Nation. Citrus covers 
about 24 percent (107,500 acres) of the study area (Southwest 
Florida Water Management District, 1998). Historically, citrus 
has been one of the top two agricultural crops in Florida, 
accounting for 68 percent of the Nation’s citrus production, 
and generating more than 1.5 billion dollars of revenue annu-
ally (U.S. Department of Agriculture, 2006). The study area 
is located in Polk and Highlands Counties, which ranked first 
and third, respectively, statewide in 2005 total annual citrus 
production (National Agricultural Statistics Service, 2005).

Citrus cultivation in Florida occurs in two distinct 
physiographic environments: (1) the “ridge citrus,” which 
occurs on the upland ridges of central Florida, including 
the study area, and is characterized by well-drained sandy 
soils; and (2) the “flatwoods citrus,” which occurs predomi-
nantly in coastal and southern Florida and is characterized by 
poorly drained, flatwoods soils characterized by a high water 
table (Wilson and others, 2002). The “ridge citrus” areas 
comprise about 40 percent of Florida’s total citrus acreage 
(Paramasivam and Sajwan, 2001). 

Concentrations of most detected pesticides and pesti-
cide degradates in groundwater from the LWRM Network 
wells have been among the highest observed in comparison 
to U.S. Geological Survey (USGS) groundwater networks 
sampled nationally (Choquette and others, 2005; Gilliom and 
others, 2006), indicating the vulnerability of groundwater in 
this region to leaching of agrichemicals. This vulnerability is 
related to climate, soils, and hydrogeology in the study area, 
coupled with widespread agricultural land use, the long grow-
ing season relative to many other areas of the United States, 
and the associated agrichemical applications. Additionally, 
the LWRM Network wells were located directly adjacent to 
active citrus orchards (commonly referred to as “groves”) 
and groundwater samples were collected near the water table, 
increasing the opportunity to detect pesticides and to provide 
early warning of potential pesticide migration into deeper 
groundwater. 

The ridge soils consist predominantly of sand, promoting 
rapid infiltration rates, and contain little organic matter to sorb 
or filter pesticide compounds. Most of the soils on the Ridge 
have been classified as vulnerable to agrichemical leaching 
(fig. 1; Wilson and others, 2002; Fishel, 2009). Among U.S. 
crop categories, citrus agriculture has been ranked as having the 
highest rate of herbicide use nationally and the third highest rate 
of insecticide use on the basis of active ingredient applied annu-
ally (Brandt, 1995; Barbash and Resek, 1996). Because of the 
mild climate and long growing season in Florida, the number 
and frequency of pesticide applications annually exceeds that in 
many other regions of the United States.

In recent years, Federal and State laws and regulations 
have been developed to reduce leaching of agricultural chemi-
cals into groundwater and to protect drinking water sources 
(National Association of State Departments of Agriculture 
Research Foundation, 2000; Boman, 2002). Guidelines and 
restrictions on agrichemical usage have been developed specifi-
cally for the sandy soils on the Ridge to minimize the prob-
ability of leaching and protect water resources (State of Florida, 
1995, 2002a, 2002b; Aerts and Nesheim, 2000). In 2002, fertil-
izer best management practices were adopted specifically for 
Ridge citrus (State of Florida, 2002b) to minimize leaching into 
groundwater. 

The hydrogeology of the Ridge has been described in 
several reports (Duerr and others, 1988; Barr, 1992; Yobbi, 
1996; Sacks and others, 1998; Choquette and Sepulveda, 2000). 
The subsurface of the Ridge consists of a mantled karst terrane 
where unconsolidated sands and clays overlie an irregular 
limestone surface. The Ridge is underlain by an unconfined 
surficial aquifer, intermediate confining unit/aquifer system, 
and the Upper Floridan aquifer. Within the study area, the 
surficial aquifer ranges from about 50 to 300 feet (ft) thick 
and predominantly consists of sands and clays that thicken 
from north to south. Summaries of groundwater quality of the 
surficial aquifer underlying areas of the Ridge appear in Sacks 
and others (1998), Spechler and Kroening (2007), Spechler 
(2010), and Florida Department of Environmental Protection 
(2012a and b).
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The surficial aquifer in the Ridge area is closely connected 
with more than 200 lakes, which cover about 10 percent of the 
Ridge (fig. 1) (Barcelo and others, 1990). These lakes both receive 
water from and discharge water to the aquifers underlying the 
Ridge (Sacks and others, 1998), and therefore, also are important 
for understanding the fate and transport of pesticides within the 
groundwater system. Vertical leakage from the surficial aquifer and 
from the lakes provides substantial amounts of water to the under-
lying intermediate aquifer system and the Upper Florida aquifer 
(Sepulveda, 2002). 

A water-quality reconnaissance study of Ridge lakes 
(Choquette and Kroening, 2005 and 2009) indicated that both the 
suite of pesticides detected and their relative detection frequencies 
in lakes and groundwater correspond closely. However, the pesti-
cide concentrations in the lakes typically were lower than those in 
groundwater, often by an order of magnitude or more, likely reflect-
ing chemical degradation and dilution as the groundwater moves 
through the surficial aquifer and into the lakes, and the increased 
opportunity for biogeochemical degradation (including photolysis), 
adsorption, and dilution of pesticides within the lakes. The Ridge 
lake concentrations also were high relative to national surface-water 
pesticide concentrations reported by the USGS National Water-
Quality Assessment (NAWQA) Program (Choquette and Kroening, 
2009), consistent with the groundwater national comparison. 

History and Description of the Monitoring 
Network

The LWRM Network was created to provide early warning of 
the occurrence of pesticides in the unconfined surficial aquifer, and 
information on the spatial and temporal variability of groundwater 
quality, including concentrations of agrichemicals and inorganic 
constituents. The design of the Network, planned as a long-term 
monitoring program and focused on vulnerable and shallow zones 
of the groundwater system, is described in detail in Choquette and 
Sepulveda (2000). The 1989–2010 sampling history and well con-
struction characteristics appear in Choquette and others (2012). 

As part of the LWRM Network monitoring program, although 
separate from this study, the Florida Department of Agriculture and 
Consumer Services (FDACS) established a series of responses if 
any water-quality constituents were detected in LWRM Network 
samples at levels approaching drinking-water health-guidance 
benchmarks (described in “Analytical Methods” section). The 
FDACS responses could involve initiating sampling of any nearby 
potable wells as a precautionary measure, notifying the U.S. 
Environmental Protection Agency (USEPA), adopting regulatory 
measures, and communicating with citrus growers and pesticide 
registrants (producers) to discuss actions to minimize groundwater 
contamination.

Quarterly sampling of the LWRM Network began with the 12 
Phase I wells in April 1999, the addition of 9 Phase II wells in April 
2000, and 10 Phase III wells in October 2001, after which all wells 
were sampled quarterly (fig. 1). Quarterly sampling typically com-
menced during January, April, July, and October, sometimes extend-
ing into the subsequent respective month. Prior to the establishment 
of the LWRM Network, 12 of the Phase I wells had been sampled 
intermittently during 1989 to April 1999 as part of the Florida 

Department of Environmental Protection “Background” and “VISA 
citrus” monitoring networks (Ouellette and others, 1998; Silvanima 
and others, [n.d.]; Florida Department of Environmental Protection, 
2012a, b) and for a USGS study (German, 1996). 

Depth to the bottom of casing (coincident with the top of the 
well screen) in the LWRM Network wells ranges from 9 to 130 ft 
(fig. 2). The well screens are 20 ft long in 11 of the Phase I wells 
and are 10 to 11 ft long in the remaining 20 wells. Water-table depth 
ranged from about 4 to 103 ft (median 38 ft) among the sampled 
wells, and sampling depth (depth of the top of the well screen below 
the water table) ranged from 0 ft (top of screen at or above the water 
table) to about 38 ft. It should be noted that water-quality results 
from the monitoring wells may differ from water quality in potable 
wells in the study area due to restrictions on agrichemical applica-
tions near potable wells1 and differences in potable-well construction 
(for example, depth of well, length and depth of well screens or 
intake zones, pumping rates, and area of groundwater contribution).

Agrichemical Usage in Florida Citrus Croplands

About 60 million pounds (active ingredient) of pesticides were 
applied in Florida’s citrus croplands in 2001 (U.S. Department of 
Agriculture, 2002). Information on pesticide usage near the Network 
wells on the Ridge is not readily available and records of usage are 
not required to be regularly reported by growers; however, the U.S. 
Department of Agriculture (USDA) provides estimates of average 
annual pesticide usage by state and crop type (U.S. Department 
of Agriculture, 1996 to 2006), including the crop type “oranges,” 
which represented more than 90 percent of citrus in Polk and 
Highlands Counties (Shahane, 2003). The USDA estimates repre-
sent statewide averages; local usage may differ from these values. 
Estimates of pesticide usage in Florida orange orchards in 2005 are 
shown in figure 3.

Excluding petroleum distillate, 2002–2003 pesticide usage 
(pounds of active ingredient per year) in orange orchards included 
herbicides (50 percent of total), insecticides (29 percent), and fun-
gicides (21 percent). Herbicides, insecticides, and fungicides were 
applied in 95, 91, and 61 percent, respectively, of Florida orange 
orchards in 2002–2003 (U.S. Department of Agriculture, 2004). 
Based on crop acreage, the most widely applied pesticides dur-
ing 1995 through 2005 included petroleum distillate (mineral oil), 
primarily used as an insecticide, and glyphosate, an herbicide—both 
of which typically were applied in more than 70 percent of citrus 
croplands (fig. 4). During this period there was an apparent decline 
in the usage of diuron, abamectin, and bromacil, and an increase in 
usage of 2,4-D (fig. 4). Rates of application of petroleum distillate 
(70 to 92 pounds per acre per year (lbs/ac/yr) were much higher 
than that for other pesticides (1 to 4 lbs/ac/yr) (fig. 5). 

1Florida statutes specify minimum depths and (or) separation distances for 
potable wells in proximity to aldicarb application areas (State of Florida, 1997 
and 2002a).
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Figure 3. Primary pesticides applied in Florida orange orchards in 2005, showing usage as the percent of total bearing acreage 
receiving applications (U.S. Department of Agriculture, 2006).
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Figure 5. Statewide average application rates for selected pesticides in Florida orange orchards between 
1997 and 2005 (U.S. Department of Agriculture (USDA), 1998–2006).

Usage of several citrus pesticides, including 1,2-dibromoeth-
ane, bromacil, fenamiphos, and aldicarb, has been either restricted 
or prohibited in the vulnerable soils of the Ridge (State of Florida, 
1995, 2002a; Aerts and Nesheim, 2000). Bromacil was prohibited 
from use in most Ridge citrus areas in December 1994 (State of 
Florida, 1995; Fishel, 2009), and it has subsequently been replaced 
by other herbicides including norflurazon and glyphosate. In Florida, 
aldicarb is a restricted-use pesticide with limits on the amounts, 
timing, and locations of applications2 (State of Florida, 2002a). 
The USEPA announced a phased termination of aldicarb use on 
all crops nationally, beginning with citrus (United States Environ-
mental Protection Agency, 2010). The registration of aldicarb for 
use on citrus was cancelled in August 2010 and use of aldicarb 
stocks on hand was required to be terminated in citrus croplands by 
December 31, 2011. 

Estimates of statewide average pesticide application rates 
(active ingredient/acre/year) indicated a 60 to 80 percent increase 
between 1997 and 2005 for diuron, norflurazon, simazine, and 
glyphosate, and the amount of increases exceeded 1 lb/ac/yr for 
several of these pesticides (fig. 5). The 1997 application rate for 
the herbicide simazine was higher for citrus in Florida than for any 
other crop nationally, and was twice that used in California citrus 
(Gianessi and Silvers, 2000). Between 1997 and 2001, the herbi-
cides norflurazon, diuron, and simazine were applied in orange 
orchards on the average about 1.5 times per year (U.S. Department 
of Agriculture, 2002). Norflurazon, diuron, and simazine generally 
are applied prior to weed germination (pre-emergent) during spring 
and (or) fall.

Citrus cultivation on the Florida Ridge soils often requires 
fertilization with nitrogen, phosphorus (as phosphate), potassium 
(as potash), and magnesium, along with lime (calcium carbonate) 
amendments to maintain a moderately acidic soil (Stauffer, 1991). 
Annual average application rates for fertilizers in Florida orange 
orchards from 1995 to 2003 (fig. 6) were about 180 to 215 lbs/ac 
nitrogen, 185 to 213 lbs/ac potash, and 30 to 73 lbs/ac phosphate 
applied to 94, 94, and 71 percent of orange orchards, respectively, 
in 1999 (U.S. Department of Agriculture, 1996, 2000, and 2004). 
Nitrogen, phosphate, and potash fertilizers were applied to Florida 
orange orchards an average of 4.9 to 5.2 times per year during 
1995, and 2.8 to 3.4 times per year during 2003 (fig. 6). 
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Figure 6. Statewide average application rates and number of 
applications for the fertilizers nitrogen, phosphate, and potash in 
Florida orange orchards in 1995, 1999, and 2003 (U.S. Department 
of Agriculture, 1996, 2000, and 2004).

2In citrus groves on sandy soils, aldicarb use is limited to one application 
per year at a maximum rate of 5 lbs active ingredient per acre, applications 
must occur between January 1st and April 30th, and its usage is prohibited 
near potable wells (State of Florida, 2002a).  
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Rainfall Patterns During the Sampled Period

Annual rainfall on the Ridge ranged from 32.57 to 
66.90 inches during the 1999 through 2005 period, based on the 
average rainfall determined using six climate-gaging stations 
distributed across the Lake Wales Ridge (National Oceanic and 
Atmospheric Administration, 1999–2005). Rainfall varies season-
ally, and typically is greatest during June through September 
(fig. 7). Spatial variability of rainfall on the Ridge can be substan-
tial, as a result of localized convective storms common during 
summer months. Variations in monthly totals between some of 
these climate stations during the 1999–2005 period exceeded 5 to 
10 inches during some of the summer months.

The 1999 through 2005 period exhibited some of the wet-
test and driest years during the 1932–2005 record at Archbold 
Biological Research Station (Choquette and others, 2012). 
Additionally, in late summer and fall 2004, three major hurricanes 
passed directly across the Ridge, with associated intense wind and 
rainfall, and substantial damage to citrus foliage, fruit, and trees 
(Bossak, 2004; Albrigo and others, 2005). 

Methods of Study
Sampling methods adhered to stringent protocols for trace 

(parts per billion) constituents, and laboratory analyses for pesti-
cides and pesticide degradate concentrations were performed using 
high-performance liquid chromatography/mass spectrometry, and 
gas and ion chromatography. Analytical methods used to generate 

summary statistics included adjustments for censored concen-
trations and nonparametric methods. Florida’s human health 
benchmarks for groundwater (described in “Analytical Methods” 
section) were used to identify constituents that may warrant further 
evaluation. All nitrate values in this report refer to measurement 
units “as N.”

Sampling and Laboratory Methods

Groundwater samples were collected and processed accord-
ing to the Florida Department of Environmental Protection 
(FDEP) and the Southwest Florida Water Management District 
(SWFWMD) groundwater sampling protocols (Morse, 1999; 
Florida Department of Environmental Protection, 2002; South-
west Florida Water Management District, 20066). Field protocols 
included a minimum purge of three well volumes, stabilization of 
pH, specific conductance, temperature, and dissolved oxygen prior 
to sample collection, and turbidity of less than 10 nephelometric 
turbidity units (NTUs). The turbidity specification was established 
in April 2001. Samples collected prior to April 2000 were col-
lected using a Teflon bailer; after this date, samples were collected 
using a Grunfos submersible pump and Teflon tubing. Pesticide 
samples analyzed for carbamates (aldicarb, aldicarb sulfone, 
aldicarb sulfoxide, methomyl, and oxamyl) were filtered in the 
laboratory using a 0.45-micrometer (µm) hydrophilic polytetra-
fluoroethylene (PTFE, or “Teflon”) syringe filter (Teresa Rygiel, 
Florida Department of Agriculture and Consumer Services, written 
commun., Feb. 24, 2009). Quality control and assurance samples 
represented at least 25 percent of collected samples.
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Figure 7. Monthly rainfall for the Lake Wales Ridge, January 1999 through January 2005. The monthly values are the average of 
six weather stations distributed across the Ridge (Archbold Biological Research Station, Avon Park 2W, Desoto City 8SW, Lake 
Alfred Experiment Station, Mountain Lake, Winter Haven; National Oceanic and Atmospheric Administration, 2010).
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A total of 30 pesticides and degradates were included as 
target analytes in routine quarterly sampling (table 1). Analyses 
of nitrate, pesticides, and pesticide degradates for the quarterly 
groundwater samples were performed by the FDACS Pesticide 
Laboratory. The pesticides and pesticide degradates were analyzed 
using gas chromatography with a nitrogen phosphorous detector 
(NPD), high-performance liquid chromatography (HPLC, utilizing 
both ultraviolet/visible (UV/VIS) spectroscopic detectors and post 
column derivatization), liquid chromatography/mass spectrometry 
(LC/MS) and ion chromatography, and included both standard 
USEPA methods and FDACS custom methods for selected com-
pounds (Brock and Rygiel, 2003; Page and Stepp, 2003; Rygiel, 
2003). Concentrations of organic compounds in spiked samples 
analyzed by the FDACS Pesticide Laboratory during the 1999–
2005 period generally were within about 75 to 105 percent of 
expected concentration, with the exception of deisopropylatrazine, 
which yielded about 50 percent recovery.

Laboratory reporting levels for pesticides and degradates 
ranged from 0.025 to 16 µg/L (tables 2 and 3), and ranged from 
0.1 and 0.5 µg/L for most of the routinely analyzed compounds 
(table 2). Reporting levels for several analytes were lowered dur-
ing the April 1999 through January 2005 sampling period, and 
these changes are documented in Choquette and others (2012).

Reconnaissance sampling in July 2003 focused on selected 
triazine and phenylurea herbicides and their degradation products 
in groundwater at five of the LWRM Network wells (fig. 1, well 
numbers II-4, II-9, III-2, III-7, and III-10). The samples were ana-
lyzed for 5 of the target pesticides evaluated in quarterly sampling 
and 14 additional parent and degradate pesticides (table 3). These 
analyses were performed at the USGS Organic Geochemistry 
Laboratory using LC/MS methods described by Lee and others 
(2002). 

Analytical Methods

Analyses of water-quality data included descriptive statistics 
to summarize results among Network wells and to summarize 
time-series records by well. Descriptive statistics for censored data 
were determined on the basis of the log-likelihood method (Helsel 
and Cohn, 1988; Helsel, 2005) using S-Plus Software (Insightful 
Corporation, 2001). A minimum of three sample detections above 
laboratory reporting levels were required to determine summary 
statistics using the log-likelihood method (Helsel, 2005), which 
also incorporated adjustments to account for multiple censoring 
levels. Nonparametric statistics were used in this report to avoid 
bias associated with parametric statistics, which can arise in the 
presence of skewed distributions (and outlying values), typical in 
water-quality records.

The pesticide and nitrate concentrations in the LWRM Net-
work groundwater samples were compared to Florida groundwater 
human-health guidance concentrations (GCs). These benchmarks 
have been used by the FDACS, the FDEP, and other Florida 
agencies to identify water-quality constituents that might war-
rant further study and (or) additional sampling. Some of the GCs 
correspond to the Florida drinking-water regulations (maximum 
contaminant levels, or MCLs; State of Florida, 2012) and to the 
USEPA MCLs and lifetime health-advisory levels (HALs) (U.S. 

Environmental Protection Agency, 2011). For pesticides for 
which MCLs or HALs have not been defined, the Florida GCs 
for groundwater correspond to Florida’s Groundwater Cleanup 
Target Levels associated with State statutes (State of Florida, 2005; 
University of Florida, 2005). In addition, the Florida groundwater 
GCs for parent pesticide compounds have been used as the GCs 
for their respective degradates and (or) parent-degradate sums. 
Additional details regarding the Florida GCs and other human-
health indices for the pesticide compounds detected in LWRM 
Network samples appear in Choquette and others (2012).

Water-Quality Results
The nitrate and pesticide results were summarized for two 

sampling periods: the 5.75-year period of record, April 1999 
through January 2005 (1999–2005 period); and the 3.25-year 
“period of common record,” October 2001 through January 2005 
(2001–05 period), during which all of the LWRM Network wells 
were sampled. The period of common record is appropriate for 
regional comparisons among wells by water-quality constituent, 
avoiding possible bias from time-sampling error (for example, 
due to differences in water quality caused by variations in rainfall 
or groundwater recharge between sample years), and includes a 
uniform number of samples for each well. 

April 1999 through January 2005

Of the 44 citrus pesticides and pesticide degradates ana-
lyzed, 8 parent compounds and 9 degradates were detected in 
groundwater samples from network wells between April 1999 
and January 2005, including routine quarterly and reconnais-
sance sampling results (tables 2 and 3). Pesticides most often 
detected in groundwater samples during this period (table 4) 
included norflurazon and its degradate demethyl norflurazon 
(both detected in 87 percent of the wells), simazine (61 percent), 
diuron (52 percent), bromacil (52 percent), the aldicarb degradates 
aldicarb sulfone (39 percent) and aldicarb sulfoxide (32 percent), 
and deisopropylatrazine (35 percent)—a degradate of sima-
zine and atrazine. Imidacloprid, metalaxyl, thiazopyr monoacid 
(thiazopyr degradate), oxamyl, and aldicarb were detected in 3 to 
13 percent of the wells. The number of pesticides and degradates3 
detected, by well, ranged from no detections at two wells to a 
maximum of nine detections at one well. About one-half of the 
wells (55 percent) yielded detections of five or more pesticides. 
Nitrate concentrations exceeded the 10 mg/L drinking water stan-
dard (USEPA MCL) in one or more groundwater samples from 
90 percent of the wells. Concentrations of nitrate in the surficial 
aquifer underlying undeveloped lands in central Florida are low, 
typically less than 0.002 to 1.0 mg/L (Tihansky and Sacks, 1997; 
Adamski and German, 2004; Choquette and others, 2012). 

3Excluding the simazine degradates, which were not evaluated in all of the 
Network wells.
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Table 1. Nitrate and pesticide analytical methods performed by the Florida Department of Agriculture and Consumer Services 
Pesticide Laboratory for the Lake Wales Ridge Monitoring Network. 
[N, nitrogen; EPA, U.S. Environmental Protection Agency; ICP-MS, inductively coupled plasma mass spectrometry; FDACS, Florida Department of 
Agriculture and Consumer Services; HPLC, high-performance liquid chromatography; NPD, nitrogen phosphorus detector; LC, liquid chromatography; 
MS, mass spectrometry] 

Constituent name 
and fraction

(pesticide degradates in italics)
Analytical method Method source or reference 

Nitrate, dissolved (as N) EPA 300.1 (ICP-MS) Brock and Rygiel, 2003
Alachlor, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Aldicarb sulfone, dissolved FDACS-CarbamateW.MTH (HPLC/fluorescence), EPA 

531.1 (ICP-MS)
Rygiel, 2003

Aldicarb sulfoxide, dissolved FDACS-CarbamateW.MTH (HPLC/fluorescence), EPA 
531.1 (ICP-MS)

Rygiel, 2003

Aldicarb, dissolved FDACS-CarbamateW.MTH (HPLC/fluorescence), EPA 
531.1 (ICP-MS)

Rygiel, 2003

Atrazine, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 
Series Method

Teresa Rygiel, FDACS, written  
commun., 4/1/2013

Bentazon, whole water FDACS-Bentazon  Tola and Moody, 2007
Bromacil, whole water FDACS-LC_HERBW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Chlorpyrifos, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Deethylatrazine (DEA), whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Deisopropylatrazine (DIA), whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Demethyl norflurazon, whole water FDACS-LC_HERBW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Dimethoate, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Diuron, whole water FDACS-LC_HERBW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Ethion, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Fenamiphos sulfone, whole water FDACS-FNMPHOSW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Fenamiphos sulfoxide, whole water FDACS-FNMPHOSW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Fenamiphos, whole water FDACS-FNMPHOSW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Imidacloprid, whole water FDACS-LC_HERBW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Iprodione, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Malathion, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 

Series Method
Teresa Rygiel, FDACS, written  

commun., 4/1/2013
Metalaxyl, whole water FDACS-LC_HERBW Teresa Rygiel, FDACS, written  

commun., 4/1/2013
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Table 1. Nitrate and pesticide analytical methods performed by the Florida Department of Agriculture and Consumer Services 
Pesticide Laboratory for the Lake Wales Ridge Monitoring Network.—Continued
[N, nitrogen; EPA, U.S. Environmental Protection Agency; ICP-MS, inductively coupled plasma mass spectrometry; FDACS, Florida Department of 
Agriculture and Consumer Services; HPLC, high-performance liquid chromatography; NPD, nitrogen phosphorus detector; LC, liquid chromatography; 
MS, mass spectrometry] 

Constituent name 
and fraction

(pesticide degradates in italics)
Analytical method Method source or reference 

Methomyl, dissolved FDACS-CarbamateW.MTH (HPLC/fluorescence), EPA 
531.1 (ICP-MS)

Rygiel, 2003

Metolachlor, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 
Series Method

Teresa Rygiel, FDACS, written  
commun., 4/1/2013

Metribuzin, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 
Series Method

Teresa Rygiel, FDACS, written  
commun., 4/1/2013

Norflurazon, whole water FDACS-LC_HERBW Teresa Rygiel, FDACS, written  
commun., 4/1/2013

Oryzalin, whole water FDACS-LC_HERBW Teresa Rygiel, FDACS, written  
commun., 4/1/2013

Oxamyl, dissolved FDACS-CarbamateW.MTH (HPLC/fluorescence), EPA 
531.1 (ICP-MS)

Rygiel, 2003

Simazine, whole water FDACS-NPD_HERBW, modified EPA 600 and 1650 
Series Method

Teresa Rygiel, FDACS, written  
commun., 4/1/2013

Thiazopyr monoacid, whole water FDACS-ThiazopyrW.mth (HPLC-MS), ACIDHERB Page and Stepp, 2003; Tola and Moody, 
2007

Thiazopyr, whole water FDACS-ThiazopyrW.mth (HPLC-MS), ACIDHERB Page and Stepp, 2003; Tola and Moody, 
2007
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Table 2. Laboratory reporting levels and detected pesticides and degradates 
analyzed in groundwater samples during April 1999 through January 2005. 
[Pesticide degradates are shown in italics; analytes in bold were detected in groundwater 
samples; µg/L, micrograms per liter. Analyses were performed at the Florida Department of 
Agriculture and Consumer Services Pesticide Laboratory]

Analyte Reporting level (µg/L)

Alachlor 2

Aldicarb 0.25, 0.5, 2, 5

Aldicarb sulfone 0.25, 0.5, 5

Aldicarb sulfoxide 0.25, 0.5, 5

Atrazine 0.2

Bentazon 0.04, 1, 2

Bromacil 0.5, 1

Chlorpyrifos 0.2, 0.4, 0.5

Deethylatrazine ( DEA) 0.4

Deisopropylatrazine (DIA; desmethyl simazine) 0.4, 0.6

Demethyl norflurazon 0.5, 1

Dimethoate 0.2, 1

Diuron 0.5, 2

Ethion 0.2, 2

Fenamiphos 0.1, 0.2

Fenamiphos sulfone 0.1, 0.2, 0.4

Fenamiphos sulfoxide 0.1, 0.2, 0.4

Imidacloprid 0.5, 1, 3

Iprodione 0.2, 2, 4, 8

Malathion 0.2

Metalaxyl 1, 2

Methomyl 0.1, 0.25, 0.5, 5

Metolachlor 2

Metribuzin 0.4

Norflurazon 0.5, 1

Oxamyl 0.1

Oryzalin 0.5, 16

Simazine 0.5, 0.2

Thiazopyr 0.04, 0.1

Thiazopyr monoacid 0.04, 0.1
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Table 3. Laboratory reporting levels and detected triazine and 
phenylurea pesticides and degradates evaluated in groundwater from 
five wells sampled in July 2003. 
[Pesticide degradates are shown in italics; analytes in bold were detected in 
groundwater samples; µg/L, micrograms per liter. Analyses were performed at 
the U.S. Geological Survey Organic Geochemistry Research laboratory, using 
methods described by Lee and others (2002)]

Analyte
Laboratory reporting levels 

(µg/L)

Atrazine 0.025
Bromacil 0.05
Cyanazine 0.025
Cyanazine amide 0.025
Cyanazine-acid 0.025
Deethylatrazine (DEA) 0.025
Deethylcyanazine 0.025
Deethylcyanazine acid 0.025
Deethylcyanazine amide 0.025
Demethyl fluometuron 0.025
Didealkylatrazine (DDA) 0.025
Deisopropylatrazine (DIA) 0.025
Deisopropylhydroxyatrazine (DIHA) 0.025
Diuron 0.02
Fluometuron 0.025
Hydroxyatrazine 0.025
Hydroxysimazine 0.025
Linuron 0.025
Propazine 0.025
Simazine 0.025



14  Pesticides and Nitrate in Groundwater Underlying Citrus Croplands, Lake Wales Ridge, Central Florida, 1999–2005
Ta

bl
e 

4.
 

Su
m

m
ar

y 
of

 ti
m

e-
se

rie
s 

sa
m

pl
in

g-
di

st
rib

ut
io

n 
st

at
is

tic
s 

fo
r p

es
tic

id
e 

an
d 

ni
tra

te
 c

on
ce

nt
ra

tio
ns

 in
 g

ro
un

dw
at

er
 s

am
pl

es
, A

pr
il 

19
99

 th
ro

ug
h 

Ja
nu

ar
y 

20
05

. 
[P

es
tic

id
e 

de
gr

ad
at

es
 a

re
 sh

ow
n 

in
 it

al
ic

s;
 n

d,
 n

ot
 d

et
er

m
in

ed
; µ

g/
L,

 m
ic

ro
gr

am
s p

er
 li

te
r; 

<,
 le

ss
 th

an
. R

eg
io

na
l m

ed
ia

ns
 a

re
 p

re
se

nt
ed

 fo
r n

itr
at

e 
an

d 
pe

st
ic

id
es

 d
et

ec
te

d 
in

 th
re

e 
or

 m
or

e 
ne

tw
or

k 
w

el
ls

. 
Sa

m
pl

in
g-

di
st

rib
ut

io
n 

st
at

is
tic

s b
y 

w
el

l a
pp

ea
r i

n 
ap

pe
nd

ix
]

A
na

ly
te

N
um

be
r 

of
 w

el
ls

 
yi

el
di

ng
 

th
re

e 
or

 m
or

e 
sa

m
pl

e 
de

te
ct

io
ns

Re
gi

on
al

 m
ed

ia
ns

 o
f s

am
pl

in
g-

di
st

ri
bu

tio
n 

st
at

is
tic

s 
ba

se
d 

on
 re

su
lts

 
fr

om
 w

el
ls

 y
ie

ld
in

g 
de

te
ct

io
ns

N
et

w
or

k 
m

ax
im

um
 

sa
m

pl
ed

 
co

nc
en

tr
at

io
n

N
um

be
r 

(p
er

ce
nt

) 
of

 n
et

w
or

k 
w

el
ls

 
yi

el
di

ng
 

on
e 

or
 m

or
e 

sa
m

pl
e 

de
te

ct
io

ns

Co
nc

en
tr

at
io

n,
 in

 µ
g/

L

N
um

be
r o

f 
sa

m
pl

es
 

pe
r w

el
l

Pe
rc

en
t o

f 
sa

m
pl

ed
 

co
nc

en
-

tr
at

io
ns

 
ab

ov
e 

re
po

rt
in

g 
le

ve
l

Re
la

tiv
e 

in
te

rq
ua

rt
ile

 
ra

ng
e 

(in
 

pe
rc

en
t)

M
in

im
um

 
re

po
rt

ed
  

co
nc

en
tr

at
io

n 

10
th

  
pe

rc
en

til
e

M
ed

ia
n

90
th

  
pe

rc
en

til
e

M
ax

i-
m

um
M

ea
n

In
te

rq
ua

rt
ile

 
ra

ng
e

A
ld

ic
ar

b
1

nd
nd

nd
nd

nd
nd

nd
nd

nd
nd

3.
5

2 
(6

)
Al

di
ca

rb
 

su
lfo

ne
9

<0
.2

5
0.

23
1.

32
4.

55
4.

90
1.

77
1.

91
20

75
14

1
13

12
 (3

9)

Al
di

ca
rb

 
su

lfo
xi

de
9

<0
.1

0.
13

0.
64

5.
85

6.
6

1.
93

3.
35

20
67

18
2

14
10

 (3
2)

B
ro

m
ac

il
12

<0
.5

1.
09

6.
20

10
.1

5
24

4.
55

2.
86

23
68

14
4

22
0

16
 (5

2)
D

ei
so

pr
op

yl
-

at
ra

zi
ne

7
<0

.4
0.

11
0.

29
0.

90
0.

96
0.

37
0.

29
14

21
99

2.
1

11
 (3

5)

D
em

et
hy

l n
or

-
flu

ra
zo

n
26

<0
.5

2.
35

5.
48

9.
46

11
.6

5
5.

83
2.

89
20

98
89

56
27

 (8
7)

D
iu

ro
n

12
<0

.5
0.

32
0.

76
2.

64
3.

95
1.

07
1.

25
17

46
12

4
1 7

0
16

 (5
2)

Im
id

ac
lo

pr
id

3
<0

.4
0.

02
0.

19
5.

15
13

.0
0

1.
05

1.
04

24
21

54
0

14
4 

(1
3)

M
et

al
ax

yl
3

<1
0.

45
1.

09
         

4.
20

5.
70

2.
60

2.
44

24
33

10
9

 7
0

4 
(1

3)
N

itr
at

e2 , 
as

 N
31

2 8
.5

2 8
.9

5
2 1

1.
00

2 1
9.

50
2 2

2.
00

2 1
1.

97
2 2

.6
3

14
10

0
24

2 8
9

28
 (9

0)
N

or
flu

ra
zo

n
25

0.
29

2.
30

5.
80

10
.0

3
12

.0
0

5.
90

3.
90

20
96

10
3

10
0

27
 (8

7)
O

xa
m

yl
3

0
nd

nd
nd

nd
nd

nd
nd

nd
nd

nd
nd

4 
(1

3)
Si

m
az

in
e

16
0.

05
0.

13
0.

35
1.

00
1.

35
0.

44
0.

31
20

77
87

5.
6

19
 (6

1)
Th

ia
zo

py
r 

m
on

oa
ci

d
2

nd
nd

nd
nd

nd
nd

nd
nd

nd
nd

1
2 

(6
)

1  V
al

ue
 w

as
 a

no
m

al
ou

sl
y 

hi
gh

 c
om

pa
re

d 
to

 o
th

er
 sa

m
pl

ed
 c

on
ce

nt
ra

tio
ns

 in
 th

e 
w

el
l’s

 re
co

rd
, a

nd
 c

om
pa

re
d 

to
 re

su
lts

 fr
om

 o
th

er
 N

et
w

or
k 

w
el

ls
 sa

m
pl

ed
 d

ur
in

g 
th

e 
19

99
–2

00
5 

pe
rio

d.
2  N

itr
at

e 
co

nc
en

tra
tio

ns
 a

re
 in

 m
ill

ig
ra

m
s p

er
 li

te
r t

hr
ou

gh
ou

t t
he

 ta
bl

e.
 

3  A
na

ly
ze

d 
du

rin
g 

Ju
ly

 2
00

3 
th

ro
ug

h 
Ja

nu
ar

y 
20

05
.



Water-Quality Results  15

The triazine degradates hydroxysimazine (HS), deiso-
propylatrazine (DIA), didealkylatrazine (DDA), deisopro-
pylhydroxyatrazine (DIHA), and hydroxyatrazine (HA) were 
detected in reconnaissance sampling focused on five of the 
LWRM Network wells that had previously yielded detections 
of simazine. These degradates include both first-order and 
second-order degradational products (fig. 8). Several of the 
triazine degradates are the products of multiple parent pesti-
cides (Scribner and others, 1999), but simazine likely is the 
primary source of HS, DDA, DIA, and DIHA in groundwater 
underlying the Lake Wales Ridge citrus areas based on several 
factors (Choquette and Kroening, 2009), and simazine is the 
only triazine pesticide applied in Florida’s citrus croplands. 

The frequency of detection of specific pesticides in 
groundwater samples as a proportion of LWRM Network 
wells, and sampled lakes (Choquette and Kroening, 2009) on 
the Ridge, generally was greater than the areal extent of their 
estimated usage in orange orchards statewide (figs. 3 and 4). 
For example, norflurazon, although estimated to have been 
applied in only 13 to 24 percent of Florida orange orchards 
between 1995 and 2005 (fig. 4), was detected in water samples 
from nearly all Ridge wells and lakes sampled during 1999 
through 2004 in regions of citrus land use (Choquette and 
others, 2003 and 2005). 

The more widespread occurrence of detected pesticide 
compounds in the Ridge groundwater system in comparison 
to their estimated usage could result from a number of factors 
including effects of advection and dispersion as ground-
water moves through the subsurface (Focazio and others, 
2002), year-to-year rotation of different chemicals resulting 
in broader areal coverage over a number of years, and (or) 
regional usage patterns on Lake Wales Ridge that differ from 
the statewide averages. Aldicarb detections in groundwa-
ter samples were less widespread than the usage estimates 
indicate; however, the relatively rapid breakdown of aldicarb 
and the persistence of its degradates (Jones and others, 1987; 
Hornsby and others, 1990) result in the more frequent detec-
tions of the aldicarb degradates in groundwater samples. The 
variations in the chemical properties among these detected 
pesticides in relation to their presence in Ridge lakes and 
groundwater are further discussed in Choquette and Kroening 
(2009).

To examine temporal variability in concentrations at 
fixed locations, summary statistics were determined for 
time-series results of sampled water-quality concentrations 
by well (appendix). These statistics were calculated for wells 
that yielded samples with one or more detections of targeted 
pesticides and nitrate, and median values among wells were 
calculated (table 4) if at least three wells yielded detections 
in three or more samples. The highest median concentrations 
per well, based on samples collected during the 1999–2005 
period (n=14 to 24 samples), were 25.5 mg/L, nitrate; 89 µg/L, 
bromacil; 25.0 µg/L, norflurazon; 22.0 µg/L, demethyl nor-
flurazon; 6.85 µg/L, aldicarb sulfoxide; 6.30 µg/L, aldicarb 
sulfone; 3.90 µg/L, diuron; 3.05 µg/L, simazine; 2.55 µg/L, 

imidacloprid; 2.23 µg/L, metalaxyl; 0.54 µg/L, DIA; and 
0.22 µg/L, thiazopyr monoacid (appendix).

Relatively large temporal fluctuations in pesticide con-
centrations occurred between quarterly samples at a given 
well, as indicated by the values for the relative interquartile 
range (table 4). The relative interquartile range of the time-
series records of sampled concentrations by well ranged from 
87 to 540 percent among the 10 pesticide compounds evalu-
ated, with highest temporal variability occurring in imidaclo-
prid, aldicarb sulfoxide, aldicarb sulfone, bromacil, and diuron 
concentrations. The median relative interquartile range of 
sampled nitrate concentrations by well was 24 percent, consid-
erably lower than the pesticide compounds.

During the April 1999 through January 2005 period, 
Florida human-health GCs for groundwater were exceeded 
in sampled concentrations including seven of the analyzed 
pesticides and degradates and (or) their parent-degradate 
sums. GC exceedances occurred for aldicarb sulfone and 
sulfoxide (4 wells, exceedance frequency ranging from 4 to 
50 percent of the samples per well), the sum of aldicarb and 
its degradates (6 wells, 5 to 79 percent of samples per well), 
simazine (2 wells, 10 to 35 percent of samples per well), the 
sum of simazine and DIA (3 wells, 7 to 35 percent of samples 
per well), diuron (2 wells, 4 to 7 percent of samples per well), 
and bromacil (1 well, 65 percent of samples). Concentrations 
exceeded 0.5 GC for an additional 3 pesticide compounds 
and (or) parent-degradate sums, including aldicarb (1 well), 
DIA (1 well), and the sum of norflurazon and demethyl nor-
flurazon (1 well). The GC for norflurazon and its degradate 
was reduced from 280 to 105 µg/L during 2012. Applying 
the 105 µg/L GC to the 1999–2005 record, GC exceedances 
occurred for the sum of norflurazon and demethyl norflurazon 
(1 well, 7 percent of samples); the 0.5 GC was exceeded for 
norflurazon (3 wells), demethyl norflurazon (2 wells), and the 
sum of norflurazon and demethyl norflurazon (6 wells). 

Concentrations of the sum of aldicarb plus its degradates 
and the sum of simazine plus DIA fluctuated above and below 
their respective GCs, both in groundwater from shallow wells 
and from wells as deep as 40 to 55 ft. Nitrate concentra-
tions exceeded the GC in 28 of the 31 wells, including wells 
as deep as 130 ft. An unusually elevated concentration of 
diuron (70 µg/L) occurred in one sample (well number III-1, 
appendix). This diuron concentration was anomalously high 
compared to other sampled concentrations in the well’s record 
(n=14), and compared to results from other Network wells 
during the 1999–2005 period.

Period of Common Record: October 2001 through 
January 2005 

Summary statistics were calculated for pesticide and 
nitrate detections and concentrations in groundwater samples 
collected during the 2001–2005 period of common record 
(table 5). The pesticide compounds detected and the per-
cent of wells yielding detections were similar between the 
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1999–2005 and 2001–2005 sampled periods (tables 4 and 5, 
respectively). The 2001–2005 median concentration per well 
for pesticide compounds ranged from 0.04 (imidacloprid) to 
87 (bromacil4 ) µg/L. The median concentration for all wells 
yielding detections, by pesticide, was less than 0.87 µg/L for 
all of the targeted pesticides and degradates except norflura-
zon and demethyl norflurazon, with median values of 5.9 and 
6.7 µg/L, respectively. The 2001–2005 regional median nitrate 
concentration was 14 mg/L among the 26 wells that yielded 
samples exceeding the 10 mg/L MCL, and in these wells 7 to 
100 percent (median=79 percent) of the sampled concentra-
tions exceeded 10 mg/L (table 5 and appendix). 

There often was consistency in the particular pesticides 
detected in individual wells over time, as indicated by the per-
cent of samples per well yielding detections (table 5). Consis-
tency in detection frequency per well, during the 2001–2005 
period, based on median values (table 5), exceeded 50 percent 
of samples in the wells yielding detections for norflurazon, 
demethyl norflurazon, simazine, aldicarb sulfoxide and aldi-
carb sulfone, and thiazopyr monoacid. 

Spatial variability of the October 2001-through-
January 2005 median concentrations of detected pesticides is 
shown in figures 9 through 15). Neither pronounced nor con-
sistent spatial patterns were apparent in the median pesticide 
concentrations; however, nitrate concentrations typically were 
greater in sampled wells in the northern part of the study area 
compared to the southern part (fig. 12B). 

Pesticide concentrations in samples from the Highlands 
County wells appeared somewhat higher than from the Polk 
County wells for simazine, DIA, and the sum of norflurazon 
and its degradate. Sampled concentrations of bromacil and 
nitrate appeared to be somewhat higher in Polk County wells 
compared to the wells in Highlands County. Further evaluation 
would be necessary to confirm such differences, which in part 
could result from the typically shorter well screens close to the 
water table for the Highlands County wells. In addition, the 
longer-screened Polk County wells may tap a mixture of older 
groundwater, capturing the effects (higher concentrations) of 
agrichemical usage prior to the bromacil usage prohibition and 
prior to implementation of nitrate best management practices 
in ridge citrus areas during the late 1990s and early 2000s.

4Only one of the Network wells yielded median bromacil concentrations 
that exceeded the health-guidance value of 70 µg/L.   

Figure 8. Chemical degradation sources and pathways for analyzed triazine degradates 
(Scribner and others, 1999; M.T. Meyer, U.S. Geological Survey, written commun., 2009). Atrazine 
is not registered for use, or applied, in Florida citrus orchards. Acronyms are defined under 
“Abbreviations.”

ATRAZINE

And other
compounds
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HA, DEA,

and DEHA

DIA

DDA

Hydroxysimazine

Deisopropylhydroxy
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Figure 9. Median concentrations of (A) aldicarb and (B) aldicarb sulfone in samples from network wells, October 2001 
through January 2005. “Estimated value” refers to medians, determined using the log-probability method, that were below 
the  laboratory reporting level for the analyte.



Water-Quality Results  19

27°15’

27°30’

27°15’

27°30’

* *

81°30’ 81°15’

HARDEE

HIGHLANDS

POLK

27°45’

28°

0 5 10 MILES

0 5 10 KILOMETERS

Base from U.S. Geological Survey digital data,
Universal Transverse Mercator projection, zone 17

1.50

81°30’ 81°15’

HARDEE

DE SOTODE SOTO

HIGHLANDS

POLK

27°45’

28°

Base from U.S. Geological Survey digital data,
Universal Transverse Mercator projection, zone 17

Location of study area in
Florida

0 5 10 MILES

0 5 10 KILOMETERS

A (Aldicarb sulfoxide) B (Bromacil)

Lake Wales Ridge study area
Median concentration, in
  micrograms per liter
       Less than 0.50
       0.50–0.87
       0.88–1.69
       1.70–8.00
Estimated value

EXPLANATION
Lake Wales Ridge study area
Median concentration, in
  micrograms per liter
       Less than 0.50
       0.50–9.41
       9.42–22.5
       22.6–87.00
Estimated value

EXPLANATION

5.75

8.00

1.69

0.87

*0.32

22.5

8.05

*0.46

87.0
6.20

0.64

9.41

20.0

*0.48

*0.30

Figure 10. Median concentrations of (A) aldicarb sulfoxide and (B) bromacil in samples from network wells, October 2001 
through January 2005. “Estimated value” refers to medians, determined using the log-probability method, that were below 
the  laboratory reporting level for the analyte.
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Figure 11. Median concentrations of (A) diuron and (B) imidacloprid in samples from network wells, October 2001 through 
January 2005. “Estimated value” refers to medians, determined using the log-probability method, that were below the  
laboratory reporting level for the analyte.
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Figure 12. Median concentrations of (A) metalaxyl and (B) nitrate (as N) in samples from network wells, October 2001 
through January 2005. Medians for wells with censored (less than) concentrations were determined using the log-
probability method.
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Figure 13. Median concentrations of (A) norflurazon and (B) demethyl norflurazon in samples from network wells, 
October 2001 through January 2005. “Estimated value” refers to medians, determined using the log-probability method, that 
were below the laboratory reporting level for the analyte.
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Figure 14. Median concentrations of (A) simazine and (B) deisopropylatrazine (DIA) in samples from network wells, 
October 2001 through January 2005. “Estimated value” refers to medians, determined using the log-probability method, that 
were below the laboratory reporting level for the analyte.
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Figure 15. Median concentrations of thiazopyr monoacid in 
samples from network wells, October 2001 through January 2005.

Summary
This report provides summaries of pesticide and nitrate 

sample results, along with contemporaneous information 
on rainfall patterns and pesticide usage for the period April 
1999 through January 2005, the initial 5.75 years of the 
LWRM (Lake Wales Ridge Monitoring) Network monitoring 
program. The groundwater quality summaries in the report 
include quarterly water-quality records of pesticide and nitrate 
concentrations at 31 wells tapping the surficial aquifer in 
areas of citrus land use underlain by sandy soils. The depth to 
top of well screens (that is, water intake zones) in the wells 
ranged from 9 ft to 130 ft below land surface. Water-table 
depth ranged from about 4 to 103 ft (median 38 ft) among 
the sampled wells, and sampling depth (depth of water table 
below top of well screen) ranged from the water table to about 
38 ft. Descriptive statistics for nitrate and each of the detected 
pesticides, determined using adjustments for censored values 
and multiple detection levels, included regional summaries 
(among wells), summaries by well, and maps depicting spatial 
variability in concentrations.

Of the 44 citrus pesticides and pesticide degradates ana-
lyzed, 17 were detected in groundwater samples from network 
wells between April 1999 and January 2005. Laboratory detec-
tion levels for routinely analyzed pesticide compounds typi-
cally were in the range of 0.25 to 0.5 µg/L. The pesticides and 
pesticide degradates most often detected, in 87 to 32 percent 
of the wells, were in order of decreasing prevalence: nor-
flurazon, demethyl norflurazon, simazine, diuron, bromacil, 
aldicarb sulfone, deisopropylatrazine, and aldicarb sulfoxide. 
Imidacloprid, metalaxyl, thiazopyr monoacid, oxamyl, and 
aldicarb were detected less frequently, in 3 to 13 percent of the 
wells. 

During the 2001–2005 period of common record, median 
values among the wells yielding groundwater pesticide detec-
tions typically were less than 1 µg/L, with the exception of 
norflurazon and demethyl norflurazon with median values of 
5.9 and 6.7 µg/L. Among the highest median concentrations 
per well, based on samples collected during the 1999–2005 
period (n=14 to 24 samples), were 3.05 µg/L (simazine), 
3.90 µg/L (diuron), 6.30 µg/L (aldicarb sulfone), 6.85 µg/L 
(aldicarb sulfoxide), 22.0 µg/L (demethyl norflurazon), 
25.0 µg/L (norflurazon), 89 µg/L (bromacil), and 25.5 mg/L 
(nitrate).

 In reconnaissance sampling at five Network wells, 
detected concentrations of triazine pesticide degradates ranged 
from 0.04 to 2.96 µg/L, and included DIA, DDA, DIHA, HS, 
and HA (deisopropylatrazine, didealkylatrazine, deisopro-
pylhydroxyatrazine, hydroxysimazine, and hydroxyatrazine, 
respectively). With the exception of HA (which was detected 
at very low concentrations), simazine likely is the principal 
source (parent pesticide) of these compounds, because atrazine 
is not registered for use in Florida citrus. Nitrate concentra-
tions exceeded the 10 mg/L drinking water standard in one 
or more groundwater samples from 28 (90 percent) of the 31 
sampled wells, and these exceedances occurred in some wells 
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with water-table depths exceeding 100 ft. Median concentra-
tions of pesticide compounds measured at Network wells 
during the 2001–2005 period did not exhibit any pronounced 
or consistent spatial patterns; however, nitrate concentrations 
typically were greater in sampled wells in the northern part of 
the study area compared to the southern part.

During the April 1999 through January 2005 period, 
Florida human-health GCs (guidance concentrations) for 
groundwater were exceeded in sampled concentrations 
including seven of the analyzed pesticides and degradates and 
(or) their parent-degradate sums: aldicarb sulfone and aldi-
carb sulfoxide (4 wells), the sum of aldicarb and its degra-
dates (6 wells), simazine (2 wells), the sum of simazine and 
DIA (3 wells), diuron (2 wells), and bromacil (1 well). The 
105 µg/L GC for norflurazon and its degradate, revised from 
280 µg/L during 2012, was exceeded for the sum of norflu-
razon and demethyl norflurazon (1 well). Concentrations of 
aldicarb plus its degradates and simazine plus DIA fluctuated 
above and below health-guidance benchmarks, both in ground-
water from shallow wells and from wells as deep as 40 to 
55 ft. Nitrate concentrations exceeded the GC in 28 of the 31 
wells, including wells with screen depths exceeding 120 ft. 

Although there often was consistency in detections of 
some of the pesticides in samples from individual wells over 
time, large variations in concentrations of most of the detected 
pesticides occurred at some wells between quarterly samples. 
The pesticide compounds that exhibited the greatest tempo-
ral consistency in detections included norflurazon, demethyl 
norflurazon, simazine, aldicarb sulfone, and aldicarb sulfoxide, 
typically detected in more than 50 percent of samples from 
the wells where detections occurred; however, relatively large 
temporal fluctuations in pesticide concentrations occurred 
between quarterly samples at a given well. The median rela-
tive interquartile range of sampled concentrations by well 
ranged from 87 to 540 percent among the 10 pesticide com-
pounds evaluated, with highest temporal variability occurring 
in concentrations of imidacloprid, aldicarb sulfoxide, aldicarb 
sulfone, bromacil, and diuron. 

The water-quality summaries in this report provide an 
overview of the conditions during 1999–2005 and a basis for 
comparison with other periods of the long-term record. Sev-
eral factors will likely influence agrichemical concentrations 
in groundwater sampled from the LWRM Network subsequent 
to 2005. Such factors include changes in pesticide use and 
regulations; implementation of fertilizer best management 
practices in Ridge citrus croplands; the conversion of citrus 
croplands to developed areas in the vicinity of some LWRM 
Network wells; and the onset (in 2005) and rapid spread of 
citrus greening disease in Florida’s citrus croplands, which has 
initiated changes in citrus pesticide usage practices. 
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