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U.S. Fish and Wildlife Service offi cials at the Merritt Island National Wildlife Refuge (MINWR) were required to 
reduce chemical and other inputs to the citrus operations in the refuge. For several years the past operation of the 
groves using commercial citrus programs was not economically viable. The MINWR recognized that a sustainable 
agricultural approach to citrus management would reduce deleterious inputs from the citrus groves, and the Florida 
Research Center for Agricultural Sustainability (FlaRes) was interested in determining the horticultural and economic 
feasibility, along with environmental aspects, of such an approach at an operational scale. In 1996, the MINWR and 
FlaRes signed a Memorandum of Understanding (MOU) to develop a Sustainable Citrus Program (SCP) that would 
accomplish these mutual goals. Later in 1998 the MOU was modifi ed to include the entire 1,000 acres of citrus groves 
located at the MINWR. FlaRes by this agreement managed the groves using its SCP, and collected, documented, and 
reported all agronomic, economic, and environmental details associated with the groves to the MINWR. In this paper 
we have condensed these reports with the intent to present the most salient fi ndings observed over a 12-year period 
of study. Among these fi ndings is included the effectiveness of two biorational fungicides, foliar fertilization, and a 
Geographic Information System (GIS) that was constructed to encompass all management and research areas. 

During the early 1900s, extensive citrus groves were planted 
along the Indian River Lagoon (IRL), an estuary of national sig-
nifi cance, on lands that later became part of the Kennedy Space 
Center (KSC) and, subsequently, the Merritt Island National 
Wildlife Refuge (MINWR). These federally owned groves were 
managed conventionally by local citrus growers selected by 
competitive bidding based on gross crop revenue percentages 
payable to the U.S. Treasury (Werblow, 2004). These contracted 
growers worked under the auspices of the U.S. Fish and Wildlife 
Service (USFWS) from 1961 until 1995 with decreasing yields 
and profi tability in the latter 2 years (Fig. 1). During 1996 and 
1997, KSC offi cials took back the management of these groves 
and used its contracting division to hire individual caretakers to 
apply herbicide, fertilize, spray, and harvest, but yields and profi ts 
declined even further. 

In 1993 new regulations issued by the Department of the Interior 
for national wildlife refuges prohibited the use of many of the 
pesticides traditionally utilized in commercial citrus production. 
The USFWS sought out the Kerr Center for Sustainable Agricul-
ture in 1996 for its recognized expertise in low input agriculture, 

integrated pest management, and sustainable citrus production 
to develop and implement a pilot Sustainable Citrus Program 
(SCP) in one of its fi ve groups of citrus groves. In 1998, the KSC 
returned the responsibility for the other four citrus groups back to 
the USFWS due to the declines in yield and profi tability. 

Due to documented declining yields and profi tability, as well 
as substantial restrictions on pesticide use, other citrus growers 
were unwilling to contract with the USFWS to manage the groves. 
Since the Kerr Center’s pilot SCP was beginning to show prom-
ise, the USFWS and the Kerr Center, now known as the Florida 
Research Center for Agricultural Sustainability (FlaRes), signed 
a 10-year Memorandum of Understanding (MOU) to implement 
their SCP on the 1,454 acres of government groves. Under this 
agreement, the USFWS provided FlaRes with a unique opportu-
nity to test the economic and cultural feasibility of a sustainable 
approach to citrus production at an operational scale as manag-
ers of the MINWR citrus groves. The MOU required FlaRes to 
implement sustainable agricultural practices that would “reduce 
deleterious inputs” and “should be based on sound environmental 
principles.” To underwrite the research and documentation costs 
associated with the development and implementation of its SCP, 
the USFWS authorized FlaRes to receive revenue from both 
grove leases and fruit sales, giving FlaRes a singular economic 
motivation to succeed. 

The SCP is an integrated management program focused on 
six key agricultural components: 1) fertility management, 2) 
water management, 3) insect and disease management, 4) waste 
management and nutrient recycling, 5) weed management, and 6) 
biological diversity (Adair, 1993). The ultimate goal of the SCP 
was to reduce the impact of the use of agricultural fertilizers and 
pesticides on the adjacent waters of the IRL, while demonstrating 
the economic viability and agricultural feasibility of these sustain-
able citrus production practices on a commercial scale. 

The greatest overall challenge was to reduce fertility and pes-
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ticide inputs without diminishing tree growth, health, or yield. 
Other significant and expected challenges included MINWR 
enforcement of Department of Interior rules restricting and 
regulating the use of pesticides, MINWR prohibitions on the 
replacement of trees lost to age or disease, the inability to make 
aerial applications, closures to access during Space Shuttle and 
other rocket launches, and a contractual stipulation that allowed 
NASA to take control of land they selected after a 30-d notice, a 
contingency that was not expected to be exercised. 

Unanticipated challenges were many and included threats to 
citrus production from exotic pests and pathogens [citrus tristeza 
virus (CTV), diaprepes root weevil, Phytophthora sp., citrus can-
ker, and citrus greening disease], USFWS resistance to the use of 
proven biological control measures, increased NASA security as 
a result of the attacks of 11 Sept. 2001, which ultimately required 
U.S. citizenship, security clearances, and passes for all workers 
(including drivers, pickers, and consultants), substantial feral hog 
damage to furrows and lack of effective control, and the multiple 
hurricanes of 2004. In 2000, NASA created a major problem for 
FlaRes when road construction and commercial expansion for a 
space research park removed from production 336 acres of vi-
able citrus in Group 3. With only 29 acres left in production in 
Group 3, the grower who was leasing Groups 3 and 4 abandoned 
his lease. This unforseen NASA expansion gave FlaRes the op-
portunity to manage and implement the SCP on the remaining 
29 acres in Group 3 and the entire 371 acres in Group 4. As a 
small and adaptable not-for-profit organization, FlaRes was able 
to nimbly respond to ever-changing bureaucratic, biological, and 
market conditions. 

Due to lack of effective caretaking under previous manage-
ment regimens, tree health and productivity declined. Lack of 
management allowed invasive pest plants and weeds to establish 
in the groves. As a result, the first 3 years from 1998 to 2001 

were devoted to grove rehabilitation and to the implementation 
of a low-rate herbicide application regime. During subsequent 
years, compost applications, foliar fertilization, application of 
biopesticides, and other sustainable techniques were field-tested 
and validated. 

FlaRes had the unprecedented opportunity to develop, imple-
ment, refine, and field-test their SCP at the MINWR from 1996 
to 2007. Since the goals of FlaRes are research, demonstration, 
and outreach, FlaRes has scientifically documented the results 
and costs of the SCP at the MINWR to the extent practicable and 
under real-world conditions. The results of this 11-year real-world 
experiment are presented here. 

Materials and Methods

Four geographically distinct management groups, Groups 1–4, 
totaling 1,454 acres of citrus groves were managed by FlaRes 
(Fig. 1). Each group had a unique management history and 
brought singular challenges that make analysis and comparisons 
imperfect. Group 1 essentially was abandoned for 2 years and 
was leased along with Group 2 to a local grower who agreed to 
incorporate the general guidelines of the SCP, while Groups 3 
and 4 were managed by FlaRes in the best accordance with the 
SCP. Application of copper was permitted in Groups 1 and 2, 
which facilitated a comparison of conventional copper fungicide 
applications vs. the SCP, which eliminated copper applications. 
Since only one citrus group, Group 4, was managed almost 
entirely in accordance with the SCP and was not subject to un-
expected disruptions, agronomic and economic data generated 
from this group are presented in this paper as our best efforts to 
demonstrate a SCP. 

This project began with a block-by-block grove assessment as 
required by the MOU. At the outset spreadsheet tools were used 

Fig. 1. History of crop yields and gross revenue classified by managing organization for all four citrus groups located at the Merritt Island National Wildlife Refuge 
citrus groves from 1991 to 2007.
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to organize and analyze data for each citrus block including tree 
condition, tree age, variety, rootstock, planting date, spacing, and 
other information. This effort required extensive grove surveys 
to determine tree variety and condition. In addition, aerial photo-
graphs of the citrus blocks were used to do tree counts and were 
color coded by dots to correspond to ground truth data such as 
variety and tree condition (Blazquez et al., 1998). 

GIS TOOLS DROVE MANAGEMENT. The KSC Mapping Depart-
ment provided FlaRes with high resolution (1-m), black-and-
white, geo-referenced aerial images of the groves taken in July 
1995. Using these images as its starting point, FlaRes developed a 
GIS to document the exact positions of all trees and land features 
including tract and group boundaries, roads, hammocks, ponds, 
gates, feral hog traps, rainfall monitoring sites, surface wells, trip 
ticket mailboxes, drainage ditches, and drainage pumps. 

In 2001, the need for a spatial understanding of the dynamics 
of the citrus blocks and their management led FlaRes to develop a 
comprehensive and extensive Graphic Information System (GIS) 
to document and analyze economic, environmental, and agronomic 
interactions. To accomplish this analysis, FlaRes created a special-
ized GIS known as a geo-database which was embedded within the 
GIS (Ross and Adair, 2006). The geo-database maintains spatial 
information about various MINWR datasets, along with related 
temporal data for each dataset. Typical datasets, commonly referred 
to as “layers,” include, for example, the previously mentioned 
features as well as block specific characteristics like crop return, 
yield, revenue, soil pH, leaf analysis data, and soil analysis data. 
Subsequently, environmental information, including soil types, 
land cover prior to citrus plantings, elevations, and drainage basins 
and systems, was integrated into this GIS database. These spatial 
datasets identify the exact geographic location and/or extent of 
the numerous features contained within each dataset. The geo-
database design incorporated both spatial and temporal indices, 
which allowed for the establishment of relationships between 
datasets and associated data in different spatial and temporal 
scales. A cost return analysis, for example, can be created across 
four separate spatial scales (groups, tracts, blocks, or varieties), 
and a spatial cost return analysis can be generated for any user-
defined temporal scale between 2001 and 2007. 

This specialized GIS-facilitated visual analysis and under-
standing of the results of the SCP, included advanced editing 
procedures via a mapping and geo-processing interface provided 
by Environmental Systems Research Institute® (ESRI) ArcGIS® 
9.2 software (ESRI, Redlands, CA). Maps depicting a visual rep-
resentation of the datasets and corresponding data can quickly be 
created and exported to numerous file formats for easy distribution 
to interested parties. Embedded geo-processing functions within 
the software allow for the rapid transformation of datasets to other 
formats suitable for advanced spatial analysis. Datasets can be 
quickly edited using the advanced editing functions within the 
software. For example, the process of changing a citrus block’s 
boundaries and the corresponding acreage can be accomplished 
in minutes by means of the GIS. 

GIS-based information was used to evaluate the economic 
viability of each citrus block and to institute an aggressive and 
unsentimental program of abandonment of non-viable citrus 
blocks. Fig. 2 depicts the citrus blocks remaining in production 
and those blocks that were abandoned from production. 

The management decisions that led to profitability were driven 
by these GIS-based analyses which enabled informed and timely 
responses to changing tree health, bureaucratic, meteorological, 
biological, and market conditions. The use of this GIS with the 

embedded geo-database greatly increased the ability of FlaRes to 
quickly and accurately analyze multiple variables of the varying 
citrus blocks at MINWR and, hence, to make quicker and more 
efficient changes to management of the SCP with confidence. 

LEAF SAMPLING PROTOCOL. Leaf sampling data recorded in 
the GIS was gathered annually under the following standard 
protocol (Tucker et al., 1995). During September or October, 
twenty-five typical and healthy trees were selected on a diagonal 
transect through each block. Four to six-month-old spring flush 
leaves from non-fruiting terminals that exhibited no damage were 
selected. One leaf was removed from the north, south, east, and 
west sides of the selected tree. Leaves were placed in a sample 
bag and labeled with the corresponding tract number and variety. 
Each leaf sample bag contained 100 leaves and was placed in a 
cooler with a “Kool Pack” to keep them fresh. The samples were 
taken directly or mailed overnight to Pioneer Labs in Fort Pierce 
for analysis within 24 h of sampling. 

SOIL SAMPLING PROTOCOL. Soil samples were taken annually 
along the transect lines used for leaf analysis, except there were 
only twenty samples per block (Tucker et al., 1995). Trees along 
roads or ditch banks were avoided. A 1-inch × 6-inch soil sample 
probe was used at the drip edge of the tree, and the cores were 
mixed and placed into a pre-labeled soil sample bag. Soil samples 
were taken in January prior to fertilizer applications and were 
analyzed by Pioneer Labs. 

WATER SAMPLING PROTOCOL. Through an agreement with KSC, 
staff from CHS Environmental Health, a NASA contractor col-
lected quarterly water samples from the suction side of each of 
the seven citrus grove dewatering pumps as allowed by rainfall. 
Parameters including pH, dissolved oxygen, turbidity, specific 
conductance, and temperature were measured in the field using 
a YSI Model 63 Meter, a YSI Model 58 D.O. Meter, and a Hach 
2100P Turbidimeter. Field observations were recorded, includ-
ing sampling time, pump hours, whether the pump was running 
or not, cloud cover, wind direction, wind speed, precipitation at 
time of sampling, and water color. KSC subcontracted labora-
tories to analyze the water samples for the following nutrients: 
nitrite (NO2), nitrate (NO3), nitrate+nitrite (NOX), total Kjeldahl 
nitrogen (TKN), total nitrogen (T-N), orthophosphate (PO4), 
and total phosphorus (T-P) at all drainage pump locations. In 
addition, water samples taken from the four pumps located at 
the key monitoring sites were submitted for pesticide analysis 
for benomyl, bromacil, diuron, ethion, glyphosate, copper, and 
grease/oils. 

 Results and Discussion

CULLING MARGINAL LANDS WAS CRITICAL TO PROFITABILITY 
AND SUSTAINABILITY. A recent study by Lubowski et al. (2006) 
found evidence that lands of low agricultural quality pose high 
environmental risk from erosion and nutrient losses carried by 
water. These lands also are more likely to be proximal to imperiled 
species. Low soil productivity and environmental damage from 
crop cultivation were found to be closely linked. Lower quality 
and less suitable soils require more inputs of fertilizers, pesticides, 
and irrigation, and hence cost more to farm. By removing lands 
that require costly and potentially environmentally damaging 
inputs from production, both profitability and sustainability goals 
can be met simultaneously. 

Knowledge about market conditions, rootstock, soil type, 
drainage issues, and past land use led to rational decisions about 
the potential for profitability. Grove evaluations were based 
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on GIS analyses coupled with visual grove appraisals. Lands 
deemed to be marginal were abandoned on a block-by-block 
basis. In 1998, for example, all of the 233 acres in Group 5 of 
largely juice oranges were abandoned after harvesting the exist-
ing marginally profitable fruit crop. Instead, FlaRes focused on 
production of the more profitable fresh fruit varieties, especially 
navel oranges, ‘Minneola’ tangelos, and red grapefruit. Culling 
marginal lands from production was key to profitability and to 
environmental sustainability. 

Unfortunately, not all abandonment was the result of careful 
analysis by FlaRes. As noted before, KSC built a road through 
Group 3 as part of an industrial development so that 278 acres 

of viable citrus were removed from production. The 29 remain-
ing acres in this group consisted of mostly ‘Minneola’ tangelos, 
which serendipitously served as an ideal site for testing a new 
biofungicide on Alternaria citri. Ultimately, nearly 769 acres of 
marginal lands were removed from citrus production, leaving 685 
acres in the four groups under cultivation. Only one citrus group, 
Group 4, was managed almost entirely in accordance with the 
SCP and was not subject to unexpected disruptions. 

CROP REVENUE ANALYSIS. Analysis of crop revenue per acre 
provided compelling validation of the economic viability of the 
SCP. Table 1 shows the average change in yield and revenue per 
acre for Group 4 for three varieties of fresh fruit, navel orange, 

Fig. 2. Geographic Information System overview map visualizing the location of all five citrus groups, block boundaries, abandoned blocks, structures, citrus acreage, 
and drainage pumps within the Merritt Island National Wildlife Refuge. The background is a high-resolution (1 m), geo-referenced aerial image taken in 2004.
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‘Minneola’ tangelos, and red grapefruit, as well as for all variet-
ies of fruit combined including fruit for juice production. This 
table compares the average net return for 1991 to 1997 when the 
groves were managed conventionally to the average net return 
for 2001 to 2007 when the groves were managed under the SCP. 
Although average yield for all varieties decreased by 26%, net 
revenue increased by 59.3%. Despite the fact that the trees aged 
by 10 years, the ‘Minneola’ tangelo crop maintained their yield, 
while the return dramatically increased by more than 129% from 
the previous decade due to a $19.06 per box average price from 
2001 to 2007. 

The MINWR groves, when managed under the SCP from 2001 
to 2007, performed better than the average Indian River area grove 
using University of Florida (UF) approved management options as 
described in Budgeting Costs and Returns for Indian River Citrus 
Production by Ronald P. Muraro from 1991 to 2008. Average 
yield per acre and average cost of production per acre were taken 
from UF estimated returns for the Indian River region (Muraro et 
al., 1991–2008). Average revenues per acre were taken from the 
Citrus Summary compiled by the Florida Agricultural Statistics 
Service, Florida Field Office (1991–2007). 

Table 2 portrays higher 7-year average revenues and net returns 
per acre with lower average cost of production and slightly lower 
yields for the SCP from 2001 to 2007 than for the conventional 

grove management from 1991 to 1997. Remarkably, the SCP 
yielded an average net return of $2,571 per acre in contrast to 
the conventional citrus program which generated an average net 
return of only $398 per acre for the prior 7-year period. This 
trend of improved net returns is due to reduced production costs 
and higher revenues that offset lower yields and is evident for 
all of the MINWR citrus groups, not just for Group 4, which was 
managed in closest accordance with the SCP. 

Fig. 3 shows that from 1991 to 1997, when the groves were 
managed under a conventional citrus production program, gross 
revenue fell from more than $1,000 per acre to less than $200 per 
acre. When managed by the FlaRes under its SCP, crop yield as 
boxes per acre increased over the first 5 years and maintained a 
consistent yield during the subsequent 5 years, even though aging 
trees were lost to CTV or senescence and could not be replaced. 
During this time, the average gross revenue per acre for all blocks 
rose to a high of $1,691 per acre in 2006–2007. 

When the groves were managed conventionally by contrac-
tors from 1991 to 1997 under the auspices of the USFWS and 
NASA, production costs were not recorded so actual crop returns 
are unknown. The average gross revenue per acre consistently 

Table 1. The 7-year average change in yield and revenue for each fresh 
fruit variety and all varieties combined for the Group 4 Merritt Island 
National Wildlife Refuge citrus groves using the Sustainable Citrus 
Program from 2001–07 vs. the Conventional Citrus Program from 
1991–97. Increases indicates a greater response due to the Sustain-
able Citrus Program. 

Variety Change in yield Change in revenue
Navel oranges –7.5% 80.8%
‘Minneola’ tangelo 1.2% 129.3%
Red grapefruit –59.9% 177.4%
All varieties combined –26.0% 59.3% 
(Sources: crop records from MINWR, KSC, and FlaRes)

Table 2. The 2001–07 average yields, revenues, cost of production, and 
net returns per acre for the estimated average Indian River (Conven-
tional) Citrus Program vs. Group 4 MINWR citrus groves using the 
Sustainable Citrus Program (SCP). 

  Conventional Conventional 
  citrus productionz, y citrus productionx

Avg yield per acre (boxes) 375 271
Avg revenue per acre $1312 $3293
Avg cost of production per acre $1189 $723
Avg net return per acre $398 $2571
zData taken from Muraro et al., Budgeting Costs and Returns for In-
dian River Citrus Production (2001–07) and Florida Citrus Summary 
2005–07.
yWhite grapefruit (Fresh).
xNavel oranges, red grapefruit , and ‘Minneola’ tangelos (All Fresh).

Fig. 3. Gross crop revenues for the Sustainable Citrus Program at the Merritt Island National Wildlife Refuge citrus grove compared with R.P. Muraro’s estimated 
crop revenues for a typical white grapefruit grove producing for the fresh market in the Indian River District. 
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fell 44% below the average estimates for the Indian River region 
as documented by Muraro (Fig. 3). A decade later, the estimated 
annual net return per acre for conventional citrus production 
published by Muraro when compared to the actual returns gener-
ated by the SCP, showed 34% higher returns for the SCP (Fig. 
4). Even though in 2001 at the outset of the project, the average 
net return for the SCP lagged far below the average Muraro 
estimates, in 2002, the average returns for the SCP matched 
the average estimates. The average net return generated by the 
SCP in subsequent years exceeded the estimated returns from 
conventional citrus management for all years except 2005 when 
the differences were marginal. 

For comparative purposes, Table 3 contrasts weed control, 
spraying, fertility, pruning, and drainage costs per acre for a 
conventional fresh fruit program (i.e., white grapefruit) in the 
Indian River Lagoon region for 2004–05 as compiled by Muraro 
with the actual costs expended on the SCP for navel oranges and 
‘Minneola’ tangelos. Production cost data, unfortunately, is not 
available for navel oranges and ‘Minneola’ tangelos so compari-
sons with Muraro’s fresh white grapefruit production costs is not 
perfect. But none the less, the SCP production cost for both navel 
oranges and ‘Minneola’ tangelo were significantly lower. When 
making cost comparisons, bear in mind that ‘Minneola’ tangelos 
usually require more spray applications than white grapefruit due 
to Alternaria control (Timmer, 2001a). Also note that Muraro 
estimates tree replacement costs in a conventional grove to be 
$100.45 per acre, whereas the SCP had no tree replacement costs 
because the MOU with the MINWR did not allow tree replace-
ment. In contrast, Muraro did not include estimates for grove 
road maintenance, while FlaRes costs for road maintenance 
varied from $27.40 per acre for navel oranges to $70.02 for 
‘Minneola’ tangelos.

Using fewer pesticides, and fewer, but more wisely chosen, 
fertilizers, the SCP in a short time was able to improve the net 
return for these groves that in the past had produced a less than 

average net return. Over time, net return per acre was greater 
under management with the SCP than under a conventional citrus 
program with its unintended and uncalculated environmental costs. 
Though the USFWS did not allow the replacement of existing 
citrus trees lost to senescence or disease, FlaRes was able to in-
crease both gross and net revenue with its SCP by restoring trees 
back into production with well placed capital improvements to 
drainage, exotic pest plant and weed removal, and management 
with the SCP. 

FERTILITY MANAGEMENT. GIS layers were used to spatially 
locate soil types and results of annual soil analysis (pH, percent-
age of organic matter, CEC, phosphorus, and potassium levels) 
in all of the blocks. Leaf mineral levels determined by tissue 
analysis also were layered in the GIS and were used along with 
crop yields to document the results of fertilizer applications. 
Leaf analysis was key to understanding tree responses to fertility 
practices. Optimum nutrition not only leads to the production 
of higher quality fruit but also confers increased resistance to 
insect and disease pressures. 

Foliar fertilization and ground fertilization with carefully 
selected products improved fertility over time. Foliar fertiliza-
tion is the application of small amounts of appropriate fertilizers 
to a plant’s foliage for assimilation and use by the plant as a 
source of nutrients. Many of the tree’s fertility needs were met 
with foliar fertilization, spraying nitrogen, phosphorus, potas-
sium, and micronutrients directly onto the leaves, where they 
are efficiently and quickly absorbed, thereby minimizing both 
the economic losses typical of ground applied nutrients as well 
as environmental problems attributable to non-point source pol-
lution in stormwater (Adair, 2001; Alexander, 1985; Bottcher, 
1988). Foliar fertilizers also had discernible pesticidal effects. 
Two nutritionally based biopesticide products that served well as 
very effective foliar fertilizers, KeyPlex® 445-DP and Lexx-A-
Phos®, also were evaluated as biorational fungicides. Both were 
non-toxic and biodegradable and not only provided nutrients 
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Table 3. Estimated annual per acre productions costs as reported by R.P. Muraro for a mature white grapefruit grove in the Indian River District 
compared with the Sustainable Citrus Program’s (SCP) actual production costs for navel oranges and ‘Minneola’ tangelos at the Merritt Island 
National Wildlife Refuge for the 2005–06 crop year.
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but functioned well as fungicides. See the “Insect and Disease 
Management” section for discussion of the pesticidal properties 
of these new environmentally friendly fungicides. 

Foliar fertilization proved to be a best management practice 
that reduced the amount of ground applied fertilizers and the likely 
associated non-point source pollution. Fertigation was not possible 
at MINWR because a microjet irrigation system was not present. 
A spray volume of 125 gal per acre proved ideal for applying 
foliar fertilizers using conventional airblast sprayers. 

Results of leaf analysis from 2001 through 2006 for Group 4 
are presented in Table 4. Initial sampling in 2001 revealed leaf 
nitrogen levels that were at the low of the optimum range which 
increased to luxury rates in ensuing years (Tucker et al., 1995). 
Potassium and phosphorous levels were in the optimum range 
while magnesium remained below the optimum range. Manganese 
and zinc initially tested below the optimum range and responded 
to foliar applications of micronutritional products with time. 

NITROGEN: FOLIAR, GROUND, AND COMPOST. In 2001, initial 
leaf analyses revealed a group average for all blocks of 2.44% 
nitrogen by dry weight, as shown in Table 4. Optimum nitrogen 
levels for citrus are between 2.5% and 2.7% (Tucker et al., 1995). 
Both ground and foliar applications of nitrogen were made. The 
yield (in boxes per acre), the total number of boxes harvested, 
the amount of nitrogen applied by foliar spray, the percentage 
of nitrogen shown in leaf analysis, the total amount of nitrogen 
applied, and the amount of nitrogen applied to the ground are 
shown in Table 5 for navel oranges grown on 57 acres in Group 
4 from 2001 to 2007. Note how quickly the yield increased in 
response to the nitrogen applications. In 2001, the yield was only 
80 boxes per acre. In 2002, the yield had increased more than 
four-fold to 352 boxes per acre, and, in 2003, the yield was 440 
boxes per acre. After the 2004 hurricanes, yields were at 303 
boxes per acre but increased to a high of 454 boxes per acre in 
2005. Declines in yield in 2006 and 2007 reflect the loss of trees 
to senescence and disease. 

The data shown in Table 5 were analyzed for relationships 

between yield and the total amount of nitrogen applied to the 
ground and the amount applied by foliar spray. The scatter plot 
in Fig. 5 depicts the most visible relationship, the relationship 
between yield and total amount of nitrogen applied by foliar 
sprays. Further investigation is necessary to verify this relation-
ship, but these data suggest that foliar sprays of nitrogen may 
increase crop yield. 

Many common ground-applied nitrogen sources for Florida 
citrus include urea, ammonia nitrate, ammonia sulfate, and, to 
a certain extent, ureaform (a slow release urea + formaldehyde 
source of N). All of these nitrogen sources except ureaform 
are volatile (urea sublimates to a gas), especially in calcareous 
soils. Ammoniacal nitrogen can increase the activity of Phy-
tophthora spp. and Fusarium (Menge, 1997; Nemec, 1995). 
The SCP utilized calcium nitrate as its source of nitrogen for 
ground application. Calcium nitrate is a more expensive source 
of nitrogen but it is more efficient because it does not suffer losses 
due to volatilization and is all nitrate nitrogen which is rapidly 
absorbed by roots. A second advantage of calcium nitrate is the 
widely unappreciated benefit to citrus production of the second-
ary nutrient, calcium. Calcium has been shown to contribute to 
cell membrane structural integrity. In fact, calcium deficient trees 
are reported to have weak cell membranes that allow leakage of 
sugars, amino acids, and other compounds that become attractive 
to and available for use by pathogens including the citrus green-
ing pathogen, Candidatus Liberibacter spp. (Spann et al., 2009). 
While the increase in production observed due to the SCP cannot 
be attributed to any one component, the application of calcium 
nitrate was deemed to be one of the key factors. 

The best source of nitrogen for foliar application was found 
to be N-Sure®, a liquid, 78% slow-release nitrogen containing 3 
lb of nitrogen per gal. No phytotoxicity was observed with rates 
routinely applied at 2 gal per acre. Applications of N-Sure made 
over a 7-year period to the 4120 block in Group 4 ranged from 
3 to 14.4 lb of nitrogen and averaged 9.7 lb per year (Table 5). 
This liquid fertilizer exhibited three other advantages. It acted 

Table 4. Mean annual leaf nutrient levels (dry weight) for all blocks combined sampled in Group 4 taken from 6–8 month old spring-cycle leaves 
collected from non-fruiting terminals for all citrus varieties.

Sample date Samples (no.) N % P % K % Ca % Mg % Fe ppm Mn ppm Zn ppm Cu ppm Na % B ppm
17 Sept. 2001 n=6 2.4 0.13 1.3 4.2 0.22 143 14 16 17 0.10 96
21 Oct. 2002 n=14 2.8 0.13 1.2 4.3 0.24 77 21 17 6 0.05 70
19 Oct. 2005 n=17 2.9 0.14 1.2 4.3 0.25 128 46 39 8 0.10 67
19 Nov. 2006 n=16 3.0 0.13 1.2 3.8 0.24 118 31 26 11 0.09 63
 Avg  2.8 0.13 1.29 4.1 0.24 116 28 25 11 0.08 74
 Optimum IFAS rangez 2.5–2.7 0.12–0.16 1.2–1.7 3.0–4.9 0.30–0.49 60–120 25–100 25–100 5–16 NA 36–100
zTucker, D.P H. et al., 1995.

Table 5. Fruit crop yield achieved in response to foliar and ground applications of nitrogen to the 57-acre 4120 block of ‘Cri-
safolli’ navels located in Group 4 at the Merritt Island National Wildlife Refuge. 

Year Yield (boxes per acre) Total boxes Total N applied Ground applied N Foliar applied N Leaf N (% dry wt)
2001   80   4,577 132.5 129.5   3.0 2.6
2002 352 20,052 112.5 102.3 10.2
2003 440 25,069   64.2   50.0 14.4 2.9
2004 303 17,262   97.9   87.4 10.5
2005 454 25,853   85.5   75.0 10.5 3.2
2006 368 20,994 103.5   90.0 13.5 3.0
2007 270 15,399   97.0   91.0   6.0
7-year avg 324 18,458   99.0   89.3   9.7 2.9z

zFour-year average.
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as a humidicant by prolonging the period of uptake on the leaf 
surface by remaining a liquid longer before drying than other 
similar products. N-Sure® also enhanced the uptake of certain 
micronutrients, especially zinc (Adair, 1993). This product, as 
well as other foliar grade nutrients, relieves nutritional deficien-
cies quicker than ground applied nutrients particularly during 
periods of drought or tree stress. Conveniently, N-Sure® is very 
compatible with petroleum spray oil applications, and, in fact, 
its uptake is facilitated by the spray oil, making the inclusion 
of a micronutient package with both materials particularly ef-
fective. 

To increase the soil organic matter, two forms of compost 
were applied by using two superimposed bands of organic matter. 
A description and analysis of this composting program can be 
found in the Waste Management and Nutrient Recycling section. 
Compost applications were applied to the Group 4 citrus groves 
in Sept. 2001 and were visually assessed and showed dramatic 
growth with a 4-fold crop yield increase in one year (Table 5). 

The total nitrogen applied in 2001, including this application 
of organic matter and chemical fertilizers, was 132.5 lb, the maxi-
mum amount applied over a 7-year period (Table 5). The trees 
in this group, it should be noted, were very nitrogen deficient in 
prior years and exhibited thin canopies. Table 6 shows a fertility 

breakdown of this organic matter. The phosphorus, mostly in 
the broiler litter, was the only ground applied phosphorus in this 
block since 1998. The nitrogen amounts in Table 5 are calculated 
in accordance with the Agricultural Waste Management Field 
Handbook, which estimates that 50% of the nitrogen is released 
during the first year, 25% is released in the second year, and 12% 
is released during the third year (Obreza, 2000). Ultimately, buyer 
concerns about potential E. coli contamination, the phosphorus 
content, and the high cost of materials and application led FlaRes 
to select another nitrogen source. 

POTASSIUM. Source materials for potassium and other nutri-
ents were selected with an emphasis on low salt index fertilizers. 
Muriate of potash (potassium chloride), while inexpensive, has 
a high salt index and was not used. In its place, ground applica-
tions of sulfate of potash (SOP) and sulfate of magnesia (SPM) 
were used as sources of potassium, sulfur, and magnesium. These 
sources were selected in an effort to foster biological activity in 
the soil to improve the availability of soil bound nutrients to the 
roots. Granular grade, as opposed to standard grade of SOP and 
SPM, were preferred due to their greater weight to surface area 
and, hence, their ability to dissolve more slowly, acting as a slow 
release fertilizer and preventing economic losses to leaching and 
the associated potential environmental damage. While granular 
grade product was more expensive than standard grade, granular 
products are easier to apply and spread more uniformly. The fine 
particles of conventional blends tend to separate out more than 
granular products, especially when conditions in the furrows are 
not smooth as at MINWR. The contrast in particle size between 
granular and standard grades of SPM is shown in Fig. 6. 

PHOSPHOROUS. Optimum levels of soil phosphorus ranging 
from 11 to 37 ppm using a weak Bray method were found in 
most of the citrus blocks. Group 4 exhibited lower levels of 

Fig. 5. Correlation of yield of navel oranges in boxes per acre to the amount foliar applied nitrogen in pounds per acre produced the highest R value for the variables 
in Table 5. 

Table 6. Fertilizer analysis of two types of compost (dry weight) ap-
plied to the Group 4 Merritt Island National Wildlife Refuge citrus 
groves in 2001. 

Type of compost % N % P2O5
 % K2O % Mg

Composted broiler litter 2.23 2.38 1.88 0.34
Composted urban plant debris (UPD) 0.60 0.22 0.22 0.08
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phosphorus, and Groups 1 and 2 were in the upper range. Only 
foliar applications of phosphorus were made to Group 4, and 
these foliar applications maintained leaf phosphorus levels within 
the optimum range recommended by UF (Tucker et al., 1995), 
as seen in Table 4. 

Readily absorbed by leaves, stems, and roots, Lexx A Phos® 
provided a foliar phosphorus source that increased feeder roots 
and biological activity in the soil, making the existing phospho-
rus in the soil more available. Increased fruit size, increased 
fruit weight and juice volume, and reduced peel thickness were 
the result (Bowman, 1999; Lavon et al, 1995). Lexx A Phos® 
is non-phytotoxic and has a high solubility, low salt index, and 
has low leaching potential (J. Sartain, 1995). Lexx-A-Phos® ap-
plications also increased leaf potassium and phosphorus during 
drought conditions. See the “Insect and Disease Management” 
section for a discussion of the biorational pesticide properties 
of this product. 

Fertility under conventional grove management, foliar BMP, 
and compost BMP are shown in Table 7 for 2000–01. Ground 
applications of phosphorus were made in the conventionally 
managed grove, resulting in leaf phosphorus values of 0.16%. 
The compost BMP produced a phosphorus level of 0.14%, and 
the foliar BMP resulted in a phosphorus level of 0.13%. The 
control site where no fertilizer applications were made for two 
years showed a phosphorus level of 0.12%. This work illustrated 
that ground applications of phosphorus are not necessary when 
foliar applications are made. 

MICRONUTRIENTS. Micronutrient levels were monitored by 
leaf analysis, and some micronutrients were observed to be be-
low optimum rates recommended by UF at the onset of the SCP 
(Tucker, 1995). Initial manganese and zinc levels were deficient 
but rose with routine spray applications of KeyPlex®. 

Magnesium levels were consistently below optimum rates 

throughout the management period in spite of ground applica-
tions of high rates of sulfate of potash- magnesia (SPM) of up 
to 45 lb/acre as elemental magnesium. After 5 years of leaf 
analyses, a trend was observed in two of the groups where 
multiple (5–7) annual spray applications containing two differ-
ent micronutrient packages were made to ‘Minneola’ tangelo 
blocks. In the Group 2 grove, a powdered micronutrient package 
containing manganese and zinc sulfate was routinely applied 
to the ‘Minneola’ tangelo blocks, while KeyPlex® 445-DP was 
routinely applied to the ‘Minneola’ tangelo blocks in Group 3. 
Fig. 7 compares manganese levels found in ‘Minneola’ tangelo 
citrus leaves collected from the two sites with different spray 
programs. Manganese levels increased in the groves to which 
KeyPlex® was applied over time from 13.7 ppm initially to 46.3 
ppm, well above the 25-ppm optimum threshold for manganese 
level recommended by UF (Tucker, 1995). In the Group 2 grove 
where the powdered micronutrient package containing manganese 
sulfate was applied, dubbed the “conventionally managed grove,” 
manganese levels remained static at below 25 ppm, except for 
2003 when a very high manganese reading was thought to be 
the result of a sampling problem due to spray residue remaining 
on the sampled leaves.

Fig. 8 compares zinc leaf tissue levels for the same blocks 
described above using the same procedures. Zinc leaf tissue 
levels increased with time in the blocks to which KeyPlex® was 
applied, rising from 13 ppm to more than 30 ppm, well above 
the optimum zinc level of 25 ppm recommended by UF. In the 
“conventionally managed grove,” zinc remained flat below 20 
ppm, except for 2003 when a very high zinc reading was thought 
to be the result of the sampling problem described above.

WATER MANAGEMENT AND THE FLOW OF NUTRIENTS AND POL-
LUTANTS. Among the 50 states, agricultural activities are the top 
source of impairment to rivers and streams, third largest source 

Table 7. Fertility levels for each fertility program based on soil and leaf analysis, 2000–01.
 Soil analysis parameters (onset of study) Leaf analysis parameters (final)
Fertility program site % OMz pH P ppm K ppm % N % P % K
Control 1.8 6.3   24   49 2.04 (low) 0.12 1.64
Conventional 2.3 7.4   60   94 2.47 0.16 1.27
Foliar BMP 3.0 6.7 108 195 2.75 0.13 1.18
Compost BMP 2.3 7.1   28   74 2.58 0.14 1.50
zAbbreviations used: OM = organic matter; P = elemental phosphorus; K = elemental potassium; and N = elemental nitro-
gen.

Fig. 6. Two different grades of sulfate of potash-magnesia (SPM) showing the larger granules (on left) in the “granular” grade used in the Sustainable Citrus 
Program. 
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to lakes, ponds, and reservoirs, and is the ninth largest source 
of impairment to estuaries, according to National Water Qual-
ity Inventory (2004). However, pathogens are the top cause of 
impairment to estuaries with nutrients and pesticides ranked fifth 
and sixth. Nitrogen, phosphorus, and copper are typically the 
most significant non-point source (NPS) pollutants occurring in 
storm water from coastal citrus groves. 

In a demonstration project on the central Florida ridge, fertiga-
tion in concert with foliar fertilizer has been shown to allow for a 
more than 57% reduction in the amount of nitrogen applied and to 
significantly reduce the groundwater nitrate concentration (Lamb et 
al., 1999). Unfortunately, fertigation was not possible at MINWR 
due to the lack of a microjet irrigation system. Pumping activity 
became the heart of drainage and irrigation efforts at MINWR 

Fig. 7. Leaf manganese levels from ‘Minneola’ tangelo citrus leaves collected from two sites receiving two different spray programs, one using KeyPlex® 445-DP 
and the other using conventional sources for micronutrients which was manganese sulfate.

Fig. 8. Leaf zinc levels from ‘Minneola’ tangelo citrus leaves collected from two sites receiving two different spray programs, one using KeyPlex® 445-DP and the 
other using conventional sources for micronutrients which was zinc sulfate. 
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and afforded FlaRes an opportunity to attempt to measure the 
extent of nutrients and pesticides in stormwater. 

Maintaining adequate drainage is of utmost importance for 
citrus groves located in the flatwoods soils of Florida, which 
have high water tables (36–42 inches on average). At MINWR 
the root zones of the citrus trees are very shallow because lime-
stone rock occurs as little as 12 inches from the surface, thereby 
limiting root depth. As a result, bedding is almost nonexistent, 
making the maintenance and operation of the drainage system 
driven by pumps critical for tree health.

“Irrigation” was accomplished by retaining water in the 
drainage ditches. Keeping ditches free of vegetation was critical 
to water flow during the rainy season to quickly remove excess 
water. The drainage system of pumps and furrows was very 
complicated, and many water passage ways were not histori-
cally mapped necessitating the use of GIS tools to locate and 
ultimately manage it. Though hourly rainfall data from the two 
rainfall monitoring sites shown in Fig. 2 was available via the 
internet from NASA by download, simple sight gauges installed 
near the drainage pumps were used to decide when to hold or 
pump water. However, management was able to monitor rainfall 
from remote locations that enabled communication by cell phone 
to the citrus caretakers located off site to check the sight gauges 
to either initiate or cease pumping. 

Interestingly, tidal variations had a discernible impact on the 
surficial ground water table. This impact was especially significant 
during full and new moons when the less dense lens of freshwater 
was pushed up by denser saltwater moving laterally through the 
shallow porous limestone.

Water sampling from the discharge pumps, it was hoped, would 
show less pesticides and nutrients in the water discharged from 
sustainably managed groves than from conventionally managed 
groves. Table 8 shows the mean of 7 years of quarterly water 
sampling results for storm water arising from each of the three 
management groups. In Group 1 special permission from the 
USFWS allowed the use of conventional pesticides, including 
bromacil, diuron, and copper fungicides, as well as ground ap-
plied phosphorus fertilizer. In Group 2 copper fungicides were 
used, but no ground phosphorus fertilizers were applied. Group 
4 was managed in best accordance with the SCP, and no copper 
fungicides or ground applied phosphorus fertilizers were used. 
The lowest level of copper was observed in storm water exit-
ing from Group 4 where no copper was applied. Soil analysis, 
however, revealed moderately high copper levels (2.1–3.0 ppm) 
presumably due to several decades of past copper applications. 
Similarly, since no ground applied chemical fertilizers containing 
phosphorus were applied in Groups 2 and 4, the observed values 
for both orthophosphate and total phosphorus were lower than 
those observed in Group 1 stormwater where annual ground ap-
plications of phosphorus fertilizer were made. Other observations 

revealed that fluctuations in nitrogen seemed to reflect significant 
rainfall events. Heavy rainfall events just prior to sampling seemed 
to result in elevated nitrogen levels (Sharpley, 1997). 

Interpretation of water quality testing results was hampered 
by problems encountered with the pumping volumes, laboratory 
error(s), background levels of phosphorus already in the soil, 
the limited number of water samples taken per site, and a lack 
of comparability between citrus groups due to difference in soil 
types and drainage patterns. Unfortunately, working under real 
world conditions and given the cost of water sampling, FlaRes 
was not able to show definitively a reduction in the nutrients 
discharged in stormwater, but none the less the trends observed 
in Table 8 for phosphorus and copper reductions suggest that the 
SCP was likely to be effective in reducing two key sources of 
agricultural NPS pollution. 

Water samples did prove useful for monitoring the work of 
subcontractors. The unauthorized use of a preemergent herbicide by 
a grove caretaker, for instance, was evident from water samples.

Two BMPs, foliar fertilization of phosphorus in place of ground 
application of phosphorus and the application of composted organic 
matter, maintained fertility levels, as evidenced by the leaf analysis 
results shown in Table 4. These BMPs both maintained fertility 
and provided enhanced fungal disease management. Though 
water quality testing data was inconclusive, these BMPs are 
likely to have helped to reduce nutrients and pesticides discharged 
into coastal waters. Further expensive research is necessary to 
determine the precise environmental impact of different nutrient 
application methods and different nutrient sources for agricultural 
use that are economically viable for growers. 

These BMPs can help growers to comply with NPS regula-
tions. Under the Clean Water Act, the Environmental Protection 
Agency regulates NPS pollutants through its National Pollutant 
Discharge Elimination System (NPDES). NPDES regulations 
exclude irrigated agriculture and agricultural stormwater runoff 
from NPDES permitting requirements. The EPA recognizes 
that “agricultural producers are primary stewards of many of 
our nation’s natural resources, have played a key role in past 
efforts to improve water quality, and are important partners in 
implementing improved measures to protect the environment” 
(Bowman, 2000). 

In Florida, the EPA has assigned NPDES authority to the 
Florida Department of Environmental Protection (FDEP). Based 
on watersheds, the FDEP sets total maximum daily loads (TMDL) 
for water bodies. Compliance with these State water quality 
standards can be met via a “Notice of Intent to Implement Water 
Quality/Quantity Best Management Practices for Indian River 
Citrus Groves” administered through the Florida Department of 
Agricultural and Consumer Services (FDACS). Adherence to 
voluntary BMPs provides citrus growers with the presumption of 
compliance with Florida water quality standards. This presump-
tion of compliance protects citrus growers should water quality 
testing reveal nutrient levels in excess of TMDLs. 

These Best Management Practices (BMPs) are the best way 
to reduce the movement of excess nutrients in surface water to 
the Indian River Lagoon. Nitrogen and phosphorus are the most 
significant NPS pollutants. Eliminating ground applications of 
phosphorus fertilizers could be environmentally beneficial by 
reducing nutrient loading in surface water entering the Indian 
River Lagoon. 

INSECT AND DISEASE MANAGEMENT. In 1993, the EPA severely 
limited the pesticides that could be used on national wildlife ref-
uges. For any pesticide used at the MINWR, the USFWS required 

Table 8. Mean (±SE) of water quality analyses sampled quarterly at three 
citrus  grove stormwater drainage pumps from 2001 to 2007, located 
at the Merritt Island National Wildlife Refuge.  

Drainage pump name  N2 N5 N11
Location Group 1 Group 2 Group 4
Program Conventional Copper No Copper
Copper µg/L 5.48 ± 1.70 2.68 ± 0.50 2.00 ± 0.34
Nitrate N mg/L 0.04 ± 0.01 0.05 ± 0.01 0.04 ± 0.01
Total nitrogen mg/L 3.03 ± 0.64 0.93 ± 0.08 2.35 ± 0.23
Orthophosphate mg/L 0.23 ± 0.03 0.09 ± 0.03 0.10 ± 0.02
Total phosphorus mg/L 0.46 ± 0.07 0.12 ± 0.02 0.20 ± 0.03
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FlaRes to submit a copy of the pesticide label, Material Safety 
Data Sheet (MSDS), and to complete a Pesticide Use Proposal 
(PUP), a four-page document detailing, among other things, active 
ingredient, formulation, adjuvants, application details, adjacent 
water resources, and potential impacts on federally listed species. 
Twenty-one listed species have been identified at MINWR. In 
addition to maintaining complete records regarding application 
details, the USFWS required FlaRes to submit a pesticide usage 
summary. 

Any pesticides that were to be used were stored inside a concrete 
block building surrounded by a chain link fence topped with barbed 
wire. Every possible effort was made to insure that pesticides were 
applied in accordance with the label, that workers used proper 
personal protection measures, and that the containers and pesticide 
rinsate were disposed of in accordance with the law.

FlaRes implemented an Integrated Pest Management program 
(IPM) that focused on the use of native and introduced predators 
and parasitoids to control insect pests (Flint, 1990). Beneficial 
insect populations, natural and introduced, slowly re-established 
a natural order of balance. Bureaucratic barriers to biocontrol 
measures and the introduction of new exotic citrus pests and 
pathogens challenged this IPM effort. 

Routine scouting, monthly during the winter and fall and bi-
monthly during winter and spring, was used to monitor insect 
levels to coordinate the timing of spray applications for greatest 
benefit. Foliar fertilization proved to be an important biopesticidal 
tool in this IPM program. Bio-rational fungicides are combined 
with foliar fertilizers to suppress pests, to discourage diseases 
including greasy spot and sooty mold, and to provide nutrients. 
This combination of spray materials results in an effective and 
cost-efficient spray mixture that both fertilizes and controls pests 
in a single economical spray application. 

FlaRes eliminated the use of broad-spectrum insecticides that 
are toxic to beneficial insects, including Comite, Cygon, Diazinon, 
Guthion, Kelthane, Lorsban, Malathion, Morestan, Sulfur, and 
Supracide. Instead, dilute, rather than concentrated, applications of 
non-toxic, highly refined, hydro-cracked petroleum spray oils with 
>1% wt/wt emulsifiers were used as summer oil sprays targeting 
both insect pest and fungal pathogens. To achieve good control, 
trees were wetted to runoff, which required a large amount of 
solution. The amount applied was proportional to the size of the 
tree. The preferred spray volume for summer oil applications was 
475–500 gal per acre for 16- to 18-ft-tall trees. The spray usually 
was effective for 45 d without a miticide, although the duration 
of control varied according to weather conditions and the rust 
mite population. Spray applications of USFWS approved miti-
cides, abamectin or diflubenzuron, which have minimal impact 
on biological pest control, were used for long duration insect 
control on fresh fruit where pest populations were not adequately 
controlled by oil. 

TWO BIORATIONAL FUNGICIDES PROVE EFFECTIVE. KeyPlex® 
445-DP, a biorational pesticide, was used in place of copper 
based fungicides on fresh fruit varieties including ‘Minneola’ 
tangelo, navel orange, and red grapefruit as well as all juice 
oranges in Group 4. Percent packouts of harvested fruit validate 
the effectiveness of KeyPlex® 445-DP as an alternative to copper 
based fungicide based on the lack of greasy spot (Mycosphaerella 
citri Whiteside) (Timmer, 2001b). Negligible incidence of post 
bloom fruit drop (Colletotrichum acutatum Penz.) occurred in 
the navel orange blocks which may have been due to pre-bloom 
applications of KeyPlex®.

“Shot bags” or wettable powders of copper, zinc, and manganese 

have been shown to inhibit the searching ability of beneficial para-
sites and predators, especially scale attacking parasites (Fasulo, 
1993). KeyPlex® 445-DP a solution of chelated micronutrients, 
does not disrupt the searching ability of beneficial organisms 
since it is dust free. The use of copper fungicide treatments have 
been shown to “stimulate” citrus rust mites (Phyllocoptruta 
oleivora, Ashmead) populations (Childers, 1992). In addition, 
water samples from the treated grove using the KeyPlex® 445-
DP in place of copper fungicides contained significantly less 
copper than the groves that used copper fungicide based on 
water sampling. 

Lexx-A-Phos®, the second biorational pesticide utilized to 
reduce copper applications also proved to be a safe fungicide 
against Alternaria citri (Ell. & Pierce), a citrus pathogen to which 
‘Minneola’ tangelos are particularly susceptible. Copper-based 
fungicides typically are used to combat this pathogen with marginal 
success. Repetitive (6–10 per crop year) fungicidal applications 
every 14 to 21 d are required, raising environmental concerns for 
movement of copper into stormwater.

To reduce copper fungicide applications, FlaRes rotated 
Alternaria control sprays with Lexx-A-Phos® and strobilurin 
(Headline®) in Group 3, which was composed predominantly of 
‘Minneola’ tangelos. Using this three-way rotation strategy, ef-
fective Alternaria control was achieved in 6 out of 7 years (Fig. 
9), with only one to two copper applications per year. The poor 
yield in 2007 can be attributed to aggressive hedging and topping 
that took place prior to bloom. 

Lexx-A-Phos® has a second mode of action as a biorational 
pesticide; it effectively reduced Phytophthora root damage. This 
effect was particularly evident in the Group 3 ‘Minneola’ tangelo 
blocks where the principal rootstock was Cleopatra mandarin, 
which is known to be susceptible to Phytophthora damage. 

In Mar. 2007, fears about the potential spread of the exotic 
pathogen citrus canker required FlaRes, for the first time, to apply 
copper as a fungicide in Group 4. This application dramatically 
diminished biological activity in the soil and led to significant 
citrus rust mite problems. 

FERAL SWINE. Damage to the grove floor and drainage fur-
rows by feral pigs, an introduced exotic pest, impacted all foliar 
and ground applications, as well as caused drainage problems. 
Dangerously rough terrain caused by hog rooting made it im-
possible for calibrated sprayers to move through the groves at a 
constant speed and increased the possibility of spray burn due to 
tractor slow down from the excessive rooting. As a result, FlaRes 
recommended to the MINWR management a more aggressive 
feral swine control program and assisted, to the extent possible, 
using its GIS to locate existing hog traps, new hog damage, and 
make recommended locations for new strategically placed traps 
based on spatial analysis.

Level furrows are necessary to remove standing water resulting 
from heavy rainfall events. Hog wallows caused water holes that 
blocked the drainage of stormwater, reeked havoc with harvesting 
machinery, and caused vehicles to become stuck. The efforts by 
contracted hog trappers were largely and wholly ineffective in 
reducing of hog damage to any significant degree.

IPM BIOCONTROL AGENT BANNED. The brown citrus aphid 
Taxoptera citricida (Kirkaldy), a highly effective vector of citrus 
tristeza virus (CTV), was detected in the MINWR groves. CTV 
causes decline and mortality in citrus trees propagated on sour 
orange (Citrus aurantium L.) rootstock, and about 80% of the 
citrus trees at MINWR were grafted on sour orange rootstock 
with the other 20% of the tress grafted on Cleopatra mandarin 
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(C. riticulata Blanco) rootstock. As part of its IPM program, re-
leases of Lipolexis scutellaris Mackauer (Aphidiidae), a classical 
biological control agent, were conducted throughout the entire 
citrus growing region of Florida beginning 27 June 2000. Use of 
this biocontrol agent was approved by the USDA, FDACS, and 
Div. of Plant Industry. FlaRes believed that the use of USDA-
approved biocontrol agents was addressed and permitted under 
their MOU with the MINWR. 

Refuge managers, upon learning about releases of this bio-
control agent, were very concerned about its use at the MINWR, 
despite extensive USDA testing and approval. On 13 May 2002, 
FlaRes formally requested permission from the USFWS to release 
Lipolexis scutellaris and provided an Environmental Assessment, 
as well as USDA documentation and the original letter requesting 
release in the State of Florida. Permission for further releases of 
this biocontrol agent was denied by the USFWS. Tree mortal-
ity due to CTV was quite evident in 2005 and increased visibly 
and frighteningly in 2006 and 2007. The USFWS prohibited 
re-planting citrus trees. The inability to use USDA tested and 
approved biocontrol agents hampered IPM efforts to control the 
spread of CTV. 

WASTE MANAGEMENT AND NUTRIENT RECYCLING. Initially, 
FlaRes believed that the use of compost would prove to be a cost-
effective and beneficial way to increase soil fertility with nutrient 
recycling and concomitant waste management. The addition of 
organic matter to Florida’s typically sandy soils increases the 
cation exchange capacity, increases nutrient retention, increases 
soil moisture retention, improves soil structure, and, perhaps most 
importantly, releases nitrogen through a biological mineraliza-
tion process to the plant relatively slowly and, therefore, more 
efficiently (Cooperband, 2000). Numerous scientific studies have 
demonstrated that the use of compost suppresses soil pathogens 
that affect plant roots (Chen, 1986; Hoitink, 1997). 

In addition, the use of compost holds enormous potential for 
terrestrial carbon sequestration as a part of efforts to reduce global 
climate change. The Midwest Regional Carbon Sequestration Part-
nership reports that “soil is a repository for decaying plant matter 
and the largest terrestrial storehouse of carbon .... Soils currently 

are estimated to contain about 82% of all terrestrial carbon.”
Two factors forced FlaRes to abandon its use of animal waste 

with compost: Prevailing perceptions regarding human health 
in local and international citrus fruit markets and the actual 
cost of compost applications. Local gift fruit shippers who sold 
unpasteurized juice, as well as the European Union, expressed 
concerns about the potential for E. coli contamination from 
composted animal waste. Moreover, a compost-based fertility 
program costs $190.03 per acre, nearly twice the $106.29 per 
acre cost of a conventional fertility program (Rahmani, 1999). 
Foliar fertilization proved to be a more cost-efficient BMP with 
a cost per acre of $133.49. 

With grant funding from the Florida Department of Community 
Affairs, FlaRes throughly investigated four fertility management 
programs at MINWR during 2000 and 2001: An abandoned grove 
as a control site, a conventional fertilizer site where chemical 
fertilizers containing phosphorus were applied to the ground 
using industry standards and rates, a foliar fertilization BMP 
site, and a compost BMP site (Adair, 2001). The foliar BMP site 
received a ground application of chemical based fertilizers (with-
out phosphorus) and foliar applications of phosphorus containing 
fertilizers. The compost BMP site received ground applications of 
compost based fertilizers composed of urban plant debris (UPD) 
and chicken manure and a single ground application of chemical 
based fertilizer without phosphorus.

Table 8 shows that both the Foliar BMP and Compost BMP 
fertility programs were able to provide adequate nitrogen and 
phosphorus levels to citrus trees without ground applications of 
chemical based phosphorus fertilizers. Optimum nitrogen lev-
els are between 2.5% and 2.7% (Tucker et al., 1996), and only 
nitrogen at the control site failed to reach optimum nutritional 
levels. Optimum phosphorus levels range from 0.12 to 0.16, and 
phosphorus values for all of the fertility programs, and the control 
site fell within this range.

No significant differences between the three fertility pro-
grams were observed based on the nutrient status of the trees as 
determine by leaf tissue analysis. Stormwater monitoring data 
did demonstrate a reduction in phosphorus levels in stormwater 

Fig. 9.  Seven-year yield history of the Group 3 ‘Minneola’ tangelo crop harvested for fresh fruit using the Sustainable Citrus Program. 
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where fertilizers not containing phosphorus were applied. See the 
“Water Management and the Flow of Nutrients and Pollutants” 
section for more information. 

FlaRes invested a considerable amount of effort in developing 
and refining compost application techniques. Composted broiler 
litter was applied first as the lower layer at 1.75 tons per acre, 
and a second upper layer of mulched wood chips and other yard 
wastes, known as urban plant debris (UPD), was applied at 2.5 
tons per acre. 

Composted chicken litter mixed with sawdust was obtained 
from the state’s commercial broiler houses and was applied first 
with a side delivery compost spreader in a 3-ft-wide band at the 
tree’s drip edge, where feeder roots predominate. The compos-
ted chicken manure material was trucked 200 miles from Live 
Oak, FL, to MINWR at a per ton cost ranging from $33 to $35 
per ton. Cooperative projects between the north Florida poultry 
producers and their cost-share partners, the Natural Resource 
Conservation Service (NRCS) and the Suwannee River Water 
Management District, had built composting facilities to reduce 
leached nitrates from improperly handled poultry manure. Unlike 
agriculture, animal production facilities are not exempt from the 
Clean Water Act. 

UPD was obtained from a nearby landfill and was applied with 
the same spreader atop the broiler litter, making a “sandwich” 
of recycled materials that slowly released nitrogen and other 
nutrients to the tree roots. This top layer of UPD also served as a 
carbon mulch to trap and hold the volatile, ammoniacal nitrogen 
from the chicken manure as a nitrogen source for denitrifying 
bacteria (Adair, 2001). These bacteria drive the carbohydrate 
breakdown of the carbonaceous material in the UPD to produce 
soil-building humus. 

FlaRes found the quality of UPD to be quite variable, requiring 
careful evaluation prior to purchase. UPD should be free of plastic, 
metal, and other trash and be well ground and screened to ½ inch 
or less, as smaller-sized woody debris increases the composting 
rate. FlaRes found that better quality UPD had the lower amounts 
of sand and floating debris. FlaRes always submitted samples for 
laboratory analysis, as shown in Table 6, and vigilantly monitored 
for the presence of heavy metals (not shown). FlaRes also held 
a moistened sample in a plastic bag for 10 d to see if weed seeds 
germinated, so that noxious weeds would not be introduced into 
the groves. Seed germination indicates that the composting process 
did not reach 160 °F, which is sufficient to kill seeds. 

In order to reduce costs by efficiently placing a uniform band 
of compost only at the tree’s drip line to encourage the growth 
of feeder roots, FlaRes purchased and modified a side-delivery 
compost spreader with hammer mills that were able to break up 
large pieces of compost without jamming. The retail cost for the 
spreader was approximately $12,400 and the labor and materials 
for modifications made by FlaRes cost $3,400. FlaRes modified 
the spreader to increase its carrying capacity and strengthen the 
drive line and added aircraft tires to provide extra flotation in soft 
soils and to increase load carrying capacity. 

RECYCLING NASA’S SHUTTLE WASTE. FlaRes also worked with 
NASA in a cooperative effort to use recycled scrubber material, an 
aqueous solution of potassium nitrate, generated as a by-product 
during space shuttle launches, as a fertilizer (Pike & Fischer, 2001). 
Originally, during the fueling of the space shuttle, nitrogen based 
fuels were scrubbed with a dilute solution of hydrogen peroxide 
and sodium hydroxide. The resulting toxic byproduct was NASA’s 
second largest waste stream. By replacing sodium hydroxide 
with potassium hydroxide, NASA instead generated an aqueous 

solution of potassium nitrate that FlaRes applied as a fertilizer. 
NASA supplied FlaRes with a stainless steel storage tank and 
a delivery tank. This practice allowed for boom applications of 
the liquid potassium nitrate with in-place herbicide spray boom 
applicators. One shuttle launch produced as much as 2,000 gal 
of 13–0–4 rapid release fertilizer. From 1999 until 2002 when 
NASA discontinued this practice, FlaRes applied this material to 
the understory of the citrus trees at MINWR. These applications 
are reflected in the nitrogen analysis presented in Table 5.

WEED MANAGEMENT WITHOUT PREEMERGENT HERBICIDES: 
LOW-RATE HERBICIDE PROGRAM. Since effective weed control is 
top priority in both conventional and sustainable citrus produc-
tion, FlaRes already had developed and demonstrated a Low-
Rate Herbicide program (Adair, 1984). Initial weed control at 
MINWR required extraordinary and expensive measures. After 
these initial control measures, a Low-Rate Herbicide Program 
was implemented as part of the SCP and was used throughout 
the contract period. 

Brazilian pepper trees (Schinus terebinthifolius), guineagrass 
(Panicum maximum), teaweed (Sida ulmifolia), and Virginia 
creeper (Parthenocissus quinquefolia) flourished in the groves 
that had been abandoned for only 2 years, competing with the 
citrus trees for nutrients, water, and sunlight. Brazilian pepper 
trees, tall clumps of guineagrass, and vigorous vines of Virginia 
creeper grew into and above the upper canopy of many of the 
citrus trees. To remove this noxious and extensive plant matter, 
FlaRes crafted a three-phased control methodology: mowing, 
hand removal, and then herbicide application.

The first phase was to mow the grove with a 9 ft offset mower 
to determine the extent of weed infestation and to gain access. 
In the second phase, hand crews equipped with chainsaws and 
machetes cut the Brazilian pepper trees, pulled vines, and the 
resulting debris was pushed and piled with a front end loader. 
Freshly cut Brazilian pepper stumps were painted with RoundUp 
Ultra Max® (glyphosate) herbicide. Per acre cost varied from 
$600 to $900 per acre.

Virginia creeper vines were cut at the ground, and the vines 
were pulled out of the trees by hand. To the extent possible, 
stems of the cut vines were hand-painted with RoundUp Ultra 
Max®. Once these trees, and vines were removed from the citrus 
trees, the final phase began with a herbicide application of a mix 
of RoundUp Ultra Max® and Landmaster II® (a combination of 
2,4-D and glyphosate) which was applied underneath the trees 
with a conventional herbicide rig equipped with a double boom 
and a 100-gal tank. A chemical mower was added behind and 
underneath the spray tank to apply herbicide to the middle of the 
citrus rows, obviating the need to mow these areas. 

With the assistance of Douglas Schobert and Jack Conroy of 
Monsanto, other modifications were made to the herbicide spray 
rig to conserve herbicide, to minimize non-target impacts, and 
to improve application efficacy. A knockdown bar was installed 
in front of the herbicide boom to ensure even coverage since, 
otherwise, tall weeds prevented even herbicide dispersal. In ad-
dition, a spray shield was installed in front of the herbicide boom 
to prevent spray drift due to wind. A carpet wiper was affixed to 
the rear of the spray boom to both reduce spray drift and improve 
weed contact with the herbicide. All iron or brass fittings were 
replaced with PVC or stainless steel fittings, as iron and brass 
react with glyphosate and diminish the potency of the herbicide 
and can produce explosive hydrogen gas.

Nozzle selection proved critical to uniform coverage and var-
ied with pressure. AIXR TeeJet® spray tips provided only a 90° 
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angle of coverage at low pressures (i.e., 20 psi), as shown in Fig. 
10B. By contrast, as shown in Fig. 10A, Turbo TeeJet® spray tips 
gave 120° of coverage at the same pressure, providing sufficient 
overlapping for uniform coverage. Both nozzles produced large 
enough droplets to minimize spray drift.

Even with Turbo TeeJet® spray tips, FlaRes learned that 
glyphosate can drift upward during the hot, still, and dry condi-
tions condusive to a weather inversion. Early oranges like navel 
oranges and ‘Hamlin’ oranges, showed a significant amount of 
fruit abscission when these herbicides were applied in late sum-
mer during a weather inversion. Fruit loss was estimated to be 
on the order of one box per tree.

Water quality also was a significant concern. Water for sprays 
usually was drawn from MINWR ponds. The surfactant system 
in RoundUp Weather Max® was found to excel with soft water, 
increasing efficacy. During times of drought when the total dis-
solved solids in the pond water exceeded 2,500 ppm and water 
hardness became a concern, FlaRes was able to draw upon City 
of Titusville water with total dissolved solids of only 250 ppm 
from fire hydrants on which meters were installed. Use of a nurse 
tank to transport the water increased application costs, but the 
use of soft water dramatically increased efficacy of the herbicide 
sprays and reduced the phytotoxicity potential of foliar spray 
applications. 

Applications of the preemergent, persistent herbicides typically 
used in citrus groves can be harsh on feeder roots of flatwoods 
citrus trees and can affect tree vigor. In addition, preemergent 
herbicides remain active in the soil for an extended period of 
time, and oak trees (Quercus sp.) are particularly sensitive to 
preemergent herbicides. Restoration opportunities, the ultimate 
goal of the USFWS for these groves, would be hampered had the 
use of preemergent herbicides been continued. For these reasons, 
preemergent herbicides were not used. 

A mixture of two herbicides was routinely applied—RoundUp 
Weather Max® for grasses and Landmaster II® for broadleaf weeds. 
The rate for these products was determined by the amount and 
type of weeds present (i.e., broadleaf or grass weeds). Three ap-
plications per year were routinely made, and chemical mowing 
was used throughout the contract period and was far more cost 
effective than mechanical mowing. Weed control was so effica-
cious that it was visible on high-resolution satellite images of the 
groves. As the citrus canopy became more lush, the weeds were 
shaded, and the need to herbicide further diminished. 

PROTECTING BIOLOGICAL DIVERSITY. Protecting biological di-
versity is an important shared goal of the USFWS and of FlaRes’ 
SCP. Protecting biological diversity is critical to an effective IPM 
program. Both perimeter and internal hammocks and natural 
areas proximal to citrus blocks provided refugia for pollinators, 
parasitoids, insect predators of insect pests and for the beneficial 
organisms upon which a successful IPM program depends.

Home to more listed species than any other single refuge, the 
140,000 acres of the MINWR have 21 species of wildlife listed 
as endangered or threatened by the federal or state government, 
including the bald eagle, eastern indigo snake, gopher tortoise, and 
American alligator, which routinely are seen around the groves. 
Merritt Island itself, a 25-mile-long barrier island, is home to 310 
species of birds, 25 species of mammals, 117 species of fish, and 
65 species of amphibians and reptiles. 

MINWR serves as an important resting stop in the flyway 
for many migratory birds. The Partners in Flight Watch List, 
for instance, has designated painted buntings as a species of 
special concern and identified this species as among the highest 
priorities for conservation. MINWR is the southern terminus 
of the eastern flyway for painted buntings (Delany, 2007). The 
economic value of the work of pollinators and beneficial insects 
is difficult to quantify. Reduced use of pesticides that can be 
toxic to beneficial insects and pollinators can only benefit the 
biodiversity of MINWR. 

Conclusions

FlaRes restored and brought back into production mostly 
50-year-old trees and returned the MINWR citrus groves to 
profitability through its SCP. Sustainable citrus production—on 
a commercial scale—was shown to be both environmentally 
beneficial and economically viable. 

During 12 years of sustainable citrus production at MINWR, 
FlaRes has reduced chemical fertilizer and pesticide inputs, in-
creased soil fertility via the recycling of composted waste products 
back to agricultural land, and increased beneficial organisms in the 
grove and the soil, while, at the same time, reducing production 
costs. The abandonment of weaker blocks was key to economic 
survival and reduced environmental impact. Economic benefits 
also were achieved by choosing a fresh fruit program and using 
speciality fruit like ‘Minneola’ tangelos, which generated a $19.06 
per box average price from 2001 to 2007. 

Fig. 10. Spray patterns produced by two different flat fan nozzles under identical conditions showing the Turbo TeeJet® nozzle (A) achieving a preferred 120° pattern 
in contrast to the AIXR TeeJet® nozzle (B) with a narrower 90° pattern. Better weed control was accomplished using Turbo TeeJet® nozzles, making nozzle selection 
an important factor in effective herbicide application. 



106 Proc. Fla. State Hort. Soc. 122: 2009. 

The use of a GIS with an embedded geo-database greatly 
increased the ability to quickly and accurately analyze multiple 
variables within three diverse categories (agronomic, economic, 
and environmental) that can allow managers to make quicker and 
more efficient changes to agricultural management. 

Selection of fertilizer grade and nutrient source proved to be 
key to an economically and horticulturally successful fertility 
program. The use of nutritionally based biorational pesticides was 
shown to be effective in reducing the use of copper fungicides 
and protecting water quality and beneficial organisms. Alternaria 
control was achieved by using a phosphorus based biorational 
pesticide making ‘Minneola’ tangelo production more economi-
cally appealing. 

FlaRes work at MINWR increased its awareness of the impor-
tant contributions to IMP and reduced pest control costs made by 
adjacent native landscapes that served as refugia for beneficial 
organisms. The significant value of undisturbed and natural areas 
adjacent to citrus operations needs further study. 

Best Management Practices (BMPs) are the most effective 
way to reduce the movement of excess nutrients in surface water 
to the IRL. Nitrogen and phosphorus are the most significant 
NPS pollutants. Foliar application of these primary nutrients can 
serve as a new BMP to eliminate or reduce ground applications 
of nitrogen and phosphorus fertilizers, thereby reducing nutrient 
loading in surface water entering the IRL. Other observed ben-
efits of foliar fertilization include increased yield and increased 
pest resistance. 

Unfortunately, citrus management has not been continued at 
MINWR, and, without proper care and management, the groves 
have diminished dramatically due to tree mortality. Plans for a 
large solar array have been made for a major portion of Group 
1. Eventually the remaining groves will be restored to native 
vegetation or utilized for KSC facilities. FlaRes hopes that its 
agronomic knowledge of these lands and its proprietary GIS 
mapping tools and geo-database can be used to make restoration 
efforts more effective and productive.
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