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Abstract

Tree ring scientists have generally ignored the use of dendrochronological techniques to assess growth impacts of cultural treatments for the

major horticultural trees in plantations. In this study, we investigated differences in radial growth between orange (Citrus) trees, a non-native

subtropical species, growing in plantations in northern Costa Rica and southern Nicaragua that were either treated or untreated with the fungicide

Benlate 50 DF (benomyl), which has potential phytotoxic effects. This region of Central America experiences prolonged and severe drought from

January through April each year, during which an average of only 10% (about 260 mm) of the annual rainfall occurs. Basal cross-sections taken

from the citrus trees reveal distinct annual tree rings that closely match the ages of the trees. The rings are reasonable concentric and have good

circuit uniformity. An analysis of 111 tree cores indicates that Benlate 50 DF treated trees had significantly slower radial growth during their first 6

years (averaging 4.54 mm/year) than untreated trees (averaging 10.76–11.84 mm/year). After year 6, the treated trees had a similar growth rate

(11.27 mm/year) to the untreated trees. Four cores taken from each of 10 citrus trees at cardinal directions around the stem reveal that the mean

growth rate from any one aspect did not differ significantly from the mean growth per tree. Further analysis of these cores indicates that taking one

or two random cores per tree produced a similar average growth calculation. The results of this study suggest that young citrus trees produce distinct

annual tree rings in a seasonally dry tropical environment, that trees treated with Benlate 50 DF had slower radial growth during their first 6 years,

and that, with proper replication, taking one core per tree was adequate to assess radial growth. But this latter point needs to be determined by

researchers on a case-by-case and species-by-species basis. The approach used in this study to determine growth impacts following chemical

application may have widespread application for other agricultural practices in a variety of horticultural woody plants worldwide.
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1. Introduction

Tree ring studies of tropical rainforest species are rare due to

the difficulty of determining annual growth increments using

traditional dendrochronological methods (Jacoby and

D’Arrigo, 1990; Buckley et al., 1995; Enquist and Leffler,

2001). This is especially problematic in wet tropical regions

with year around rainfall where trees do not undergo a

predictable annual rest period in growth. In such areas, trees

may form no tree ring in some years or multiple tree rings in

other years. Moreover, rings in tropical wood are often

indistinct. This has led a few researchers to determine annual
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growth increments in tropical tree species by non-traditional

methods, such as a pinning technique or the use of high-

resolution oxygen and carbon isotope records (Worbes, 1989;

Pousart et al., 2004). However, some tropical rainforest areas

are seasonally dry, which may facilitate cessation of radial

growth and tree ring formation (Breitsprecher and Bethel,

1990).

In the late 1980’s, citrus plantations were first established in

north-central Costa Rica by TicoFrut. Additional orange groves

were planted in the late 1990’s in southern Nicaragua. This part

of Central America typically experiences a prolonged and

severe drought between January and April. Between 1989 and

1992, citrus trees planted in Costa Rica were treated with

Benlate 50 DF (benomyl) in the nursery and field to reduce the

impacts fungus-caused diseases, including citrus scab, post-

bloom fruit drop, greasy spot, and damping-off in seedlings. It

was later realized, however, that benomyl is phytotoxic to a
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wide variety of plant species worldwide (Schreiber and Hock,

1975; van Iersel and Bugbee, 1996), and nursery managers at

TicoFrut in Costa Rica observed high seedling mortality,

reduced and distorted root growth, and chlorotic leaves in

treated plants. The citrus seedlings planted in Nicaragua in

1998, however, were not treated with Benlate 50 DF and had

lower mortality in the nursery. Orange production in the Costa

Rican Benlate 50 DF treated trees was delayed, significantly

less than anticipated and less than the expected production in

the Nicaragua untreated trees when they reach full maturity. We

hypothesized that the harmful impacts of Benlate 50 DF would

be reflected in the tree ring record as decreased radial growth

rates relative to the untreated trees. This paper will describe: (1)

whether annual tree rings are formed in citrus, a subtropical tree

species, in seasonally dry tropical environments, (2) the

suitability of using citrus for radial growth studies, and (3)

differences in radial growth rate between Benlate 50 DF treated

trees and untreated trees. To our knowledge, no studies of

annual tree ring formation or radial growth in citrus trees to

determine the impact of cultural treatments have been

published.

2. Study area description

This research was conducted in orange (Citrus sinensis (L.)

Osbeck) plantations that are owned and operated by TicoFrut in

north-central Costa Rica and directly across the border in

neighboring Nicaragua. All the study sites lie within a 10 km

radius of the town of Los Chiles, Costa Rica (1181060N,

8484300W; elevation 31 m; Fig. 1). The soils of the region are

fairly uniform, relatively fertile inceptisols, loamy clays, and
Fig. 1. Map of north-central Costa Rica and southern Nicaragua. The dashed outlin
red in color reflecting high iron content. All orange groves were

planted at 4 by 8 m spacing and were regularly fertilized to

maintain adequate foliar levels of essential macro- and micro-

nutrients. Average precipitation of the region is approximately

2500 mm/year. However, 85–90% of that total typically falls

between May and December. Total rainfall from January

through April averages only 260 mm/year. The mean annual

temperature is 24 8C.

3. Methods

Tree cores and basal cross-sections were collected from four

citrus plantations in Costa Rica and one large plantation in

Nicaragua. The four plantations in Costa Rica (Farms 4B, 9, 12,

and Mefisa) were planted in 1991 and the trees were treated

with Benlate 50 DF in the nursery and the field. While in the

nursery from 1990 to 1991, these trees were drenched with

Benlate 50 DF in the seedbed, dipped in an aqueous suspension

when transplanted from the seedbed to plastic growing bags,

and treated with foliar and drench applications while growing in

the nursery. Trees transplanted to the groves in 1991 were foliar

treated with Benlate 50 DF. The plantation in Nicaragua (called

Frutan) was planted in 1998 and was not treated with Benlate 50

DF. In addition, one block in Farm 12 in Costa Rica was planted

in 1995 and was not treated with Benlate 50 DF. All trees

planted in 1991 were treated with Benlate 50 DF, whereas all

trees planted after 1994 were untreated with the fungicide when

it was removed from the market.

A total of 111 tree cores (one core per tree) were collected

between February and June 2003. These included 46 cores from

1991 Benlate 50 DF treated plantations, 20 cores from 1995
e shows the study area with the five TicoFrut citrus plantations used for study.
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Fig. 2. Cross-section of a fungicide (Benlate 50 DF) treated Valencia–Carrizo

citrus tree planted in northern Costa Rica in 1991 marked at the beginning of

each new annual growth ring.
untreated trees, and 45 cores from 1998 untreated trees. The

1991 trees were Valencia scions on Carrizo rootstock; the 1995

trees were Valencia on Swingle rootstock, and the 1998 trees

were Pineapple scions on Swingle rootstock, Pineapple on

Carrizo rootstock, and Valencia on Carrizo rootstock. Sample

trees were randomly selected along transects through the

interior of representative blocks in each plantation. One core

sample was taken per tree at a random location around the upper

portion of the rootstock at a height of 15 cm above the ground.

In December 2003, an additional 40 cores were collected from

10 randomly selected trees at Farm 12. Four cores per tree were

taken at the north, south, east, and west aspects at a height of

15–20 cm above the ground.

Each core was placed in a plastic straw and brought to Penn

State University for processing and analysis. The cores were

oriented with xylem vessels in a vertical position and glued on

wooden blocks, dried for 24 h, and sanded and polished with

increasingly fine sand paper from 100 to 320 grit. The cores

were then examined under a StairMaster stereomicroscope and

all growth rings were marked. False rings existed in many cores

and considerable time was spent differentiating between true

growth rings and the false rings. Typically, false rings were less

prominent and were located closer to the previous true ring

than would be expected. Thus, they appeared as a narrow, faint

ring.

The exact age of each core is known and was calculated from

the planting date plus adding 1 year in the nursery. Planting

stock grew 16 months in nursery, but approximately 4 months

were required for them to reach 15 cm height. The total age at

15 cm height during the course of the study for the 1991 cores is

12.42–12.83 years, the 1995 cores is 8.75 years, and the 1998

cores is 5.58–5.92 years. Knowing the exact age of each core

greatly helped in identifying the number and location of the true

growth rings and eliminating false rings.

In the 1991 cores, the linear distance was measured

between the pith and the sixth growth ring (early growth) and

from the sixth growth ring to the inner bark (late growth). The

linear distance was measured on the perpendicular from one

tree ring to the next. In the 1995 and 1998 cores, only a total

growth measurement from the pith to the inner bark was

measured. The 6-year early growth measurement of the 1991

cores corresponds to the approximate total age of the 1998

trees. Tree cores from 1991 that had many false growth rings

in the early years were often counted from the outermost tree

ring inward to differentiate late growth from early growth (see

below). In some of these cores, it was not possible to

determine early growth from late growth because of the poor

quality of the rings or there were too many false rings to

eliminate with any degree of certainty. In these cores, only a

total growth (the linear distance from the pith to the inner

bark) was measured.

The growth measurements were conducted using a ‘‘TATree

Ring Measurement System’’ by Velmex Inc. The early growth

increment in the 1991 trees was divided by six to calculate the

average annual early growth. The late growth in the 1991 trees

was the average annual growth from year 6 to the inner bark.

The total length of each core in the 1991, 1995, and 1998 trees
was divided by its total age to calculate the average annual total

growth. Because the objective of this study was to determine

differences in growth rate over approximately 6-year time

intervals, annual growth increments were not measured

individually. Growth rate data by rootstock, plantation and

fungicide treatment were statistically analyzed using an F-test

ANOVA for equal or unequal variances followed by the

appropriate t-test. There were no significant differences in total

growth by rootstock or plantation within each treatment. Cross-

dating was not done on any of the cores due to the young age (6–

12 years old) of the trees, the lack of signature years in this

tropical environment, and because the exact age of the trees was

known.

In November 2004, basal cross-sections of the aboveground

rootstock at a 15 cm height were taken from three citrus trees in

the 1991 Farm 12 in Costa Rica and four trees in the 1998 Farm

Frutan in Nicaragua. These were used to assess the ease of

seeing individual tree rings in cross-section and the circuit

uniformity of the rings around the stem.

4. Results and discussion

Individual tree rings were marked and identified by year for

the seven citrus cross-sections collected from Benlate 50 DF
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treated and untreated trees in Costa Rica and Nicaragua. Four

examples are shown. A Benlate 50 DF treated 1991 Valencia–

Carrizo sample in Fig. 2 exhibits very distinct annual growth

rings that perfectly match the age of the tree. It has small annual

growth increments between the pith (1990) until 1996, after

which the growth rate increases. This sample also exhibits good

circuit uniformity, with continuous and reasonably concentric

tree rings around the stem circumference. The Benlate 50 DF

treated Valencia–Carrizo cross-section in Fig. 3 is from a larger

tree than shown in Fig. 2. It also has very distinct annual growth

rings that perfectly match the age of the tree. This tree exhibits

growth suppression from 1990 until 1994, after which growth

increases. A false ring is evident in the middle of the 1995

growth year. An untreated 1998 Pineapple–Carrizo cross-

section from the Frutan plantation in Nicaragua has very

distinct tree rings that match its exact tree age and good circuit

uniformity (Fig. 4). A false growth ring is present in 2001. The

tree has very wide growth rings throughout its life. An untreated

1998 Valencia–Carrizo cross-section also has distinct growth

rings, but has many false rings between the pith formed in 1997

and the 2000 growth ring (Fig. 5). It also has an unusually large

growth ring in 1999.

The 1991 Benlate 50 DF treated trees had significantly lower

( p < 0.5) mean annual early growth and total growth than the
Fig. 3. Cross-section of a fungicide (Benlate 50 DF) treated Valencia–Carrizo

citrus tree planted in northern Costa Rica in 1991 marked at the beginning of

each new annual growth ring.

Fig. 4. Cross-section of an untreated Pineapple–Carrizo citrus tree planted in

southern Nicaragua in 1998 marked at the beginning of each new annual growth

ring.
untreated trees planted in 1995 and 1998 (Table 1). Late growth

in the 1991 trees was not significantly different than the total

growth of the 1995 and 1998 trees. Total growth in the untreated

1995 versus 1998 trees was not significantly different. Growth

did not differ between the Valencia and Pineapple variety trees

or between the Swingle and Carrizo rootstocks in Nicaragua

(Table 1). Precipitation data from 1992 to 1998 and 1997 to

2002 are shown for two locations in north-central Costa Rica

(Fig. 6). Los Chiles is within a few kilometers of all the citrus

plantations used in this study, whereas Boca Arenal is 50 km to

the southeast. No rainfall data from 1992 to 1997 exists for Los

Chiles. From 1992 to 1998 rainfall in Boca Arenal ranged from

approximately 2400–3100 mm/year. Rainfall in Los Chiles

from 1998 to 2002 ranged from 2100 to 2850. Thus, the low

early growth in the Benlate 50 DF treated trees from 1990 to

1996 was not likely caused by a lack of precipitation in the

region.

An analysis of the total mean annual growth by aspect in the

40 cores collected from ten trees in Farm 12 revealed that there

was no significant difference between any aspect and the mean

growth rate per tree combining all four aspects (8.29 mm/year;

Table 2), despite the fact that individual radii within certain

trees varies by as much as 30%. However, the average growth

rate on the south aspect (7.52 mm/year) is significantly less
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Table 1

Mean annual growth (mm/year � standard error of the mean) for citrus trees in north-central Costa Rica and southern Nicaragua

Year of planting, treatment and location Mean annual growth

Early growth Late growth Total growth

1991-Benlate 50 DF treated

Mefisa 4.45 � 1.34 11.68 � 0.49 8.24 � 0.22

Farm 9 5.80 � 0.86 10.80 � 1.03 8.38 � 0.66

Farm 4B 3.32 � 0.68 11.39 � 1.51 7.26 � 0.33

Farm 12 4.77 � 1.44 11.14 � 1.42 8.38 � 0.37

Mean 4.54 � 0.63 11.27 � 0.83 8.10 � 0.22

1995-Untreated

Farm 12 10.76 � 1.00

1998-Untreated

Frutan Valencia–Carrizo 11.82 � 0.54

Frutan Pineapple–Carrizo and Pineapple–Swingle 11.84 � 0.69

Early growth in 1991 trees represents the first 6 years; late growth represents the remaining annual growth after year 6. Total growth in all cores represents the average

annual growth over the entire life of the tree. Tree cores were collected in 2003.
( p < 0.05) than that on the west aspect (8.89 mm/year). All

other growth comparisons among aspects were not significantly

different. Moreover, two trials of taking one or two randomly

selected cores per tree showed no significant difference

between that average growth rate and the average using all

four cores per tree. Taking cores from a random location on the
Fig. 5. Cross-section of an untreated Valencia–Carrizo citrus tree planted in

southern Nicaragua in 1998 marked at the beginning of each new annual growth

ring.

Fig. 6. Annual precipitation for TicoFrut plantations near Boca Arenal (1992–

1998) and Los Chiles (1997–2002) in north-central Costa Rica.
stem is a standard methodology. These data suggest that, with

proper replication, dendrochronological studies involving one

core per tree should yield the same result as those using two

cores per tree, but this needs to be determined by researchers on

a case-by-case and species-by-species basis. Indeed, if a sample
Table 2

Total annual radial growth measurements (in mm/year) for 10 citrus trees cored

at the north, south, east, and west aspects in Farm 12 (planted in 1991) in north-

central Costa Rica

Mean North South East West

8.43 8.95 8.33 8.03 NA

7.81 8.79 6.66 7.3 8.47

6.85 7.4 5.75 6.46 7.8

9.26 11.49 7.3 9.8 8.45

8.54 8.70 7.77 10.59 7.1

9.21 8.56 8.8 9.75 9.73

10.23 9.66 9.16 10.79 11.3

8.31 8.09 6.54 8.16 10.43

6.94 6.08 7.84 5.49 8.36

7.32 6.44 7.07 7.38 8.41

8.29 8.42 7.52 8.37 8.89

The mean column is the mean across all four cores for each tree. The last row

denotes the overall mean value.
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size is set at 20 cores per stand, taking one core per tree allows

for a greater number of trees to be sampled. In addition, taking

two cores per tree and using them as individual chronologies

runs the risk violating one of the cardinal rules for statistical

sampling—that samples must be independent (Steel and Torrie,

1980). Depending on the objective of your study, two cores

taken from the same tree are probably not independent samples

given a sufficiently large population of trees.

In conclusion, the results of this study suggest that citrus

trees growing in north-central Costa Rica and south-central

Nicaragua undergo a rest period in growth during the dry season

from January to April. Because of the climatic constraints, we

believe that annual tree rings are produced in citrus trees

growing in the region. Nonetheless, false rings also occurred in

many of the cores. Citrus is a non-native subtropical species

that evolved in Asia and is now planted throughout the

subtropical and tropical regions of the world (Simpson and

Orgorzaly, 1995). Citrus can grow in regions that get as little as

half the precipitation of northern Costa Rica, supporting its

reputation as a subtropical species. Like many subtropical

species, citrus may be ‘‘genetically programmed’’ to undergo

an annual rest period, which is reinforced by the dry winter and

early spring climate in northern Costa Rica. During the dry

season of 2003, we observed leaves on the citrus trees

throughout the study area that wilted, curled, and, to a certain

extent, fell off the trees (were drought deciduous). Our results

demonstrate that Benlate 50 DF treated citrus tree grew slower

for the first 6 years of their life, after which radial grow became

similar to that recorded in the untreated trees. Benlate 50 DF

breaks down into di-butyl urea, which can inhibit photosynth-

esis and be toxic to mycorrhizal fungi associations on plant

roots (Shilling et al., 1994; van Iersel and Bugbee, 1997;

Laatikainen and Heinonen-Tanski, 2002). This study demon-

strates the usefulness of using dendrochronological techniques

to examine growth rates in an important economic fruit tree

species receiving different cultural treatments. Our approach

should have application with many other horticultural woody

plants.
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