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S u m m a r y .  The scale insect, Toumeyella sp., feeds exclusi- 
vely on the subtropical hammock tree lignum vitae 
(Guaiacum sanctum L.). The combined effects of scale her- 
bivory and shading on leaf gas exchange characteristics 
and growth of lignum vitae trees were studied using a 
factorial design. Trees grown in full sun or in 75% shade 
were manually infested with scale or left noninfested. 
Beginning 4 weeks after infestation, net CO2 assimila- 
tion, stomatal conductance, transpiration, internal par- 
tial pressure of CO2, and water-use efficiency were deter- 
mined on single-leaves at 4-week intervals for trees in 
each treatment. At the end of the experiment, net CO2 
assimilation was determined for whole plants. Total leaf 
area, leaf, stem, and root dry weights, and leaf chlo- 
rophyll and nitrogen concentrations were also determi- 
ned. Scale infested trees generally had lower net CO2 
assimilation, stomatal conductance, and transpiration 
rates as well as less leaf area, and root, stem, and leaf 
dry weights than noninfested trees. Twenty four weeks 
after the shade treatment was imposed, sun-grown trees 
had approximately twice the leaf area of shade-grown 
trees. Shade-grown trees compensated for the reduced 
leaf area by increasing their photosynthetic efficiency. 
This resulted in no difference in light saturated net CO2 
assimilation on a whole plant basis between sun-grown 
and shade-grown trees. Chlorophyll and nitrogen con- 
centrations per unit leaf area were greater in leaves of 
shade-grown trees than in leaves of sun-grown trees. Sha- 

d ing  and herbivory by Toumeyella sp. each resulted in 
decreased growth of Guaiacum sanctum. Scale insect her- 
bivory did not result in greater detrimental effects on 
leaf gas exchange characteristics for shade-grown than 
for sun-grown trees. Herbivory by Toumeyella resulted 
in a greater decrease in tree growth for sun-grown than 
for shade-grown trees. 
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Sun-grown leaves of several plant species exhibit greater 
net CO2 assimilation rates than shade-grown leaves un- 
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der saturating light intensities (Bazzaz and Carlson 1982; 
Bjorkman and Holmgren 1963; Chabot and Chabot 
1977; Jurick et al. 1979; Nobel 1976; Schaffer and Gaye 
1989; Syvertsen 1984). However, light saturated net CO2 
assimilation of certain tropical species is greater for 
shade-grown than for sun-grown plants (Friend 1984; 
Kurihara 1979; Schaffer and O'Hair 1987). 

Insect herbivory has been shown to reduce leaf gas ex- 
change of several plant species (Andrews and LaPre 1979; 
Sances et al. 1979; Sances et al. 1982; Wood et al. 1985; 
Youngman et al. 1986). Plant damage due to herbivory 
by insects can vary across light intensity gradients (Col- 
linge and Louda 1988). For example, some insect herbi- 
vores are more damaging to plants growing in the sun 
(Williams 1983; Louda and Rodman 1983; Lincoln and 
Mooney 1984; Louda et al. 1987a, b), whereas others 
are more damaging to shade-grown plants (Lincoln and 
Langenheim 1979; Rausher 1979). Most research on the 
interactions between insect herbivory and shading has 
focused on the effects of environmental conditions or 
plant quality on herbivore activity (Lincoln and Langen- 
heim 1979; Lincoln and Mooney 1984; Louda and Rod- 
man 1983; Louda et al. 1987a, b; Williams 1983) rather 
than the effects of the combined stresses on the host 
plant. The removal of carbohydrates by phloem feeding 
insects such as scale (Risebrow and Dixon 1987) combi- 
ned with the reduced production of photoassimilates in 
the shade may result in synergistic or additive reductions 
in plant growth. However, plants may be able to com- 
pensate for these stresses by an increase in photosynthe- 
tic efficiency. Lignum vitae trees (Guaiacum sanctum L.), 
infested with Toumeyella sp., an undescribed species of 
scale insect which feeds exclusively on this tree species, 
provide an opportunity to study the interaction between 
herbivory by a phloem feeding insect and shading on 
photosynthesis and growth of a tropical hardwood spe- 
cies. 

Guaiacum sanctum is indigenous to the Caribbean 
area including Lignumvitae Key State Botanical Site, 
which is one of the few remaining habitats and the only 
protected site for the tree in the United States. During 
the past 20 years, many remaining lignum vitae trees 
on Lignumvitae Key have exhibited severe defoliation 
and several of these have subsequently died. The possibi- 
lity exists that this native population will eventually be- 



469 

come  extinct.  The  loss of  l i gnum vi tae trees on  L ignumvi -  
tae K e y  m a y  be due  to infes ta t ion  by  Toumeyella sp. 
a n d / o r  the  l ack  of  sufficient l ight  for m a x i m u m  p h o -  
tosynthes is .  La rge  p o p u l a t i o n s  of  Toumeyella sp. have  
been obse rved  on dec l in ing  trees ( B a r a n o w s k i  et al., un-  
publ.). In  add i t ion ,  l i gnum vi tae trees were once cont i -  
nuous ly  exposed  to full sun due  to the  r e m o v a l  of  over-  
s tory  vege ta t ion  by  t rop ica l  s to rms  a n d  hur r i canes  which  
occu r red  every few years.  These  trees are  n o w  s h a d e d  
by  dense overs tor ies  because  of  the l ack  of  hu r r i canes  
over  the  pas t  20 years.  U n d e r  shaded  condi t ions ,  the ra te  
of  p h o t o s y n t h e s i s  and  subsequen t  p r o d u c t i o n  of pho -  
toass imi la tes  m a y  be too  low to rep len ish  c a r b o h y d r a t e s  
r e m o v e d  by  Toumeyella sp. In  add i t ion ,  shad ing  m a y  
have  a d i rec t  effect on  the  insect,  resul t ing  in changes  
in thei r  feeding efficiency, growth ,  or  r ep roduc t i ve  ra tes  
(Col l inge a n d  L o u d a  1988; L o u d a  et al. 1987a). There-  
fore, t ree m o r t a l i t y  m a y  be due  to insect  he rb ivory ,  sha-  
d ing  or  a c o m b i n a t i o n  of  b o t h  factors.  

The  objec t ive  of  this  s tudy  was to de te rmine  the com-  
b ined  effects of  shad ing  a n d  h e r b i v o r y  f rom Toumeyella 
sp. on  net  gas exchange  charac te r i s t i cs  and  g rowth  of  
l i gnum vi tae  trees. 

Materials and methods 

Two-year old lignum vitae trees in a well fertilized potting soil 
were grown in an air-conditioned glasshouse. Trees of uniform 
height (ave. height from the base of the trunk to the top of the 
canopy was 110 cm) and with no observable differences in canopy 
densities were randomly placed in either full sun [maximum pho- 
tosynthetic photon flux (PPF)= 1600 lamol m -2 s-1, as measured 
with a LiCor 190SA quantum sensor] or within individual enclos- 
ures covered with 75% shade cloth (maximum PPF=400 lamol 
m-2 s-  1). Day and night air temperatures in the glasshouse were 
maintained between 25--30 ~ C. The degree of shading corresponded 
to the average shading above the canopy of an understory tree 
on Lignumvitae Key as determined between 1000 and 1200 h with 
a LiCor Li-1000/191SA data logger/line quantum sensor (LiCor, 
Inc., Lincoln, Nebraska) placed perpendicular to incident radiation. 
One-half of the trees growing under each light level in the glass- 
house were initially infested with ToumeyelIa sp. collected from Li- 
gnumvitae Key. Scale populations were allowed to become establis- 
hed and 4 weeks after infestation, populations were reduced from 
4 or more mature scale per 5 cm of branch to 1 mature female 
scale per 5 cm of branch. Populations were maintained at this level 
by monthly removal of all scales exceeding this number, Thus, 
the treatments were: 1) full sun, no scale; 2) full sun, scale; 3) 
shade, no scale; 4) shade, scale. Each treatment consisted of 5 single- 
plant replicates in a completely randomized design. 

Beginning 4 weeks after scale infestation, and at 4-week inter- 
vals throughout the experiment, net COz assimilation, stomatal 
conductance of CO2, transpiration, internal partial pressure of 
CO2, and water-use efficiency were determined on single, fully- 
expanded leaves in an open gas exchange system in the laboratory 
as described by Ploetz and Schaffer (1989). To select leaves of the 
same age for gas exchange determinations, newly emerging leaves 
were tagged at the same time for each treatment and gas exchange 
was determined for these leaves when they were fully expanded. 
Leaves were sealed in a modified Plexiglass chamber (Syvertsen 
and Smith 1983). Scale insects were not found on leaf laminae 
at any time during the study and thus did not physically block 
light interception or gas exchange during determinations. The flow 
rate of air (containing 340 ppm CO2) through the chamber was 
4 liters min- 1, PPF in the chamber was maintained at 800 lamol 

m -2 s - t ,  temperature was 32_+3 ~ C, and relative humidity was 
50%. 

Light response curves of net CO 2 assimilation were determined 
at 14 different PPFs by placing shade cloths of four different mesh 
sizes between the lights and the leaf chamber. Four single-plant 
replications for each treatment were used in a randomized complete 
block design to calculate response curves from nonlinear regression 
analysis, plotting the predicted values for net CO2 assimilation 
at each PPF level. Leaves were allowed to equilibrate for 20 rain 
at each light level prior to determinations. Treatments were replica- 
ted over days with one replication per treatment per day. 

Twenty four weeks after initial leaf gas exchange determina- 
tions, net CO2 assimilation was determined for whole plants by 
placing the entire tree in a 80 x 80 x 1312 cm Plexiglass chamber. 
Two additional 500-watt reflector-flood lamps were positioned on 
the side of the chamber and a fan was position between the lights 
and the chamber to reduce heat build-up. Flow rate through the 
chamber was maintained at 20 L min-1. Pots were sealed in pol- 
yethylene bags to prevent root respiration in the chamber from 
interfering with net gas exchange determinations of leaves. 

After net CO 2 assimilation was determined for whole-trees, 
trees were harvested, and total leaf area was determined. Plant 
tissues were then dried at 70 ~ C, and leaf, stem, and root dry weights 
as well as leaf chlorophyll and nitrogen concentrations were deter- 
mined. Chlorophyll concentration was determined as described by 
Marini and Marini (1983). For chlorophyll determinations, eight 
0.32-cm 2 leaf discs from each leaf were placed in 10 ml of 80% 
methanol and held in darkness at room temperature for 48 h. Leaf 
chlorophyll concentration was calculated from absorption values 
obtained at 642 and 664 nm with a Bausch and Lomb Spectronic- 
21 spectrophotometer. Leaf nitrogen content was determined by 
the micro Kjeldahl technique (Bremner and Mulvaney 1982). 

Results 

Ligh t  response  curves for net  C O  2 ass imi la t ion  of single 
leaves were defined by  the e q u a t i o n  y = a(1--ebx),  where  
a and  b are  the  regress ion  coefficients (Fig. 1). There  were 
no  differences in the l ight  c o m p e n s a t i o n  po in t s  (inter- 
cepts) or  q u a n t u m  yields ( l inear slopes)  of  leaves of trees 
g rown  in the  sun and  trees g r o w n  in 75% shade  (stan- 
d a r d  t-test,  P > 0.05). The  l ight  s a t u r a t i o n  p o i n t  ( asymp-  
to t ic  region)  for leaves of b o t h  sun -g rown  and  shade- 
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Fig. 1. Light response [photosynthetic photon flux (PPF)] curves 
for net CO2 assimilation (A) of lignum vitae leaves developed in 
the sun and in 75% shade. The light response for shade-grown 
trees is represented by the equation: y = 6.6 ( 1 -  e -~176176 x), r2= 0.93 
and the equation for sun-grown trees is y=5.3 (1-e-~176176 r 2 
=0.65. Center lines represent predicted mean values, upper and 
lower lines represent upper and lower 95% confidence limits 
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Table 1. Total leaf chlorophyll and nitrogen concentrations, net CO2 assimilation on a whole plant 
basis, and total leaf area for lignum vitae trees grown in sun and 75% shade, and trees infested or 
noninfested with scale insects 
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Treatment* Chlorophyll Nitrogen Net CO2 Assimilation (A) Leaf Area 
(lag cm- 2) (% dry weight) (lamol plant- 1 s- 1) (cm z) 

Sun 24.1 1.2 0.19 865.5 
Shade 29.9 1.6 0.21 460.4 
Significance** 0.05 0.01 ns 0.10 

Infested 25.7 1.4 0.07 640.4 
Noninfested 28.3 1.5 0.25 2271.4 
Significance ** ns ns 0.01 0.01 

* There were no significant interactions between shade and scale according to an analysis of variance 
(P>0.05). Therefore scale treatments were pooled for testing shading effects and shading treatments 
were pooled for testing scale effects 
** Significance levels determined by a standard t-test 

grown trees was 400-500 gmol m -  a s -  1, though net C O  2 
assimilation of shade grown leaves at this PPF tended 
to be higher (Fig. 1). 

There was a significant interaction between scale infe- 
station and shading with respect to leaf gas exchange 
characteristics as tested by an analysis of variance 
(P < 0.05). Therefore, scale effects were analyzed indepen- 
dently within each shading level. Four  weeks after trees 
were infested, there were no differences in net CO2 assi- 
milation, transpiration, and stomatal  conductance bet- 
ween leaves of infested and noninfested sun-grown trees 
(Fig. 2). At that time, noninfested shade-grown trees had 
greater rates of net CO2 assimilation, transpiration, and 
stomatal  conductance than infested shade-grown trees 
(Fig. 2). After 8 weeks, light saturated net CO2 assimila- 
tion, s tomatal  conductance, and transpirat ion of leaves 
of noninfested, shade-grown trees were always greater 
than that  of infested, shade-grown trees. 

Internal  partial pressure of CO2 was generally greater 
for noninfested than infested trees with the exception 
of week 24 for sun-grown trees and weeks 8 and 24 
for shade-grown trees (Fig. 3). Water-use efficiency, cal- 
culated as net CO2 assimilation/transpiration, generally 
did not differ between noninfested and infested treat- 
ments for both  sun-grown and shade-grown trees. Howe-  
ver, 24 weeks after scale infestation, infested sun-grown 
trees had a significantly greater water-use efficiency than 
noninfested sun-grown trees (Fig. 3). 

At the end of the experiment, leaf chlorophyll concen- 
trat ion per unit leaf area and nitrogen concentration 
were greater for shade-grown trees than sun-grown trees 
(Table 1). There were no significant differences in chlo- 
rophyll and nitrogen concentrations between scale infe- 
sted and noninfested plants (Table 1). 

Sun-grown trees had almost  twice the leaf area as 
shade-grown trees at the end of the experiment (Table 1). 
Total  leaf area was significantly greater for noninfested 
trees than infested trees. This was primarily due to defo- 
liation of the infested trees since few newly emerging 
leaves were observed for plants in any treatment  during 
the course of this study. Net  CO2 assimilation, on a 
whole-plant basis, was greater for noninfested trees than 
infested trees (Table 1). There was no significant diffe- 

rence in whole-plant net CO2 assimilation between sun- 
grown and shade-grown trees. 

There was a significant interaction between scale infe- 
station and shading for leaf, stem, root, and plant dry 
weights according to an analysis of variance (P < 0.05). 
Therefore, differences in dry weights between scale treat- 
ments were determined independently within each shade 
treatment  and differences within each shade treatment 
were determined independently within each scale treat- 
ment. Scale infestation resulted in a significant biomass 
reduction of all tissues measured for both  sun-grown 
and shade-grown trees. Dry  weights of each tissue were 
greater for noninfested, sun-grown trees than noninfe- 
sted, shade-grown trees (Table 2). For  scale-infested 
trees, there was no significant difference in tissue biomas- 
ses between trees grown in the sun or in the shade. 

Table 2. Effect of scale infestation and shading on leaf, stem, root, 
and plant dry weight of lignum vitae trees 

Scale Sun Shade Significance* 

Leaf dry weight (g) 

Noninfested 35.4 19.1 0.05 
Infested 9.9 5.2 ns 
Significance1 0.01 0.01 

Stem dry weight (g) 

Noninfested 121.7 68.2 0.01 
Infested 46.1 47.8 ns 
Significance 0.01 0.01 

Root dry weight (g) 

Noninfested 65.3 33.0 0.01 
Infested 18.6 25.5 ns 
Significance 0.01 0.01 

Plant dry weight (g) 

Noninfested 234.8 120.4 0.01 
Infested 74.6 82.8 ns 
Significance 0.01 0.05 

* Significance levels were determined by a standard t-test 
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Discussion 

Herbivory by Toumeyella sp. generally caused a reduc- 
tion in net CO2 assimilation, transpiration and stomatal 
conductance for leaves of lignum vitae trees, with the 
exception of 4 weeks after the initial scale population 
was reduced (8 weeks after the initial infestation). At that 
time, infested trees had a greater photosynthetic rate 
than noninfested trees, an apparent over-compensation 
for the large reduction of the scale population. In general, 
our results were similar to those of others, who observed 
reduced net CO2 assimilation, on a leaf area basis, due 
to herbivory (Andrews and LaPre 1979; Sances et al. 
1979; Sances et al. 1982; Wood et al. 1985; Youngman 
1986). From the beginning of the experiment to 20 weeks 
after infestation, reductions of net CO2 assimilation on 
a leaf area basis due to scale insect herbivory were gene- 
rally greater for shade-grown trees than sun-grown trees. 
Insect population levels in this study were maintained 
at constant levels per cm length of branch. Therefore, 
by week 20, constant feeding pressure by Toumeyella sp. 
resulted in lower leaf gas exchange for infested sun- 
grown trees as well. There were concomitant reductions 
in stomatal conductance, internal partial pressure of 
CO2, and net CO2 assimilation on a leaf area basis due 
to scale infestation. Thus, reductions in net CO2 assimila- 
tion due to scale infestation were presumably the result 
of decreased stomatal conductance and not a direct effect 
on the photosynthetic apparatus. 

Collinge and Louda (1988) observed that herbivory 
by leaf miners was greater on shaded than sun-exposed 
cruciferous plants. They related this to an increase in 
insect feeding efficiency and growth rate as a result of 
increased nitrogen and amino acid concentration in 
shade-grown plants. Although we did not monitor the 
feeding efficiency or growth rate of Toumeyella sp., shade- 
grown lignum vitae trees had a greater total leaf nitrogen 
concentration than sun-grown trees. Greater nitrogen 
concentration for leaves of shade-grown trees than sun- 
grown trees has also been observed for other plant spe- 
cies (Schaffer and Gaye 1989; Syvertsen and Smith 1984). 
Since Toumeyella sp. are phloem-feeders, determining N 
concentration in the phloem would provide a better indi- 
cation of the possible influence of plant N on insect fee- 
ding efficiency. However, fecundity of some phloem-fee- 
ding insects has been positively correlated with plant 
N (Risebrow and Dixon 1987). Therefore, an increase 
in leaf N resulting from shading may result in larger 
scale populations on shaded plants. 

The reduction in total leaf area that was observed 
for lignum vitae trees grown in the shade has also been 
observed by other workers (Baranowski et al., unpubl.). 
Young lignum vitae trees appear to be shade-tolerant 
since the reduced leaf area of trees grown in the shade 
was compensated for by an increased net COz assimila- 
tion rate of the leaves. Therefore, on a whole plant basis, 
light saturated net CO2 assimilation was the same for 
shaded and nonshaded trees. The lower net CO2 assimi- 
lation rates of sun leaves may be attributed to photoinhi- 
bition of this shade-tolerant species at high PPF levels 
(Bjorkman and Holmgren 1963; Bazzaz and Carlson 

1982). Increased net CO2 assimilation of shade-grown 
plants may also be explained by an increase in chlo- 
rophyll concentration which is often found in leaves of 
plants grown in the shade (Holmgren 1968; Schaffer and 
O'Hair 1987; Syvertsen and Smith 1984). Greater chlo- 
rophyll concentration of leaves of shade-grown lignum 
vitae trees was observed in the present study. 

Water-use efficiency was generally similar for all 
treatments since reductions in net CO2 assimilation were 
concomitant with reductions in transpiration. At the end 
of the experiment, water-use efficiency was greater for 
infested sun-grown plants than for any other treatment. 
At that time, reductions in transpiration and stomatal 
conductance for infested sun-grown plants were greater 
than reductions in net CO2 assimilation. Thus, conduc- 
tance was more limiting to water-vapor exchange than 
CO2 exchange. 

Over the course of this experiment, noninfested, sha- 
ded trees assimilated less carbon than noninfested, sun- 
grown trees. This was reflected in the reduced biomass 
accumulation for the shade-grown trees. Although on 
a whole-plant basis shade-grown trees had the same net 
CO2 assimilation rates under saturating light conditions 
as sun-grown trees, the shaded trees were below the light 
saturation point during much of the experimental period. 
Figure 4 shows a typical diurnal pattern of PPF in the 
sun and shade in the glasshouse during the experimental 
period. For several hours during the day, the shaded 
trees received less than 400 gmol m -2 s-1 of photons, 
which is the light saturation point for lignum vitae pho- 
tosynthesis (Fig. 1). Sun-grown trees received saturating 
light for photosynthesis for several more hours per day 
than the shaded trees (Fig. 4). Therefore, over the course 
of a day, sun-grown trees were able to assimilate more 
CO2. The removal of carbohydrates by the constant 
scale population level maintained in this study resulted 
in drastic biomass reductions for both shaded and sun- 
grown plants. In fact, biomass reductions due to scale 
infestation were greater for sun-grown plants than shade- 
grown plants. Since lignum vitae is apparently shade- 
tolerant and scale populations were maintained at a con- 
stant level, there were no synergistic or additive stress 
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Fig. 4. Diurnal  pattern of photosynthetic photon flux (s in full 
sun and 75% shade within the greenhouse in which lignum vitae 
trees were grown. Curves were determined from actual data by 
2nd order polynomial regression, for sun: y =  - 2 8 9 0 + 6 . 5  x 
--0.0024x 2, r2=0.96, for shade: y = - 7 2 2 + 1 . 6  x+0.0061 x 2, r 2 
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effects on  the h o s t - p l a n t  when  h e r b i v o r y  and  shad ing  
were combined .  However ,  in na ture ,  he rb ivo re  ac t iv i ty  
and  feeding preference can  be inf luenced by  e n v i r o n m e n -  
ta l ly  i nduced  phys io log ica l  changes  in the hos t  (Col l inge 
and  L o u d a  1988). C o n s i d e r a b l e  differences in n a t u r a l  
he rb ivo re  p o p u l a t i o n  levels a n d  subsequen t  feeding da-  
mage  m a y  resul t  be tween  sun and  s h a d e - g r o w n  trees. 
Thus,  the  i m p r o v e d  tree v igor  which  was obse rved  after 
ove r s to ry  vege ta t ion  on  L i g n u m v i t a e  K e y  was mechan i -  
cal ly r emoved  f rom infested trees (Ba ranowsk i  et al., un- 
publ.) m a y  have  been  due  to  different ial  pa t t e rn s  of  herbi -  
vo ry  a n d  no t  the c o m b i n e d  effect of  b o t h  factors  on  
tree phys io logy .  
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