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ABSTRACT

Amounts of leaf macerial grazed by insect hecbivores in Australian rainforest canopies were measured over 3 years, and two methods
of assessment were compared. Long-term observacions of labelled leaves and shoors measured losses up to five times larger than
estimares obrained by the more conventional technique of measuring missing leaf area on single occasions. Long-term observations
gave higher but more accurate rates since chey incorporated a temporal component to grazing activities and also accounted for
feaves totally eaten. Annual leaf area losses of 26, 22, and 14.6 percent were measured in Australian cool temperate, warm
temperate, and subcropical rainforests, respectively. Grazing in some planc communities may be higher chan previously recorded
from discrete measurements of missing-leaf area, resuiting in an underestimacion of che impact of herbivory.

MOST STUDIES OF HERBIVORY in forest communiries have
estimated grazing by harvesting discrere samples of leaves
and estumaring proportons of leaf area missing. This
method usually indicares leaf area losses of from 3 o 10
percent and is similar in cropical forests (Odum and Ruiz-
Reyes 1970, Benedict 1976), coral island shrubs (Low-
man in press), European beech woods (Nielson 1978),
and northetn temperate hardwood forests (Bray 1961,
1964; Woodwell and Whictaker 1968, Reichle e al.
1973, and many others). This method—termed *discrete
sampling” since leaves are selected, usually at one poinr
in time, and measured for apparent leaf damage—pro-
vides a quick and easy means of escimating herbivory as
reflected by partial defoliacion of leaves. It may, however,
underestimate the real herbivory losses of forest canopies,
since it does not account for leaves rocally earen.

Two methods of discrete sampling commonly are used:
(1) leaf samples removed frorn litter traps and measured
for hole damage (¢.g., Odum and Ruiz-Reyes 1970), ot
(2) leaf samples picked from tree canopies (e.g., Fox and
Morrow 1983). Assuming that mature leaves are picked
in method 2, then the two sampling techniques are very
similar: both measure partial defoliation incurred during
the lifespan of a leaf, but the samples include only un-
eaten ot pardally eaten leaves and do nor account for
totally eaten leaves.

A more comprehensive method of quantfying her-
bivory, long-term observations, was developed in this scudy
to incorporate a temporal component inco the sampling
and also to monitor the number of torally grazed leaves.
This technique entails repeated observations and mea-
suremencs of permanently matked leaves, providing an
accurate measure of defoliacion and the temporal aspects
of grazing acuvides.
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In view of the increasing incerest in plant—insect re-
lacionships, the different methodologies for measuring
herbivory ate compared in this scudy for discrepancies chac
could arise. When similar long-term sampling cechniques
(albeic only over 3 months) wete used in the neotropics
(Coley 1983), grazing losses reporced were higher (21%)
than those in previous studies (7%; Odum and Ruiz-
Reyes 1970). Similarly, grazing escimates of Australian
eucalypes that accounted for leaves rocally eaten (although
estimated by petiole counts rather than actual observa-
tions) were higher than losses measured by discrete sam-
pling (Journet 1981). Discrete samples of coral cay shrubs
also revealed lower defoliation losses (2—3%; Lowman, in
press) chan long-term observacdions made previously (up
o 30%; Hearwole e a/. 1981). However, none of these
examples featured direct comparisons berween discrete leaf
samples and long-term observacions at the same time and
sice.

In chis study, two major questions concerning herbi-
vory were addressed: (1) What are che levels of defoliation
in Auseralian rainforest canopies? (2) What are che dis-
aepancies (if any) berween discrete leaf sampling and
long-term observations in assessing herbivory?

STUDY AREAS

Field work was conducted in canopies of three rainforest
formations in New South Wales, Australia, where rain-
foreses are diseributed disconcinuously along che coase.
Profile diagrams and derailed sice descriptions are listed
elsewhere (Lowman 1982a). The rhree formations, de-
scribed according ro Webb's (1959) classificacion, includ-
ed the following sires. 1. Cool temperace rainforest or
microphyll fern foresr in New England National Park
(30°30'S), a monrane rainforest sicuated at 1200 m on
the New England plateau and predominated by one species
(Nothofagus moorei, Antarctic beech) in the canopy with
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5—10 underscory trees (including Doryphora sassafras).
Three subsites, each comprising an isolaced pocket of beech
forest ac least 1 ha in size and 2 km from one anocher,
were sampled o examine spacial variabilicy of hetbivory
rares within one species. 2. Warm temperate rainforesc or
simple notophyll vine forest locaced in Royal National
Park (34°10'S), with a canopy composed of 10-15 majot
spedies (including D. sassafras, Toona australis, and Cer
atoperalum apetalum). 3. Subtropical rainforest or com-
plex notophyll vine forest located in Dortrigo Narional
Pack (region 1) (30°20'S) and Mt. Keira Reserve (region
2) (34°30'S), whose canopies have high species diversicy
(15—30 species including Dendrocnide excelsa, D. sassa-
fras, and T. australis) and whose strucrural features were
the most complex of the three formations examined.

All species chat occupied a major portion (=5%) of
the canopy were sampled for herbivory. In addition, five
species that dominaced particular rainforest formations
were selected for obsecvacions over 2 years: C. aperalum,
a common canopy species in the warm temperate for-
madon; D. sassafras, a canopy dominant in che subtrop-
ical and warm temperate formacions, and an underscory
species in the cool temperate formation; D. excelsa, a
canopy dominant in the subtropical rainforest; N. moorei,
forming a monospedific canopy in the cool temperate rain-
forest; and T. australis, a canopy species in the subtrop-
ical and warm temperace formacdions. In addition co their
imporrance as canopy species in the rainforests, these species
represented a range of leaf morphology and phenclogy
(including soft and hard leaves, glaucous and hairy, ev-
ergreen and deciduous, etc.) that may be imporrant in
cerms of grazing actividies.

SAMPLING METHODS

Herbivory was measured using two methods, rermed
“discrete”” and “‘long-term’’ sampling. The two methods
wete compared at both che species and che communicy
levels: first, herbivory (expressed as percentage of leaf area
loss) was measured for individual species and included
several sites and light regimes; and second, overall losses
were calculated for each of three rainforest communicies
by averaging the percentages obrained for individual species
according to the proportion of canopy occupied within
the rainforest formation (leaf atea index of each species
calculated from leaf Lirter fall weights; Lowman 1982a).

Discrete sampling involved the harvesting of ac least
200 macure (> 1 year old) leaves of each species. For each
species, different leaf populations were sampled in mul-
tiples of 30 leaves, each leaf population representing a
canopy region of a specific light regime, heighe, individ-
ual, or sire. All leaf populadions together constituced che
herbivory for one species. To obrain reasonable scandard
errors, the number of leaves sampled was greater in cases

where grazing was highly variable between leaves in one
sample. Most samples were collected between January
and March 1980 and repeated duting 1981 to compare
annual variabilicy. The month of collection was not con-
sidered a cridical factor, however, as long as only marure
leaves were sampled. Rainforest leaves are most heavily
defoliaced during their first three months (Lowman and
Box 1983); after marturation, defoliation is not signifi-
cancly different between months (Lowman 1982a). Se-
nescing leaves were avoided, since decaying leaf tissue can
resule in formacion of leaf holes.

Leaves were harvested, sealed in plastic bags, and
refrigerated until measuremencs of leaf area were made.
The acrual leaf area (ALA) of one side of each leaf was
measured with a Lambda portable area meter (Model
300). The holes in the leaf sutface then were covered wich
heavy tape and the leaf was measured again co determine
potential leaf area (PLA), which is the total leaf surface
prior to grazing. Then,

% leaf area
An.oo - EV x 100 =  Josc 0

FLA hetbivores
and
PLA - ALA = cm? holes per leaf.

This value reptesencs a direct measurce of the amount of
macure canopy missing, although ic may be propottionally
larger than che actual incremenrs consumed by che her-
bivores when the leaves were young (Reichle ef a/. 1973).
The use of ptoportions was considered a more useful
expression than acrual square centimeters since it was
comparable among samples, regardless of leaf size vari-
abiliry; also, proportions of leaf hole remain constanc be-
fore and after leaf expansion (Lowman 1982a).

Long-term observations involved monitoting perma-
nently marked branches over 2 years (1979-1981) o
record leaves completely defoliated. Complece defoliacion
cannot be accounted for without repeaced observations of
marked leaves. Fot each species, at leasc chree branches
were marked ac different heights and lighe regimes for
three individual crees in at least two sites. Three branches
were marked at every 10-m interval (or as near as pos-
sible) up canopy trees including both sun and shade can-
opy regions. Ropes and technical climbing gear were used
to gain access to the upper canopy (Perry 1978, Lowman
1982a). Leaves were numbered sequentially from the base
upwards on branches that usually consisted of 8—15 leaves.
Numbers were marked on the adaxial leaf surfaces with
wacterproof Pentel pens. The ink usually lasced ac leasc
one year before fading, at which time the numbers were
remarked. New leaves were marked as they emerged.
Monthly observations were made, and each leaf was mea-
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sured for changes in leaf area mussing as well as other
aspeces of mortality and growth.

To measure monchly increments of grazing withour
harvesting the leaves, a leaf tracing was made and the
hole portions were calculated in the laboratory using the
area meter (Lambda Model 300). Complete defoliation
was distinguished from nacural senescence by observaton:
older leaves that remained intact for several years and
suddenly disappeared were recorded as having senesced;
young leaves in which holes increasingly appeared over
several ‘months during times of herbivore activity (usually
an obvious progression from 0—25% to 60—~70% co 100%)
were considered eaten.

The daca on leaf longevity and monthly herbivory
losses were collectively analyzed. Detailed temporal and
spatial differences in defoliation of tree canopies will be
reported elsewhere (Lowman, in prep.). However, average
annual leaf area losses were compiled for each species from
the long-term observacions, and these daca were compared
o the discrere sampling.

RESULTS

A comparison of the methods showed that tesules of dis-
crete sampling were lower than chose of long-term obser-
vation for each species (Table 1), indicadng that herbi-
vores consume some leaves entirely in rainforest canopies,
racher chan only partally grazing each leaf. The discrep-
ancy between methods ranged from negligible difference
(T. aussralis, where the long-term/discrete rado was 1.1)
to a highly significant racio of 5.0 for sun leaves of C.
apesalum, in which many leaves were entirely eaten. Over-
all, the long-term observations revealed a discrepancy ap-
proximately 2.5 times greater chan the discrete sampling.

Within the canopies of individual species, vaciabilicy
in herbivory existed with respect to lighe (shade leaves
were grazed more heavily than sun leaves, e.g., C. ape-
talum: F, 5 =28.31, P < 0.001) and with respect to
sites, boch on a small scale (e.g., N. moores among three
subsites: F,,,; = 3.03, P < 0.01) and on a larger geo-
graphic level, alchough not significantly (e.g., D. sassafras
among three rainforest formations: F,,,, = 0.55, n.s.).
Despite this intraspecific variability, the comparisons be-
cween sampling methods consistently showed a more con-
servative rare with discrete sampling as compared to long-
term observadons.

To estimate hetbivory for the entire cainforest com-
munity (Table 2), the herbivory losses of many species
and canopy regions were averaged using proportions
weighted according ro a species’ abundance within a can-
opy (Lowman 1982a). The long-term calculadons were
two to three times greacer than the discrete sampling. The
cool temperate rainforest, with its monospecific canopy of
N. moorei, had highest levels of grazing; the most diverse
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TABLE 1. Differences between two sampling methods for mea-
suring herbivory rates in Australian rain forest trees
(and between populations of leaves within these can-
opies) (N = 200 leaves unless otherwise stated.)

Sampling method for
measuting herbivory rates
(% leaf area consumed /year)

Discrepancy
Long- Dis- e
Leaf pepulation term  (SE) crete (SE) (L/D)Sign.*
Toona australis
Subtropicat
Region | 63 04 57 (03) L1 as
Region 2 33 (0.2) 29 (0.2) 1.1 s
z 4.9 1.1
Dendrocnide excelsa
Subtropical
Region 1 32,5 (2.6) 16.5 (1.0) 2.0 **
Region 2 15.5 (1.4) 80 (0.9 1.7 .
2 14.0 12.3 1.9

Ceratopetalum apetalum
Warm temperace

Sun leaves 16.9 (2.0) 3.4 (0.5) 5.0
Shade leaves 353 (2.5) 9.4 (L.1) 38 *°
z 26.1 6.4 4.4

Nothofagus moorei

Cool temperate
Subsite 1 (N = 500) 22.5 (2.1) 117 (1.0) 1.9 .
Subsite 2 (N = 500) 40.5 (1.8) 15.0 (0.9) 2.7 =+
Subsite 3 (N = 150) 30.3 (3.0) 13.6 (1.4 2.2 **

2 311 13.5 2.3
Doryphora sassafras
Cool temperate 13.6 (1.8) 120 (1.2) 1.1 ns.
Subtropical
Sun leaves 13.4 (2.0 44 (0.7) 3.0 o
Shade feaves 16.3 (2.2) 64 (0.7) 2.5 **
z 149 5.4
Warm temperate
Sun leaves 17.6 (22) 45 (0.9) 39 **
Shade leaves 27.8 (2.6) 7.6 (0.9) 3.7 e
z 22,7 6.1

£
N
o

Overall mean ratio long-term /discrete
sampling difference 25

* Populiations of leaves are defined as groups of leaves with
significandly different morphological features (e.¢., sun and shade
lcaves). Seatistical data (ANOVA) for determination of leaf pop-
ularions are listed in Lowman (1982a), and sratistical differences
in sun and shade leaf herbivory are reported in Lowman and
Box (1983).

b Significance levels (studencs #-tesc) between long-term and dis-
crete samples: n.s., not significant; * P < 0.01; ** P < 0.001.
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TABLE 2. Differences in herbivory rates for three Australian
rainforess communities as reflected by two sampling
methods.

Sampling methods
for herbivory estimaces
(% leaf area consumed /year)
Dis-
crepancy
Long- Dis- ratio
Rainforest term crete (L/D)  Signt

Cool temperare 26.0 12.7 2.0 hid

Warm temperate 220 6.2 35 hid

Subtropical 14.6 8.3 1.8 .

2 209 9.1 23

* Each percencage was compiled from average leaf area losses for
all major species in each habitat, wirh species weighed in the
average according to its leaf area index. LA was calculated from
leaf liteet fall amounts (Lowman 1982a).

b Significance levels (scudents s-test): ® P < 0.01; ** P < 0.001.

canopy, subtropical, had the lowest herbivoty loss; and
the warm cemperace was incecmediate boch in species di-
versity of its canopy and in grazing.

Lircer fall and leaf longevity studies were conducted
in Australian rainforests simultaneously with grazing
measuremencs and are reported in Lowman (1982a). The
annual leaf fall dara are summarized here, howevet, and
compared with annual grazing (Table 3) to quandify che
biomass curnover of these rainforest canopies along the
two majoc pathways of primary consumers and decomn-
posers. The cotal potencial canopy in an evergreen rain-
fotest where most leaves live 2 years (Lowman 1982a)
comprises twice the annual leaf falf plus the leaf material
grazed by herbivores. With 2-year leaf longevity, the pro-
portion of annual leaf fall is only half chat which occurs
in a northern deciduous forest, whereas grazing damage
is cetained fot twice che duracion of an annually deciduous
canopy. In the cool temperace rainfocese, for example, the
annual leaf biomass routed thtough to primary consumers
(27%) is nearly equivalent to rutnover through the decay
pathway (36.5%). If grazing losses are as high in other
planc communidies, the effect of herbivores on plant pri-
mary production may be more extensive than previously
assumed.

DISCUSSION

The temoval of leaf matecial by primary consumers at
proportions of up to 40 percent for some Australian rain-
forest trees is surprisingly high and suggests the need to
teexamine che role of herbivotes in turnover of planc bio-
mass. Decay usually is tegarded as a larger, more impor-
tane pathway of leaf material rurnover than grazing by

TABLE 3. Turnover of canopy maierial in shree Ausiralian
rainforests (expressed as t ha~lyr 1),

Annual turnover

Po-
tential of canopy-

Forest cype canopy Herbivory Decay
Cool temperace 969 263 Q7%) 3.53(36.5%)
Warm temperace 1141 2.50(22%)  4.05 (35%)
Subtropicat 1226 1.76 (14%)  5.59 (46%)

z 1.2 230 21%)  4.39 (39%)

* Numbers in parentheses refer to proportions of potential can-
opy.

prirnary consumers (Bray 1964, Beay and Gotham 1964,
Wiegert 1970, Jordan 1971). However, in an evergreen
canopy (where most leaves live more than one year), insect
damage to young leaves temains incotporaced into che
canopy for twice the duration of annually decduous leaves.
Grazing losses of 3—10 percent, often cited in the licera-
ture from discrece measurements, may appea insignificant
in terms of overall community biomass (Hairston et a/.
1960). Hetbivory may be mote significane, however, if
these figures represent cwo- or threefold underestimates,
as in Australian cainforest.

Two possible explanations can be posed for these
higher levels of hetbivory—one relating ¢o the isolation
of Australian flota and fauna and subsequenc differences
in trophic levels, and che other simply an artifact of che
sampling methodology. Recent scudies in Australian plane
communities have shown consistendly high defoliacion
levels: eucalypt woodlands (Journet 1981), planradons
(Carne 1966), uplands (Fox and Morrow 1983), and
pastureland trees (Lowman, unpubl.); coral cay vegetation
(Heacwole e a/. 1981); and rainforests (Lowman 1982a,
Lowman and Box 1983). Unusually large numbers of
Coleoptera have been observed as defoliators in all Aus-
tralian syscens (Morrow 1977, Heacwole, pers. comm.;
Lowman 1982b); whether the relative proportions of in-
sect herbivores and insect ptedators in Auscralia are com-
parable to other condnencs remains unknown. Compar-
ative incercondnenral scudies of insect and bird population
dynamics may explain these apparent differences.

Assuming thac trophic levels in Australian foreses are
similar co chose of other condnencs, the high levels of
herbivory may simply be an arcifact of sampling. Long-
term observacions represent a more comprehensive meth-
od of sampling, which will inevitably yield higher results
for plants in which some leaves are eaten entirely (an
event unaccounced for in discrece sampling). This study
shows consistently higher levels of defoliation as measured
by long-term observacions than by discrete sampling, cor-
responding co results elsewhere in the liceracute. Further
comparisons of evergreen forest herbivory levels on another
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continent may indicate whether these discrepancies are a
result of sampling ot phenomena related to Australian
plant—insect relationships.

It is possible that proportionally more leaves are en-
tirely eaten in Australian rainforests than in other plant
communities, thereby causing greater differences becween
sampling techniques than in other plant communities. It
is also possible that the populations of herbivorous insects
are higher in Australian rainforest than on other cond-
nents. Nonetheless, the apparent discrepancy obtained
from the two sampling methods is worthy of consider-
ation when assessing past scudies of herbivory, since dis-
crete sampling may have underestimated acrual primary
consumption.

ACKNOWLEDGMENTS

The author gratefully acknowledges the helpful criticism and
discussion of William Alloway, Peter Ashton, Joseph Connell,
Harold Hearwole, Patrice Motrow, Peter Myerscough and John
Trote during cthe preparation of this manuscript. Field work was
funded by a Sydney University Postgraduate Fellowship, and
The Australian Museum. Manuscript preparation was complet-
ed under the renure of an Australian Research Granes Com-
mittee Postdoctoral Research Grant at University of New En-
gland. New South Wales National Parks and Wildlife Service
granted permission to monitor and collect leaf samples. Many
friends and students kindly assisted with leaf collection and
measutements, in patticular volunteers from Earthwatch (Center
for Field Research, Belmont, Massachusetts, U.S.A.). Sandra
Pont typed the manuscript.

LITERATURE CITED

Benepict, F. F. 1976. Herbivory rares and leaf properties in four forests in Puerto Rico and Florida, Ph.D. Thesis, Univ. Florida,

Gainesville, Florida, USA.

Bray, J. R. 1961, Measurement of leaf utilization as an index of minimum Jevel of primaty consumption. Oikos 12: 70-74.

, AND E. GORHAM.
Vol. 2, pp. 101-157. Academic Press, New York.

1964. Primary consumprion of three forest canopies. Ecology 45: 165-167.
1964. Litter production in fotests of the world. in J. Cragg (Ed.). Advances in ecological research,

Carng, P. B. 1966. Ecological characreristics of the eucalypt-feeding chrysomelidae beetle Paropsis atomaria Ol. Aust. J. Zool.

14: 647-672.

Corey, P. D. 1983. Herbivory and defensive charactetistics of tree species in & lowland cropical foresc. Ecol. Mon. 53: 209-233.
Fox, L. R., AND P. A. Morrow. 1983. Estimates of damage by herbivorous insects on Ewcalypsus trees. Aust. J. Ecol. 8: 139~

149.
Hamston, N. G., F. E. SmrmH, anp L. B. Stoeopkin.
Nat. 94: 421-425.
Heatwore, H. F., T. DonE, aND E. CAMERON.
Barrier Reef. Dr. W. Junk, The Hague.
Jorpan, C. F.
142.
Journer, A. R. P.

1969. Communiry structure, population control, and competition. Am.
1981. Community ecology of a coral cay, a study of One Tree Island, Great
1971. Productivity of a tropical forest and its relation to a world partern of energy storage. J. Ecol. 59: 127~

1981. Insect herbivary on the Australian woodland eucalype, Excalypius blakelyi. Ause. J. Ecol. 6: 135-138.

Lowwman, M. D. 1982a. Leaf growth dynamics and hetbivory in Australian rain forest canopies. Ph.D. Thesis, Univ. of Sydney,

Sydney.
1982b. S
tophagous types. Aust. J. Ecol. 7: 353-361.

Biortropica.
, AND J. R. Box.
trees. Aust. J. Ecol. 8: 17-25.

I variation in insect abundarice among three Australian rain forests, with particular reference w phy-
In press. Grazing of Utetheisa pulchelloides on its host plant, Argusia argentea, in coral cays of Thé Grear Barrier Reef.
P! 8 I P! & & Y:

1983. Variarion in leaf toughness and phenolic content among five species of Australian rain forest

Morrow, P. A. 1977. Host specificity of insects in a community of three codominant Ewcalyptus species. Aust. J. Ecol. 2: 89-

106.

Nieson, B. O. 1978.  Above ground food resources and herbivory in a beech forest. Oikos 31: 273~279.

Opum, H. T, anp J. Ruiz-Reves. 1970, Holes in leaves and the grazing control mechanism. In H. T. Odum and R. F. Pigeon
(Eds.). A tropical rain forest, pp. 1-69-1-80. U.S. Atomic Energy Comm. Rio Piedras.

Peray, D. R. 1978. A method of access into the crowns of emetgent and canopy trees. Biotropica 10(2): 155-157.

Recnig, D. E, R. A. GowpsteiN, aND R. . VanHook.
1976-1984.

1973. Analysis of insect consumption in a forest canopy. Ecol. 54:

Wees, L. J. 1959. A physiognomic classification of Australian rain forests. J. Ecol. 47: 551-570.

Wiecert, R. C.

1970. Effects of ionizing radiation on leaf fall, decomposition, and Litter microarthropods of a montane rain

forest. In H. T. Odum and R. F. Pigeon (Eds.). A tropical rain forest, pp. H-89-H-100. U.S. Aromic Energy Comm.

Rio Piedras.
Woobpwewl, G. M., AND R. H. WHITTAKER.

1968. Primary production in terrestrial communities. Am. Zool. 8: 19-30.

268 Lowman



