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A  STRUCTURED  INVENTORY  OF  APPALACHIAN  GRASS
BALD  AND  HEATH  BALD  SPIDER  ASSEMBLAGES  AND  A
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ABSTRACT. The current rate of species attrition necessitates the development of quick and accurate
sampling protocols and species richness estimators. Four time-based and one area-based methods were
used to sample spiders of a grass bald and a heath bald in the Great Smoky Mountains National Park in
late spring and early fall of 1995. Eighty-four samples were collected at each site; 1853 adults and 91
species were found in the grass bald, 573 adults and 60 species in the heath bald. The data were analyzed
with 11 species richness estimators: Chao & Lee 1, Chao & Lee 2, ACE, ICE, bootstrap, Chao 1, Chao
2, first-order jackknife, second-order jackknife, Michaelis-Menten runs, and Michaelis-Menten means. All
but the Chao & Lee estimators generated richness estimates that clustered within a reasonable range, 106-
160 species for the grass bald and 68-90 species for the heath bald. The failure of the observed species
accumulation curve to level off for our data sets showed that more sampling would be needed to determine
the number of species present as adults during the two sampling seasons. Although this prevented us from
rigorously testing richness estimator performance, we found that the Michaelis-Menten means estimator
performed better than the other estimators when judged by two indirect criteria of good estimator perfor-
mance — the estimator curve should reach an asymptote with fewer samples than are required for the
observed species accumulation curve to reach an asymptote, and the estimates should be close to reason-
able visual extrapolations of the asymptote of the observed species accumulation curve. We postulate that
the differences we found in species richness and taxon and guild composition between the spider assem-
blages of these two bald communities are, at least in part, a consequence of striking differences in the
physiognomy, richness, and taxonomic composition of the plant associations of the two communities.
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In  order  to  know how and where  to  protect
biodiversity,  it  is  imperative  that  we  learn
more about  the  patterns  of  diversity  of  terres-
trial  arthropods,  which  may  comprise  80%  or
more of the Earth’s species but have too often
been neglected by resource managers and con-
servation  planners  (Wilson  1988,  1992;  Kre-
men  et  al.  1993;  Colwell  &  Coddington  1994;
Longino  1994).  Spiders,  which  include  about
36,000  described  species  and  are  estimated  to
number  60,000-170,000  species  (Coddington
&  Levi  1991;  Platnick  1999),  comprise  a  sig-
nificant portion of this terrestrial  arthropod di-
versity.  Spiders  are  abundant  and  ubiquitous,

‘  Current  address:  Ecology  Group,  Leidy  Labo-
ratories, University of Pennsylvania, Philadelphia,
Pennsylvania 19104 USA.
^ Current address: Department of Biological Sci-
ences, George Washington University, Washington,
DC 20052; and Department of Entomology, National
Museum of Natural History, NHB-105, Smithsonian
Institution, Washington, DC 20560 USA.

employ  a  remarkable  diversity  of  predation
strategies,  occupy  a  wide  array  of  spatial  and
temporal  niches,  are  characterized  by  high
within-habitat  taxonomic  diversity,  exhibit
taxon-  and  guild-specific  responses  to  envi-
ronmental  change,  and  are  relatively  easy  to
sample  and  identify.  They  are  important  reg-
ulators  of  insect  populations  (Riechert  &
Lockley  1984;  Riechert  &  Bishop  1990;  Wise
1993)  and  may  prove  to  be  useful  indicators
of  the  overall  species  richness  and  health  of
biotic  communities  (Kremen  et  al.  1993;  Col-
well  &  Coddington  1994;  Norris  1999).

Coddington  et  al.  (1991)  pioneered  the  de-
velopment  of  a  sampling  protocol  and  esti-
mation procedure for  rapid assessment of  spi-
der  diversity  at  tropical  forest  sites.  This  and
similar  protocols  can  be  structured  to  provide
replicated  data  sets  that  reflect  the  relative
abundance of  species in  the sites and habitats
studied and may therefore provide comparable
views  of  species  richness,  taxonomic  compo-
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sition, and guild structure across diverse com=
munities  and  regions  (Coddington  et  al.  1996;
Silva  &  Coddington  1996;  Dobyns  1997).
Colwell  &  Coddington  (1994)  reviewed  and
explored  the  performance  of  richness  estima-
tors  and  emphasized  the  need  to  test  these
with real data sets.

Balds,  natural  tree-less communities located
on  well-drained  high-elevation  sites  below  the
climatic  tree-line,  are  among  “the  most  dis-
tinctive  and  celebrated”  communities  of  the
southern  Appalachian  Mountains  (Whittaker
1956;  Mark  1958).  Despite  considerable  re-
search,  there  is  no  clear  understanding  of  the
factors  responsible  for  the  origin  and  mainte-
nance  of  these  communities  (Cain  1930;
Whittaker  1956;  Billings  &  Mark  1957;  Mark
1958;  Stratton  &  White  1982).  Grass  balds,
because  of  their  high  plant  species  richness,
asthetic  appeal,  and shrinking size (due to for-
est  encroachment),  are  currently  the  focus  of
special monitoring and management efforts by
resource  specialists  in  the  Great  Smoky
Mountains  National  Park  (GSMNP)  (Keith
Langdon  pers.  com.).  Heath  balds,  which  are
dense  thickets  of  evergreen  ericaceous  shrubs
on  highly  acidic  soil,  support  far  fewer  plant
species and a more homogeneous architecture
than  grass  balds,  but  attract  considerable  at-
tention  because  of  their  colorful  floral  dis-
plays.

In  the  current  study  we  employ  a  modified
Coddington  protocol  and  eleven  richness  es-
timator  algorithms  and  other  analytical  meth-
ods to provide the first estimates of the species
richness  and  structure  of  spider  assemblages
in  a  grass  bald  and  a  heath  bald.  Additionally,
we  use  these  data  sets  to  evaluate  the  perfor-
mance of the richness estimators.

METHODS

Study sites. — The two sites are 40 km apart
in  the  GSMNP.  Gregory  Bald,  the  grass  bald
site,  covers  a  very  gently  rounded  peak  (UTM
grid  coordinates:  E2400,  N39343)  and  ranges
from  1490-1510  m  elevation.  This  bald  cov-
ers about 3 hectares and contains 175 vascular
plant  species,  more than any other  bald in  the
GSMNP  (Stratton  &  White  1982).  It  consists
of  large  open  grassy  areas  interrupted  by
patches  of  shrubs  (up  to  2  m  tall)  and,  occa-
sionally  near  its  edge,  small  trees  (up  to  15  m
tall).  The  dominant  grasses  are  mountain  oats
(Danthonia  spp.)  and  blue  grasses  (Poa  spp.);

the  dominant  shrubs  are  blueberries  (Vaccin-
ium  spp.),  hawthorns  (Cretaegus  spp.)  and
azaleas {Rhododendron spp.). The ground sur-
face  is  covered  by  thin  mats  of  dead  grasses
and sedges in  grassy  areas  and a  thin  layer  of
leaf  litter  below the shrubs.

The  heath  bald  site  (UTM  grid  coordinates:
E2788,  N39460)  covers  0.5  hectares  at  1380-
1410  m  elevation  on  the  southeast-facing
slope  both  above  and  below a  50  m stretch  of
Alum  Cave  Trail  immediately  below  Inspira-
tion  Point  (which  is  on  a  ridge  extending
south  from  Peregrine  Peak).  Cain  (1930)
found  that  nearby  heath  balds  supported  only
12  plant  species.  The  heath  bald  at  this  site  is
a  homogeneous,  dense,  woody  mass  of  inter-
woven  ericaceous  shrubs  about  3-4  m  tall;
rhododendron  {Rhododendron  catawbiense)
and  mountain  laurel  {Kalmia  latifoUa)  domi-
nate;  Vaccinium,  Carolina  rhododendron  {R.
minus),  greenbriar  {Smilax),  and  sand  myrtle
{Leiophyllum  buxifolium)  are  also  present.
The  ground,  virtually  devoid  of  herbaceous
plants,  is  covered  by  a  thick  layer  of  leaf  litter
(interrupted in places by patches of short com-
pact  moss)  over  thick,  moist,  spongy  humus.

Data  collection* — Our  sampling  procedure
included five methods chosen to access all  mi-
crohabitats  in  these  two  communities:  aerial
hand  collection,  ground  hand  collection,  beat-
ing,  Tullgren  funnel  litter  extraction,  and
sweep-netting.  The  first  four  methods  were
used in the heath bald; sweep-netting was sub-
stituted  for  aerial  hand  collection  in  the  grass
bald  due  to  the  predominance  of  low  vegeta-
tion  in  that  community.  The  aerial  and ground
hand collection methods are  synonymous with
the  “looking  up”  and  “looking  down”  meth-
ods,  respectively,  of  Coddington  et  al.  (1991).
Aerial  sampling  involves  searching  leaves,
branches,  tree  trunks,  and  spaces  in  between,
from  knee  height  up  to  maximum  overhead
arm’s  reach.  Ground  collection  involves
searching  on  hands  and  knees,  exploring  the
leaf  litter,  logs,  rocks,  and  plants  that  are  be-
low  knee  level.  Beating  consists  of  striking
vegetation  at  any  level  with  aim  long  stick
and  catching  the  falling  spiders  on  a  tray  held
horizontally  below  the  vegetation.  Because
the dense maze of shrub branches throughout
the heath bald  and in  some parts  of  the grass
bald made it difficult to maneuver the standard
0.5 m^ beating sheet, we used instead a small-
er  (0.24  m^),  rigid,  rectangular  (57  X  42  cm)
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plastic  tray  with  a  1.5  cm  high  rim.  The  open-
ing  of  the  heavy  sweep  net  used  for  sweep-
netting  was  0.37  m  in  diameter;  at  225-425
sweeps  per  hour  (mean  =  327.5)  and  a  mean
sweep  length  of  1.4  m,  an  average  of  49  m^
of  habitat  volume  was  sampled  per  hour.  For
all  of  these  methods,  fingers,  glass  vials,  and
aspirators  were  used  to  collect  spiders  into
80%  ethanol.  Each  litter  sample  consisted  of
1 m^ of leaf litter and underlying loose humus
that  was  placed  in  a  plastic  bag,  transported
to  the  lab,  and  processed  in  50-60  cm  diam-
eter  Tullgren  funnels  fitted  with  6-8  mm mesh
screens  and  60  watt  light  bulbs  for  two-four
days  until  the  litter  was  dry.  In  grassy  areas
of the grass bald, where much of the litter was
interlocked  with  grass  and  low  herbs,  a  long
knife  was  used  to  cut  away  and  collect  thin
sections of sod.

Except  for  the  litter  samples,  time was  used
to partition sampling effort  into replicate  sam-
ples;  one  sample  unit  equals  one  hour  of  un-
interrupted  time  during  which  a  collector  at-
tempts to collect every spider encountered that
is  not  obviously  a  juvenile.  During  any  one
sampling hour each of the three collectors (the
authors)  used  only  one  method,  but  the  team
as  a  whole  employed  all  three  time-based
methods in  the same portion of  the  site.  Sam-
pling  effort  was  distributed  so  that,  in  each
sampling  season,  no  area  within  the  site  was
sampled more than once with  a  given method
and nearly all of the available habitat area was
sampled.  Because of  the density  and height  of
the  heath  vegetation,  the  area  sampled  per
hour was much smaller  in the heath bald than
in the grass bald. It should be noted that since
sweeping was substituted for aerial hand sam-
pling on the grass bald and since it  took more
time  and  effort  to  maneuver  in  the  heath
(which  biases  time-based  samples),  consider-
able  caution  must  be  exercised  when  making
between-community comparisons of the abun-
dance or  relative  abundance of  taxa.  In  partic-
ular,  these  differences  may  bias  Kulczynski’s
index  of  similarity  (see  below).  Night  sam-
pling  was  tried  (3  one-hour  samples  in  the
grass  bald),  but,  since  the  rate  of  capture  of
adults  was  so  low  (2.3  per  hour),  sampling
was  limited  to  daylight  hours.  Sampling  was
conducted  in  the  spring  and  fall  of  1995:  25-
26  May  and  23-24  September  in  the  heath
bald;  3-5  June  and  29  September-1  October
in  the  grass  bald.  Forty-  two  samples  (36  one-

hour  samples  distributed  equally  among  the
three  time-based  methods  and  six  litter  sam-
ples)  were  collected  at  each  site  in  each  sea-
son.  Although  many  juveniles  end  up  in  each
sample,  only  adults  were  counted,  identified,
and  used  in  analyses  because  identifying  ju-
veniles  to  species  is  often  impossible.  The
specimens,  which are being curated temporar-
ily  at  Western  Carolina  University,  will  even-
tually  be  deposited  in  the  National  Museum
of  Natural  History  of  the  Smithsonian  Insti-
tution.

Data  analysis.  —  The  computer  program
Estimates  (Version  5.0.1)  (Colwell  1997)  was
used  to  evaluate  the  performance  of  the  fol-
lowing 1 1 species richness estimators with our
data  sets:  Chao  &  Lee  1,  Chao  &  Lee  2,  ACE,
ICE,  Chao  1,  Chao  2,  first-order  jackknife,
second-order  jackknife,  bootstrap,  Michaelis-
Menten  runs,  and  Michaelis-Menten  means.
The  two  Michaelis-Menten  estimators  use  the
same  equation,  a  two-parameter  hyperbolic
function  first  used  to  describe  enzyme  kinet-
ics,  to  directly  extrapolate  the  species  accu-
mulation  curve,  but  they  differ  in  computa-
tional  format  (Colwell  &  Coddington  1994;
Colwell  1997).  The  other  nine  estimators  are
non-parametric  algorithms  which  estimate  the
number  of  species  yet-to-be-collected  based
on  a  quantification  of  rarity.  Chao  &  Lee  1,
Chao  &  Lee  2,  ACE,  and  ICE  are  coverage-
based richness  estimators  based on the  statis-
tical  concept  of  sample  coverage.  ACE  (abun-
dance-based  coverage  estimator)  (Chao  et  al.
1993)  and  ICE  (incidence-based  coverage  es-
timator)  (Lee  &  Chao  1994)  are  modified  ver-
sions  of  the  two  Chao  &  Lee  (1992)  estima-
tors,  which  have  been  found  to  consistently
overestimate  richness,  especially  with  small
samples  (Colwell  &  Coddington  1994;  Col-
well  1997).  Chao  &  Lee  1,  Chao  &  Lee  2,
ACE,  and  Chao  1  are  all  abundance-based  es-
timators;  that  is,  they use abundance to  quan-
tify  rarity  (for  example,  the  number  of  single-
tons and doubletons,  which are the number of
species  represented  by  only  one  or  two  indi-
viduals  in  the  entire  data  set).  ICE,  Chao  2,
both  jackknife  estimators,  and  the  bootstrap
estimator are incidence-based; they rely on in-
cidence  (presence/absence)  data  to  quantify
rarity  (for  example,  the  number  of  uniques
and  duplicates,  which  are  the  number  of  spe-
cies  found  in  only  one  or  two  samples  in  the
entire  data  set).  We  used  the  Coleman  curve.
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which  plots  the  expected  richness  for  random
subsamples of the entire data set, to determine
whether  the  samples  are  uniform  enough  to
justify  use  of  the  Michaelis-Menten  estimators
(Colwell  &  Coddington  1994;  Colwell  1997).

See  Colwell  &  Coddington  (1994),  Colwell
(1997),  and  Chazdon  et  al.  (1998)  for  descrip-
tions  and  discussions  of  these  estimator  al-
gorithms  and  for  a  demonstration  of  how
Estimates  tracks  changes  in  each  richness  es-
timate as samples accumulate. From a species-
by-sample  abundance  matrix,  the  program se-
lects  a  sample,  calculates  the  richness
estimates  based on that  sample,  selects  a  sec-
ond  sample,  recomputes  the  estimates  using
the  data  from  both  samples,  and  so  on  until
all  samples  are  included.  By  randomizing
sample  order  (we  chose  100  randomizations)
and computing the mean richness estimate for
each  sample  accumulation  level,  the  program
removes  the  effect  of  sample  order  and  gen-
erates a smoother species accumulation curve,
thereby  permitting  closer  comparison  of  esti-
mator performance. The fact that the Coleman
estimator  curve  was  nearly  identical  to  the
species  accumulation  curve  in  all  of  our  data
sets  indicates  that  our  samples  are  not  espe-
cially  heterogeneous,  and  that  randomization
of  sample  accumulation order  is  therefore  jus-
tified  (Colwell  &  Coddington  1994).  Using
the  same  randomization  protocol,  we  also
plotted  the  mean  number  of  singletons,
uniques,  doubletons,  and  duplicates  against
sample number.

Percentage  complementarity  (Colwell  &
Coddington  1994),  Kulczynski’s  index  of  sim-
ilarity  (also  called  the  Bray-Curtis  index)
(Bray  &  Curtis  1957),  and  Sorensen’s  index
of  similarity  (Kent  &  Coker  1992)  were  used
to  compare  the  taxonomic  composition  of  the
two  bald  communities.  Percentage  comple-
mentarity  =  100(x/y),  where  x  =  number  of
unique  species  (collected  in  only  one  com-
munity  or  the  other),  and  y  =  total  number  of
species  collected  in  both  communities  (com-
bined  species  richness).  Kulczynski’s  index  of
similarity  (K)  =  2w/(a  +  b),  where  a  =  num-
ber  of  individuals  collected  in  community  A,
b  =  number  of  individuals  collected  in  com-
munity  B,  and  w  =  sum  of  the  lesser  abun-
dances  for  those species  present  in  both com-
munities.  Sorensen’s  index  of  similarity  (S)  =
2e/(c  +  d),  where  c  =  number  of  species  col-
lected  in  community  A,  d  =  number  of  spe-

cies  collected  in  community  B,  and  e  =  num-
ber  of  species  common  to  both  communities.
Percentage  complementarity  is  a  measure  of
difference.  Kulczynski’s  index  is  a  measure  of
similarity and, because it uses abundance data,
emphasizes  the  importance  of  common  spe-
cies.  Sorensen’s  index,  also  a  measure  of  sim-
ilarity,  does  not  emphasize  the  importance  of
common species.

RESULTS

A  total  of  2426  adult  spiders  representing
22  fanrnlies,  89  genera,  and  128  species  was
present  in  the  168  samples  collected  in  this
study  (see  Table  1  for  breakdowns  by  com-
munity and season). The number of adults col-
lected  and  the  observed  richness  were  much
higher in the grass bald than in the heath and
were  higher  in  the  spring  than  in  the  fall  in
both  communities  (Table  2).  Sampling  inten-
sity,  the  ratio  of  adults  to  species,  was  higher
for  the grass bald than for  the heath bald (Ta-
ble  2).  The  inventory  completeness  index  (the
percentage  of  species  that  is  not  singletons),
another  indication  of  how  well  a  community
has  been  sampled,  was  slightly  lower  for  the
grass  bald  than  for  the  heath  bald  (Table  2).

Species  richness  estimates.  —  For  none  of
the  six  sample  sets  (the  total  sample  for  each
community  and  the  two  seasonal  subsets  for
each  community)  does  the  mean,  randomized,
observed species  accumulation  curve  reach  an
asymptote  (Figs.  1-6),  although  these  curves
for the three heath conununity data sets (Figs.
2,  5,  6)  appear  to  more  closely  approach  an
asymptote than do those of the corresponding
grass  bald  data  sets  (Figs.  1,  3,  4).  The  Mi-
chaelis-Menten,  ICE,  and  Chao  2  estimator
curves approach an asymptote more rapidly as
sample number increases than do the other es-
timator  curves  (Figs.  1-6).  In  all  six  data  sets,
the  Michaelis-Menten  estimate  appears  to  ap-
proach an asymptote more closely than do the
other  estimates.  The  second-order  jackknife
estimates  climb  more  steeply  for  every  data
set  than do the  first-order  jackknife  estimates.
The shape of the bootstrap estimator curve de-
parts  relatively  little  from  the  observed  spe-
cies  accumulation  curve.  As  predicted  by  Col-
well  (1997),  the  Michaelis-Menten  runs
estimator generated especially high and erratic
richness  estimates  early  in  the  curve.  Since
this  estimator  leveled  off  to  nearly  the  same
values  as  the  Michaelis-Menten  means,  only
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Table L — Species collected in bald communities; numbers of adults given for spring and fall sample
sets (42 samples per set). Classification follows Platnick (1997), except that linyphiids are divided into
subfamilies. Guild designations (based on our collecting data and literature): AW = aerial web-builder,
AH = aerial hunter, GW = ground web-builder (web in, or attached to, ground litter),  GH = ground
hunter; AG and GA mean, respectively, primarily aerial or primarily ground. Erigonine linyphiids and
leptonetids were assigned to web-building guilds even though for many of these species it is not known
whether webs are used in prey capture. Singleton status designations (based on identified GSMNP collec-
tions): C = common in GSMNP (in one or more other habitats), U = apparently uncommon in GSMNP.

Taxon
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Table 1. — Continued.

Taxon
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Table 1. — Continued.

Taxon
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Table 1. — Continued,

Table 2. — Richness estimates and other summary values for each bald community and for each seasonal
sample set from each community. Each richness estimate represents the mean (and, for some estimators,
the SD) for 100 randomizations of sample order. Sampling intensity is the ratio of individuals to species.
Inventory completeness is the percentage of species that are not singletons. Adjusted estimate range is the
range of all but the Chao & Lee richness estimate values divided by the observed number of species.



TOTI  ET  AL.—  SPIDER  ASSEMBLAGES  &  SPECIES  RICHNESS  ESTIMATORS 337

the curves of the latter estimator are presented
here.  Chao  1,  Chao  2,  and  ICE  estimator
curves  were  also  especially  erratic,  even  at
high  sample  numbers.  Because  the  two  Chao
and  Lee  estimators  gave  unrealistically  high
estimates  (Table  2),  their  curves  are  not  pre-
sented  in  Figs.  1-6.  Plots  of  singletons  and
uniques  rise  quickly,  level  off,  and  do  not  de-
cline. There are always more uniques than sin-
gletons.  Plots  of  doubletons  and  duplicates
rise  more  slowly,  level  off,  and,  in  some  data
sets  (grass  total  and  grass  fall),  begin  to  fall.

The richness estimates generated by the 1 1
estimators  varied  widely  (Table  2).  The  two
Chao  &  Lee  estimates  were  always  distinc-
tively  high  (especially  for  the  grass  bald).  The
bootstrap estimates were consistently the low-
est  of  the  remaining  nine  estimators,  and  the
second-order  jackknife  and,  occasionally,
Chao  1  produced  the  highest  estimates.  The
estimates of the other six estimators tended to
cluster  more  tightly  and  varied  in  rank  de-
pending  on  community  and  season.  The  rang-
es  spanned  by  these  six  estimates  (ACE,  ICE,
Chao  2,  first-order  jackknife,  and  Michaelis-
Menten  runs  and  means)  are  smaller  for  the
heath bald data sets than for the corresponding
grass bald sets.

These  six  richness  estimates  (106-160  for
the  grass  bald  and  68-90  for  the  heath)  and
the observed richness (9 1 and 60) indicate that
more  spider  species  live  in  the  grass  bald
community than in the heath bald community.
This  conclusion  is  also  supported  by  the  ob-
servation that the heath bald data set produced
a smaller adjusted estimate range (the ratio of
the  range  of  all  but  the  two  Chao  &  Lee  es-
timators  divided  by  the  observed  richness;  Ta-
ble  2),  which  suggests  that  the  heath  bald  in-
ventory  is  more  nearly  complete  than  is  the
grass  bald  inventory.  The  conclusion  is  further
reinforced  by  the  observation  that  the  ob-
served  species  accumulation  curves  for  the
grass bald data sets appear to be further from
reaching  an  asymptote  than  are  those  for  the
corresponding  heath  bald  data  sets  (Figs.  1-
6).  We found this  same pattern  when we plot-
ted species accumulation curves using number
of  specimens  for  the  independent  variable  in-
stead of number of samples; at an x-axis value
of  573  specimens  (the  total  number  found  in
the  heath  bald  sample  set),  the  grass  bald
curve  is  steeper  than  the  heath  bald  curve.
This  suggests  that  the  observed  difference  in

species  richness  between  the  two  spider  as-
sembalges is not a result of sampling bias due
to  reduced  sampling  maneuverability  in  the
heath bald.

Community  structure.  —  Values  of  the
complementarity  and  similarity  indices  (Table
3)  show  that  these  two  communities  differ
greatly  in  spider  species  composition;  only  23
species  were  common  to  both  communities.
Even  if  the  effect  of  “rare”  species  is  reduced
by  deleting,  before  computing  these  indices,
all  singleton  species  that  were  found  in  only
one  community,  the  index  values  still  indicate
a  large  (although  reduced)  difference  in  spe-
cies  composition.  In  addition,  there  is  a  con-
siderable,  although  smaller,  difference  be-
tween  spring  and  fall  samples  within  each
community  in  the  species  present  as  adults
(Table 3).

Both  assemblages  exhibit  the  commonly
encountered  skewed  frequency  distribution  of
few  common  species  and  many  rare  ones
(Williams  1964)  (Table  1).  In  the  grass  bald
only  7  of  the  91  observed  species  each  com-
prise  2%  or  more  of  the  adults  collected.  Of
these  7  “dominant”  species,  one  (Ceraticelus
alticeps,  an  erigonine  linyphiid)  is  superabun-
dant,  comprising  54%  of  all  adults  collected
at  the  site.  In  the  heath  bald  19  of  the  60  ob-
served  species  each  comprise  2%  or  more  of
the  adults  collected.  The  two  most  abundant
of  these  “dominants”,  ColUnsia  oxypaedero-
tipus  (an  erigonine  linyphiid)  and  Lepthy-
phantes  zebra  (a  linyphiine  linyphiid),  make
up  15%  and  14%  respectively  of  all  adults
collected.

In  both  communities,  linyphiids  were  far
more  common  than  any  other  family  in  terms
of  numbers  of  species  and  adults  (Table  4).
The  next  three  most  species-rich  families  in
the  grass  bald  (Salticidae,  Lycosidae,  and  Ar-
aneidae)  were  much  less  well  represented  in
the heath bald; the absence of lycosids and the
presence  of  only  one  araneid  species  in  the
heath  samples  are  particularly  noteworthy.
Very  small  juveniles  of  Araneus  orbweavers
(probably  A.  nordmanni)  were  common  in  the
heath;  we  saw  only  two  or  three  large  orb
webs,  but  did  not  find  their  owners.  Two  fam-
ilies  were  notably  more  species-rich  in  the
heath  samples  than  in  the  grass  bald:  Dictyn-
idae and Leptonetidae.

In  the  grass  bald,  the  percentages  of  aerial
(47)  and  ground-dwelling  (53)  species  are
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Figures 3-6. — Plots comparing the performance of eight estimators of species richness with the ob-
served species accumulation curve, using data from the four sets of spider samples. 3. Spring samples
from the grass bald; 4. Fall samples from the grass bald; 5. Spring samples from the heath bald; 6. Fall
samples from the heath bald. Scales, line symbols, variables, and computation protocols are the same as
for Figure 1.

Figures 1, 2. — Plots comparing the performance of eight estimators of species richness with the observed
species accumulation curve, using data from all 84 samples (spring and fall) of spiders from the grass
bald (Figure 1) and the heath bald (Figure 2). The species accumulation curve (S observed) plots the
observed number of species as a function of the number of pooled samples. The eight curves above the
species accumulation curve show the estimated species richness based on successively larger numbers of
samples. The estimators used are ACE, ICE, Chao 1, Chao 2, first-order jackknife (jackknife 1), second-
order jackknife (jackknife 2), bootstrap, and Michaelis-Menten means (MMMeans). All values were gen-
erated by Estimates, version 5.0.1 (Colwell 1997). The four curves at the bottom of the graph plot mean
numbers of singletons, doubletons, uniques, and duplicates as a function of cumulative number of samples.
For all 13 curves, each point is the mean of 100 values based on 100 randomizations of sample accu-
mulation order.
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Table 3. — Values of complementarity and similarity indices for the two communities and for the spring
and fall data sets of each community. See text for definitions of the indices. Index values in parentheses
were generated after deleting all singletons found in only one community.

about  equal,  and  the  ground  web-building
guild  is  the  most  species-rich  (35%  of  all  spe-
cies  present)  (Table  5).  In  the  heath  bald,  67%
of  the  species  are  ground-dwellers,  with  the
great  majority  of  these  (58.3%  of  all  species
present)  probably  being  ground  web-builders.
Pronounced  seasonal  changes  occurred  in  the
(adult)  guild  composition  of  the  grass  bald
community  but  not  in  the  heath  community
(Table  5).  The  number  of  aerial  web-builder
species  present  as  adults  increased  and  the
number  of  aerial  and  ground  hunter  species
present  as  adults  decreased  between  spring
and fall  in  the grass bald.

Collecting  methods:  taxonomic  charac-
terization  of  yields.  —  The  complementarity
matrices reveal — for both communities — gen-
erally  large  differences  among the  methods  in
the  taxonomic  composition  of  the  spider  sam-
ples  these  methods  yield  (Table  6).  The  small-
est  differences  are  those  between ground and
litter  samples,  beating  and  sweeping  samples,
and  beating  and  aerial  samples.  In  terms  of
number  of  species  per  sample,  it  appears  that
aerial  and  beating  methods  are  the  least  pro-
ductive  (Table  7).  Each  method  yielded  some
unique  species  not  collected  by  any  other
method;  aerial  hand  collecting  in  the  heath
yielded the smallest  number of  unique species
(Table  7).  From  33-60%  of  these  unique-to-
method species were singletons.

DISCUSSION
Species  richness  estimates.  —  The  best  way

to test the performance of species richness es-
timators  is  to  use  data  sets  from  a  site  where
the  actual  species  richness  is  known;  the  ger-
minating  seed  bank  data  set  used  by  Colwell
&  Coddington  (1994)  and  Butler  &  Chazdon
(1998)  essentially  meets  this  requirement.  Un-
fortunately, we cannot use this direct approach
to  evaluate  estimator  performance  because
none  of  our  observed  species  accumulation

curves  reached  an  asymptote;  evidently  we
have  not  collected  all  the  species  present  as
adults  at  either  site  during  the  seasons  when
we  sampled.  However,  we  can  employ  other
less  rigorous  (indirect)  ways  to  assess  esti-
mator  usefulness  — observing how rapidly  es-
timation  curves  approach  an  asymptote  as
sample  number  increases  (Colwell  &  Cod-
dington  1994;  Coddington  et  al.  1996;  Chaz-
don  et  al.  1998),  looking  for  a  consensus
among  a  majority  of  estimators  (Coddington
et  al.  1996),  and  comparing  the  estimator
curves  to  subjective  visual  extrapolations  of
the  possible  asymptotes  of  an  observed  spe-
cies  accumulation  curve.  A  good  estimator  1)
should  reach  (or  at  least  closely  approach)  a
stable  asymptote  with  fewer  samples  than  are
required  for  the  observed  species  accumula-
tion  curve  to  reach  an  asymptote,  2)  is  un-
likely  to  yield  estimates  that  differ  widely
from  those  of  all  other  estimators,  and  3)
should give estimates that are close to reason-
able  visual  extrapolations  of  the  asymptote  of
the  observed  species  accumulation  curve.

The  two  Chao  &  Lee  estimators  generated
unrealistically  large  estimates,  especially  so
with  the  grass  bald  data  sets.  Colwell  &  Cod-
dington (1994)  observed the same tendency of
these  two  estimators  to  overestimate  species
richness with a seed bank data set. The newer,
modified  coverage-based  estimators,  ACE  and
ICE,  the  latter  of  which  performed  especially
well  in  a  recent  study  by  Chazdon  et  al.
(1998),  generate  much  more  realistic  richness
estimates for our sample sets than do the Chao
&  Lee  estimators.  Although  the  rankings  of
richness values generated by all 1 1 estimators
vary somewhat among our data sets and from
study  to  study  (Coddington  et  al  1996;  Silva
&  Coddington  1996;  Dobyns  1997;  Chazdon
et  al.  1998),  the  relatively  tight  clustering  of
the  ACE,  ICE,  Chao  2,  first-order  jackknife,
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Table 4. — Percent (of community total) of species and adults collected in each family. Number of species
is in parentheses.

and  MichaeliS“Menten  estimator  values  sug-
gests  that  they are either  estimating the same
real  value  or  are  being  biased  in  the  same
manner.  When  we  apply  the  above-mentioned
three  criteria  of  a  potentially  good  estimator
to  the  performance  of  the  estimators  with  all
six  of  our  data  sets,  the  Michaelis-Menten  es-
timator  appears  to  perform  best.  ICE  and  ACE
also  perform  rather  well  but  do  not  approach
an  asymptote  as  quickly  as  the  Michaelis-
Menten  estimator.  Chao  2  and  the  first-order
jackknife  show  some  promise,  but  the  former
is sometimes quite unstable and neither close-
ly  approach  an  asymptote.  The  poor  perfor-
mance  of  the  bootstrap  estimator  on  our  data

sets  echos  the  findings  of  others  (Colwell  &
Coddington  1994;  Chazdon  et  al.  1998).  Al-
though  they  used  tropical  forest  seed,  seed-
ling, and sapling data sets that differed greatly
from  ours,  Colwell  &  Coddington  (1994),
Butler  &  Chazdon  (1998),  and  Chazdon  et  al.
(1998)  did  not  come  to  conclusions  that  were
radically  different  from  ours  about  the  perfor-
mance  of  these  richness  estimators.  However,
they  did  give  ICE  (Chazdon  et  al.  1998)  and
Chao  2  (Colwell  &  Coddington  1994;  Chaz-
don  et  al.  1998)  the  highest  overall  ratings.

The  failure  of  the  observed  species  accu-
mulation  curve  and  most  of  the  estimator
curves  to  reach  an  asymptote  with  our  data

Table 5. — Percentage of species in each guild for each community and for spring and fall samples from
each community. Any species in two guilds (see Table 1) was assigned to its primary guild.
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Table 6. — Percent complementarity of the samples collected by different methods. See text for definition
of percent complementarity. Number of sample units in parentheses.

Grass bald

sets is directly related to the fact that the num-
bers  of  singleton  and  unique  species  failed  to
decline  as  sample  size  increased  (Figs.  1-6).
Indeed,  the  relatively  steep  “final”  slopes  of
the  Chao  1,  Chao  2,  and  first-  and  second-
order  jackknife  curves  for  the  grass  bald  data
sets  (Figs.  1,  3,  4)  were  caused  by  this  failure
of  singletons and uniques to  decrease with  in-
creased  collecting  effort  while  doubletons
and,  to  a  lesser  degree,  duplicates  decreased.

Since rare species (especially  singletons and
uniques)  play  such  an  important  role  in  gen-
erating  most  of  these  estimates,  it  may  be  in-
structive  to  examine  the  ecological  and  taxo-
nomic  status  of  singletons  in  our  data  sets.
Most  of  the  singletons  in  each  community
(55% of  bald  and 63% of  heath singletons)  are
common  in  other  habitats  in  the  GSMNP,  and
most of  the rest appear to be common only in
regions  beyond  the  GSMNP  boundary  (Table
1).  Consequently,  many  of  these  species  may
not  be  permanent  (breeding  year  after  year)

members of these bald communities. However,
it  is  also  possible  that  some  or  many  of  these
singletons may be temporal singletons, artifacts
of  temporally  patchy  sampling;  we  will  not
know  without  collecting  early  spring,  summer,
and late fall samples of adults from these balds.
For those famihes represented by five or more
species in either or both bald communities, the
percentage of that family’s species that are sin-
gletons  ranges  from  22-67%:  Araneidae
(22%),  Linyphiidae  (28%),  Amaurobiidae
(29%),  Clubionidae  (40%),  Salticidae  (50%),
Thomisidae  (50%),  Theridiidae  (55%),  Dictyn-
idae  (60%),  Lycosidae  (67%).  Why  lycosid
species should more often be rarer than araneid
or linyphiid species in these habitats, especially
in  the  meadow-like  grass  bald,  is  not  obvious.
Sampling  bias  is  not  a  likely  explanation,  be-
cause our ground and litter sampling methods
collect  large  numbers  of  lycosid  individuals
and/or  species  in  some  other  non-forest  and
forest  communities  in  the  GSMNP.

Table 7. — Comparison of total number of species and number of unique species (here defined as species
collected by only one method) sampled by each method in each community. Number of samples in
parentheses after each method heading. The number of unique species which are singletons is given in
parentheses after the number of unique species.

Grass bald

No. of species
No. of species per sample
No. of unique species

Heath bald

No. of species
No. of species per sample
No. of unique species

Beating (24)
27

1.1
7 (4)

Beating (24)
23

1.0
9 (4)

Sweeping (24)
44

1.8
20 ( 11 )

Aerial (24)
14
0.6

4 (2)

Ground (24)
45

1.9
15 (9)

Ground (24)
38

1.6
18 (6)

Litter (12)
32

2.7
11 (5)

Litter (12)
27

2.3
7 (3)
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As  in  similar  inventories  of  spider  assem-
blages  (Coddington  et  aL  1996;  Dobyns
1997),  it  is  difficult  to  judge  from  these  data
sets and estimates the true species richness at
either  study  site,  primarily  because  we  iden-
tified  and  counted  only  adults  and  therefore
do  not  know  how  many  resident  species  pop-
ulations  consisted  only  of  juveniles  during  the
two  brief  sampling  periods  at  each  site.  The
diversity  of  phenologies  in  a  typical  spider
community  is  so  great  (Toft  1976)  that  it  may
be difficult  or impossible to estimate true rich-
ness  until  sampling  bouts  for  adults  are  dis-
tributed  more  evenly  throughout  the  annual
cycle  of  seasons  or  juveniles  are  identified  to
species.  This  is  demonstrated  by  the  differ-
ences  in  species  richness  (observed  and  esti-
mated)  and  species  composition  between
spring  and  fall  samples  at  each  of  our  bald
sites.  Accurate  estimation  of  true  richness
from  snapshot  sampling  may  only  be  feasible
where  spider  faunas  are  extremely  well
known,  because  it  will  require  either  accurate
sampling  and  identification  of  all  age  classes
or  the  use  of  estimator  formulas  derived  in
part  from  extensive  knowledge  of  the  life  cy-
cle  patterns  of  relevant  spider  assemblages.  It
is  possible  that  late  spring  and  early  fall  are
the two best times to inventory spiders in tem-
perate  communities,  and  that  two  such  sam-
ples  will  prove  adequate  for  estimating  spe-
cies richness, but these possibilities need to be
tested by year-round sampling.

One  goal  of  species  richness  inventories
should  be  to  help  predict  how  many  samples
are  required  for  a  complete  (observed  species
accumulation  curve  reaches  asymptote)  or  ad-
equate (accurate estimate of true richness) sur-
vey.  Indices  like  sampling  intensity  or  inven-
tory  completeness  may  be  useful.  Our  results
indicate  that  one  drawback  of  the  sampling
intensity index is that a superabundant species
(like  Ceraticelus  alticeps  in  the  grass  bald)
can  inflate  the  index;  even  though  our  sam-
pling  intensity  at  the  grass  bald  was  20.4,  the
species  accumulation  curve  generated for  that
site  was  not  as  close  to  its  asymptote  as  was
the  curve  for  the  heath  bald,  which  had  a
much  lower  sampling  intensity  (9.6).  Exclud-
ing species with abundances of more than 100
or  200  would  be  a  way  to  avoid  such  inflated
sampling  intensity  values.  As  noted  by  Cod-
dington  et  al.  (1996),  the  rough  estimate  by
Coddington  et  al.  (1991)  that  a  sampling  in-

tensity  of  10  should  be  adequate  for  an  ac-
curate  survey  is  low,  at  least  for  some  spider
assemblages.  The  inventory  completeness  in-
dices  for  our  two  fall  data  sets  (71,  67)  are
comparable  to  that  for  the  Ellicott  Rock  forest
fall  data  set  (71)  (Coddington  et  al.  1996).
While  the  latter  data  set  consisted  of  three
times  as  many  samples  as  either  of  our  fall
data sets, it  also contained over twice as many
species.  The  similar  slopes  of  the  observed
species accumulation curves for the forest and
both  fall  bald  data  sets  suggest  that  all  three
inventories  may  have  reached  roughly  the
same degree of completeness.

It  is  clear  that  more  sampling  is  needed  at
both  bald  sites  to  determine  whether  any  of
these  estimators  can  provide  meaningful  esti-
mates  of  the  species  richness  of  these  spider
assemblages.  However,  a  few  results  suggest
that  our  heath  bald  inventory  is  more  nearly
complete than the grass bald inventory, in spite
of roughly equal sampling effort; the heath data
set  yields  1)  observed  and  estimated  richness
curves  that  are  more  closely  approaching  an
asymptote,  2)  smaller  gaps  between  observed
and estimated richness curves, and 3) a smaller
interval  between  the  lowest  and  highest  rich-
ness estimates.  This last  result  is  expressed by
the  adjusted  estimate  range  (Table  2),  which
may  be  a  useful  indicator  of  inventory  com-
pleteness. The intensity and seasonal frequency
of  sampling  needed  to  generate  samples  of
adult spiders that may yield useful estimates of
species  richness  will  only  be  deterimined  by
analysis  of  data  from  concerted  year-round
sampling effort at a particular site and will cer-
tainly  differ  from  region  to  region  and  habitat
to habitat.

Community  structure.  —  The  large  differ-
ences  between  these  two  bald  spider  assem-
blages  in  both  taxon  and  guild  composition
are  not  surprising  considering  the  big  differ-
ences  in  community  physiognomy  and  plant
species  composition.  The  grass  bald  contains
large patches of low grass and herb-dominated
meadow  habitat  not  found  in  the  heath  bald;
the  impact  of  this  difference  in  the  plant  com-
ponent of the communities on the spider com-
ponent  is  demonstrated  by  the  observation
that  19  (26%)  of  the  76  grass  bald  spider  spe-
cies  found  elsewhere  in  the  GSMNP  are  found
only in non-forested meadow habitats whereas
in the heath bald this is  true for only one (2%)
of  54  species.  The  fact  that  many  of  these
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meadow species  are  salticids,  lycosids,  and ar-
aneids helps explain the much better represen-
tation of these three families in the grass bald.
We  suggest  that  the  very  low  richness  and
abundance  of  adult  orb  weavers  in  the  heath
bald,  in  spite  of  moderate  numbers  of  very
young  juveniles,  may  be  due  to  a  paucity  of
flying  insects,  which  we  noticed  while  sam-
pling  in  the  heath.  Perhaps  juvenile  orb  weav-
ers  colonize  the  heath  from  adjacent  habitats
but  find  survival  difficult.  The  striking  domi-
nance  of  ground-dwelling  guilds,  and  espe-
cially  the  ground  web-builders,  in  the  heath
bald  may be due in  part  to  a  litter  and humus
layer  that  is  thick  and  well-shaded  (and  there-
fore  probably  relatively  stable  microclimati-
cally)  and  to  the  low  diversity  and  abundance
of  herbivorous  insects  supported  by  the  rela-
tively  unpalatable  ericaceous  foliage.  Other
studies  demonstrate  the  positive  correlation
between  litter  depth,  litter  nficroclimate  sta-
bility,  and  ground  spider  species  richness
(Uetz  1979;  Coyle  1981).  Furthermore,  while
sampling  spiders,  we  observed  a  high  density
of  detritivore  arthropods  in  this  heath  litter.
Perhaps  the  diterpene  antifeedents  and  insec-
ticides  that  make  ericaceous  leaves  unpalat-
able  to  many  herbivores  (Rosenthal  &  Janzen
1979;  Klocke  et  al.  1991;  Harbome  1993)  are
leached  out  of  the  litter  or  reabsorbed  by  the
plant  before  leaf  abscission.

For  the  reasons  given  earlier  in  the  Results
section,  we  feel  confident  that  the  differences
between  the  two  sample  sets  in  observed  (91
v.y.  60)  and  estimated  (106-160  vs.  68-90)
species  richness  mean that  the  grass  bald  spi-
der assemblage is significantly richer than that
of  the  heath  bald.  The much higher  plant  spe-
cies  richness  and  much  more  varied  physiog-
nomy  (patches  of  meadow  and  shrubs,  and
scattered  trees)  of  the  grass  bald,  the  domi-
nance  of  relatively  unpalatable  foliage  in  the
heath bald, and the greater diversity and abun-
dance of herbivorous insects in the grass bald,
are  likely  to  be  important  (and  interrelated)
causes of this marked difference in spider spe-
cies richness.

The  apparent  temporal  shift  in  taxononfic
and  guild  structure  from  spring  to  fall  within
each  of  these  two  spider  assemblages  is,  of
course,  an artifact  of  our  ignorance of  juvenile
spiders.  The  distinct  differences  in  the  life  cy-
cles  and  adult  phenologies  within  an  assem-
blage  of  spider  species  (Toft  1976)  guarantees

that  adult-only  samples  taken  in  one  season
will  be  different  taxonomically  from  those
taken  from  the  same  site  at  another  season.
The  increase  in  aerial  web-builders  and  the
equally  marked decrease in  hunting guilds  be-
tween  spring  and  fall  (adult)  samples  at  the
grass  bald  are  consistent  with  the  tendency  of
most north temperate araneids to be late sum-
mer and fall  breeders and most north temper-
ate  hunting  guild  taxa  to  breed  in  the  spring
and  early  summer  (Toft  1976;  Gertsch  1979).

Collecting  methods.  —  Longino  &  Colwell
(1997)  stressed  the  importance  of  using  sam-
pling methods that collect complementary sets
of  species.  The  large  differences  among  our
five  collecting  methods  in  the  taxonomic  com-
position of the samples these methods yielded,
as  well  as  the  fact  that  even  the  least  produc-
tive  method  (aerial  hand  sampling)  collected
four species not collected by any other method
in  the  heath  bald,  justify  their  continued  use
in  future  sampling  in  these  habitats.  The  very
high  productivity  and  distinctiveness  of  the
sweep samples suggests that we were justified
in  substituting  this  method  for  aerial  hand
sampling in the grass bald. Such a substitution
in  the  heath  bald  would  not  be  appropriate;
the  physiognomy  of  the  heath  bald  makes
sweeping  very  difficult  and  is  such  that
sweeping  would  probably  sample  the  same
taxa that beating does.
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