
Extrapolating Species 
geographical range: the steeper the slope, the 
sparser the distribution. The slope aud height 
(the intercept at an arbitrary baseline scale of, 

Abundance Across Spatial Scales for example, 1 krn') of a h e a r  scale-area 
curve should encapsulate specles abundance 

William E. Kunin 
information across a broad range of spatial 
scales, providing a scale-independent de- 
scrlptlon of abundance 

The analysis, measurement, and management o f  species abundance is central The fact that man] abundance ineasuies 
t o  ecology and conservation blology, but  ~t has proved diff icult t o  f ind a single can be captured on g r ~ d  maps has a second 
Index that  adequately reflects the  commonness o r  rar l ty o f  species across a ~mpoitant ~ m p l ~ c a t ~ o n  the challenge of con- 
range o f  spatial scales. Here, a scale-independent measure o f  species abundance r erilng bet\? een d~ffeieiit abundance mea- 
is developed, uslng presence-absence maps a t  varying spatial resolutions. By suies can be reduced to the simplei issue of 
extrapolating such "scale-area" curves, species abundance can be estimated translatliig piesence-absence inaps acioss 
accurately even a t  scales finer than those used t o  parameterize the  model, a scales Translat~ons fio~il  fine-scale maps to 
task tha t  had previously been deemed ~ m p o s s ~ b l e  in pr~nciple. coaiser scales are s~mple, anq coarse-scale 

g r ~ d  cell coiltalnlilg at least one occup~ed cell 
The measurement of the abundance or raiity tool The area deemed to be occupied on such on the finer scale 1s deemed to be occup~ed 4 
of specles 1s a central problem facing the maps (the total area of all occupled cells at coarse-scale map, liouever, conta~ns less in- 
study and management of b~odlverslty ( I )  scale I, n hich I nil1 abbreviate A,) can s e n e  formation than a fine-scale map of the same 
Rarlt] is complex and multidimensional, spe- as the required common curlency for abun- aiea, arld so precise maps at fine iesolut~ons 
cies dlffer in the density of their local popu- dance measures Thls allorts ~nformat~on cannot be geneiated frorn coaise-scale mfoi- 
lations, in the ubiqu~t] of the11 populat~ons from a u ~ d e  range of spatla1 scales to be rnatlon alone Nonetheless, scale-aiea curl es 
acioss a landscape, in the geographical ranges comb~ned bq plottrng 4\ as a fi~nctioii of the can be used to estimate some atti~butes of 
acioss uhlch they are d~str~buted, and in scale of the analysis (the area of each cell, 1) fine-scale dlsti~butlons fiom coarse-scale 
manq othei respects (2) Thls has lead to a on logarlthmlc axes (for example. F I ~  1A) data 
plethoia of terms and ~ n d ~ c e s .  I mill use the Such "scale-area" curves ale qu~te  similar to To do so, some foim of crude scale-aiea 
term '.abundancen for the commonness or the logar~thmic plots used In fractal anal] ses cuir e must be geneiated frorn the ar allable 
iarit] of specles as ineasuied b] an] such of species drstributions (9, indeed, nhere data A i-udimentai> scale-aiea cune  can be 
~ndex The varlous aspects of abundance are dlstr~butions are approximately fractal, scale- constructed us~ng data froin as f e ~ i  as tuo  
often coilelated u ~ t l i  one another (1 3), but area curves should be approx~mately h e a r ,  scales of analys~s, oi even fiom a single 
the] are not inteichangeable, making ~t diffi- uith a slope of 1 - D, 2 [uhere D, 1s the distr~but~on map at an arb~traiy scale of res- 
cult to compare rnfoinlatron gatheied in d ~ f -  "box-counting" d~mension of the distribution olution, because a coarse1 scale map can eas- 
ferent u a l s  or to select appropriate conser- (6)] Just as the fractal d~mension measures 114 be draun frorn it The resulting scale-area 
vation prrorlties A method for translating the propensit] of a pattern to fill space, the curves can then be extrapolated donn to finer 
abundance lnfonnat~on bet~ieen dlffeient slope of a scale.area curle measures the de- scales, allo\+lng abundance to be predicted at 
measures 1s badlq needed glee to nhlch a spec~es' population fills ~ t s  scales finer than those used to geneiate the 

To attempt such a translat~on, the varrous 
lndrces must fiist be reduced to a common 
currencq Thrs can be achlered uslng a com- A 
monlq al ailable del ice the distrrbutional - 
"dotmap," ~n nhich all kno\+n occurrences of 
a specles ale plotted on a geographical grld Y ; 10,000 
Existing maps of this tlpe r aiy great11 In 
their spatlal resolut~on, reflecting d~ffereilces 
In surr el  area, data a l a ~ l a b ~ l ~ t y ,  and printing I 10 km (I 0' m2) I km (1 o6 m2) 

qualit] (4) Yet these aib~traiy d~fferences I 1 
can prore lmpoi-tant maps of diffeient spatlal 2 
resolutions ieflect diffeient aspects of abun- a 
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tlemelq fine gildi could ere11 be to Lath~rur~a~Onlca  Lath~ru5 data are e&F -L-- Qulnn, Glad~olus data at coarse resolutions ( 2 5 0  m) --A --I 
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prediction. I have tested this technique b y  
examining distributional data for 7 3  species 
o f  scarce Britlsh plants for whlch distllbu- 
tlonal data have been published at 10 km b y  
10 k m  (100 k m 2 )  and 2 lun  b y  2 lun ( 4  Ian2) 
scales (7).  Hom accurately can the fillel scale 
abundance \ d u e s  b e  predicted from the 
coarser scale data alone? 

I base m y  analyses 011 published 100 k m 2  
("moderate") resolution maps. from which 
2500 k m 2  ("coarse") resolution maps were 
generated b y  superimposing a 50 km b y  50 
Ian grid. These defined a scale-area line 
which was then extrapolated to predict abun- 
dance for each species at a 4 lun2 ("fine") 
scale o f  analysis (8) .  the resulting predictions 
were than compared t o  published ("ob- 
served") figures for each species The ie  a as a 
tlght relationship between predicted and ob- 
s e n e d  abundance (Fig. 2 ;  least squared re- 
gresslon: observed = 0.51 - 0.866 " predict- 
ed: F = 379.96, R 2  = 0.840). but ~t did not 
col-respond l e r y  closely to the predicted 1.1 
relationship [regression versus prediction: 
F = 50.74, P < 0 0001; fractlon o f  variance 
explained b y  the predicted line = 0.617 (9)]. 
T h e  observed \lalues were generally lower 
than expected; only 13 o f  the 7 3  obser\led 
values are at or above the predicted value 
(binomial probability = 2.3 1 X lo-'). Thus ,  
the scale-area curves tended t o  increase i n  
slope slightly at finer scales, suggesting ei- 
ther that there was systematic undersampling 
( b y  about 25%) at fine scale, or else that the 
distributions o f  the plants studied were not 
precisely fractal over the scales considered. 
Species differed consistently in the slopes o f  
their scale-area curves across scales: species 
with relati\ ely  steep slopes between moder- 
ate and coarse scales also displayed steep 
slopes between fine and moderate scales (col-  
lelation r = 0 681,  P = 3.41 X lo-"). 

I f  plant distilbutions do not appeal to b e  
stllctly fractal, they  nonetheless seem to de- 
part f i o m  the predicted linear pattern 111 a 

characteristic fashion. W i t h  the accum~~latioi l  
o f  large datasets, it inay become possible to 
develop statistical expectatioils as t o  the 
shape o f  scale-area cunres.  T o  test the notion; 
I divided the dataset i n  half and perfolmed a 
linear regression o n  one subset ( o f  37 spe- 
cies) t o  est i~nate the area occupied at fine 
scale as a function o f  moderate- and coarse- 
scale areas. Th is  relationship was then used t o  
predict fine-scale abundance i n  the second 
subset ( o f  36 species). T h e  initial subsample 
produced a highly significant regression 
model [log (A , )  = --1.044 ' 1.598 * log (A,,,) 
- 0.613 * log(Ac);  R2  = 0.81 11. This  model 
proved an accurate predictor o f  actual 4 hn2 
occupailcy i n  the remaiiliilg species subset 
(fraction o f  variance explained b y  the predic- 
t ion = 0.862). 

T h e  illclusioil o f  coarse-scale data i n  this 
model sigllificantly improves its predictive 
power; i f  predictions are made on the basis o f  
moderate (100 km')  scale data alone, the 
fraction o f  the variance explained drops t o  
0.701-more than doubling the unexplained 
variation. More generally, the predictive 
power o f  the various approaches can be com-  
pared b y  a series o f  "leave-one-out" regres- 
sions; i n  which the fine-scale value for each 
species ill the dataset is estimated using a 
regression based o n  all o f  the other species. 
T h e  coarse-scale factor maltes a significant 
contributioll to these predictions ( t  = -7.9, 
P < 0.00001); its iilclusion drops the cross- 
validated mean-squared error o f  the predic- 
tions from 0.112 (wi th  moderate-scale infor- 

matioil alone) t o  0.059. T h e  mean-squared 
enor  o f  the original (linear extrapolation) 
predictions is worse, at 0.149, but m u c h  o f  
this is due t o  the apparent bias; removing this, 
the remaining variance is only 0.071; which 
is uot m u c h  worse than that o f  the fill1 regres- 
sion model (0.065). 

In both the original (linear extrapolation) 
allalysis and the later (regression-based) one, 
the predicted e f fec t  o f  coarse-scale (2500 
k m 2 )  abundance on fine-scale (4  k m 2 )  abun- 
dance was negative once the positive e f fec t  o f  
moderate-scale (100  lun2)  values was ac- 
counted for. This  occurs despite the fact that 
the area occupied o n  fine- and coarse-scale 
grids are positively correlated ( I .  = 0.336).  
T h e  negative relationship is a consequence o f  
illterspecific differences in scale-area curve 
slopes; i f  tn70 species have comparable abun- 
dance levels at some moderate spatial scale; 
the one wi th  the steeper scale-area curve 
should have both a higher coarse-scale abun- 
dance and a lower fine-scale value than its 
fellow. This  is precisely what occul-red; o f  21 
species pairs i n  the dataset wi th  identical or 
siinilar (within 2%) 100 lun2 scale abundance 
values, the species with the higher coarse- 
scale abullda~lce had the lower fine-scale 
abundailce in 18 cases (one-tailed binomial 
probability = 0.000745). T h e  three excep- 
tions were species with relatively similar 
coarse-scale values; indeed, the more dissim- 
ilar a pair's abundances were at the coarse 
scale, the more dissimilar ( i n  the opposite 
direction) they tended to be at fine scales (i. = 

Predicted area (km2) 

Fig. 2. Predicted and observed abundance of 
scarce British plant species, expressed as area 
occupied a t  a 4-km2 scale o f  analysis. Predic- 
tions are based on  linear extrapolation of rudi- 
mentary scale-area curves derived f rom data at 
a resolution of 100 and 2500 km2. The diagonal 
line corresponds t o  observed = predicted. 

Fig. 3. British distributions o f  t w o  plant species: (A) C 
Vulpia unilateralis and (B) Pulmonaria longifolia at 
100-km2 resolution [from (7 ) ,  adapted and repro- 100000 - 

duced w i th  permission]. Only post-1970 records are 
N; 

shown. (C)  The contrasting aggregation patterns o f  6 loooo - 

the t w o  species are reflected in  the slopes of their ; 
scale-area curves, w i th  triangles and dashed lines ,E 
representing V. unilateralis and circles and solid lines 2 l o o O  

- 

representing P. longifolia. Note that  even though 
the t w o  species are equally common at the moder- 
ate resolution shown here, they differ markedly at a 
other scales. Extrapolating the scale-area curves 
suggests that  P. longifolia h a y  be very much corn- 1 0  I 1 1 0  TOO ~ O O O I O O O O  
moner than V, unilateralis at st i l l  finer scales. 

Scale (km2) 
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-0.574, P = 0.00655). The point call be 
explessed In less abstract terms where occu- 
pled cells at a coarse scale occur 111 dense 
clusters; each cell is likely to include a rela- 
tively large number of populations or occur- 
rences at finer scales. but where coarse-scale 
cells are sparsely scattered, each IS likely to 
contaln only one 01 a \esy few finer scale 
records (Fig. 3) 

Scale-area curves may provide a useful 
descriptive and predictive tool in the study 
and managenlent of species abundance. Cur- 
rent consewation prioritization schemes often 
rely on arbitrary scales of analysis; British 
red data lists, for example; are based on 
abundance mea'sured at a 100-lun2 scale; but 
the ranking of species could be quite different 
if they were analyzed at a different scale (10). 
The use of scale-area curves (or parameters 
fit to them) would allow more robust priorl- 
tization and would permit explicit consider- 
ation of different f o ~ m s  of rarity (2) in con- 
sen  atloll decision-making Furthermore, if 
the patterns documented here hold across a 
wlder range of species and scales, it may be 
possible to extrapolate these curves to esti- 
mate abundance at scales that would other- 
wise be difficult or impossible to study. 
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Conversion of Neuronal Growth 
Cone Responses from Repulsion 

to  Attraction by Cyclic 
Nucleotides 

blong-jun Song," Cuo-Li Ming," Zhigang He,* Maxime Lehmann, 
Lisa McKerracher, Marc Tessier-Lavigne, Mu-ming Poo'r 

Nerve growth is regulated by attractive and repulsive factors in the nervous 
system. Microscopic gradients of Collapsin-IISemaphorin IIIID (Sema Ill) and 
myelin-associated glycoprotein trigger repulsive turning responses by growth 
cones of cultured Xenopus spinal neurons; the repulsion can be converted to 
attraction by pharmacological activation of the guanosine 3',5'-monophos- 
phate (cGMP) and adenosine 3',5'-monophosphate signaling pathways, respec- 
tively. Sema Ill also causes the collapse of cultured rat sensory growth cones, 
which can be inhibited by activation of the cGMP pathway. Thus cyclic nucle- 
otides can regulate growth cone behaviors and may be targets for designing 
treatments to alleviate the inhibition of nerve regeneration by repulsive factors. 

The development of specific connections be- 
tween neurons and their targets is determined 
in part by selective pathway choices made by 
growing axons. which are directed by guid- 
ance factors present in the embsyo (1). These 
factors may exei-t either attractive or repul- 
sive action on the extension of axonal growth 
cones (1, 2). There is evidence that attractive 
and repulsive responses might be mechanis- 
tically related. Attractive responses to netrins. 
mediated by the DCCiLKC-40 family of pro- 
teins, can be converted to repulsion by coex- 
pression of proteins of the LKC-5 family (3). 

In addition, attractive effects of brain-derived 
neurotrophic factor (BDiiF) and netrin-1 on 
Xenopt~s spinal neurites in culture can be 
converted to repulsion by inhibition of pro- 
tein kinase A activity (4, 5). That a conver- 
sion (rather than an inhibition) of the re- 
sponse can occur suggests that some of the 
same cytoplasmic components may be used 
for both attractive and repulsive responses. 
This also raised the question of whether the 
action of repulsive factors can be converted 
to attraction. 

Collapsin-l/semaphorin IIIiD (Sema 111), 
a diffusible member of the semaphorin fam- 
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