
Requirement of Drosophila N FI for Activation of s y n t h o ~ s  through G Frotem-couplei~ recep- 
tors in  vertcl~ratcs (1 L?)] inc1uces a 122-folc1 

Adenylyl Cyclase by PACAPS8-Like enl~ancement  of K+  c u r r c ~ ~ t s  by coactivat- 

Neuropeptides 111y both Rut-adenylyl cyclase-CAMP and 
Ras-Raf limase path\vavs (9) .  Muta t~ons  In 

Hui-Fu Guo, lnge The, Frances Hannan, Andre Bernards, the  I 11t ( q ) ,  RCLS (1 1 ), or 1~1J (1  2 )  1 0 ~ 1  e l m -  
Inate the  ~eaponsc to PACAP38 (9)  Actl-  

Yi Zhong* vatlon of both cAqhlP and Ra.-Raf Iyathn a.ia 
together, but not alone, mimics the  

The human neurofibromatosis type 1 (NFl) tumor suppressor protein functions as a PACAP38 response (9 ) .  T h e  involvement 
Ras-specific guanosine triphosphatase-activating protein; but the identity of Ras- of Ras in the PACAP38 response led us to 
mediated pathways modulated by NFl remains unknown. A study of Drosophila NF1 investigate the  effect of N F l  m ~ ~ t a t i o ~ l s  in 
mutants revealed that NFI is essential for the cellular response to the neuropeptide Drosopldla. 
PACAP38 (pituitary adenylyl cyclase-activating polypeptide) at the neuromuscular junc- PACAP31-inducccl responses ivcre re- 
tion. The peptide induced a 100-fold enhancement of potassium currents by activating corded by the  t\vo-microelectrode voltagc- 
the Ras-Raf and adenylyl cyclase-adenosine 3',5'-monophosphate (CAMP) pathways. claml: method from body ivall muscle flhers 
This response was eliminated in NF1 mutants. NFl  appears to regulate the rutabaga- of larvae a t  the third Illstar ( 9 ,  19, 13,  14).  
encoded adenylyl cyclase rather than the Ras-Raf pathway. Moreover; the NFl  defect Perfusion of PACAP38 to the  neuromuscu- 
was rescued by the exposure of cells to pharmacological treatment that increased lar j u n c t i o ~ ~  induced a n  inn-arc1 current fo1- 
concentrations of CAMP. land by a 122-fold e l ~ h a ~ ~ c e ~ n e l l t  of KT 

currents in  lv~ld-type larvae (8, 9 )  (Fig. 1,  ii 
and B).  In  NF1" and S F I "  mutants, the  
inn.ard current rcmainc~l mostly intact (Fig. 

M u t a t i o n s  in the  human NF1 qene lead to the ncuropcptidc pituitarv aden)-lvl cyclase- 1 A) ,  hut the  enhancement of K' currents 
a colnmoll genetlc disorder that IS ~dentified actlvatlnq polyl'ertlde (Pi lCAP31)  IS ellm- ivas ah~ilished (Fig. 1,  B and C ) .  Because the  
hy benign tumors of the  perlrheral nerl-es, i l~ated 111 these t\vo mutant alleles. inward current is not affected in S F 1  mu- 
l ~ y ~ e r ~ ~ i g m c ~ ~ t a t ~ o n ,  n.111te matter l e s ~ o l ~ s  in PACAP38 [nhich b c l o ~ ~ g s  to the  vaso- tants, ~t appears that PACAP38 receptors 
the brain, lcarn111g disabilities, ancl lnany active ~ n t e s t ~ n a l  ~~olyl:cy?t1dc-secreti1l-g1~1- are normally activated by the  reCtiiie in  
other manifestations (1 ,  2 ) .  T h e  S F 1  pro- cagon peptide family and stimulates CALIF' these mutants. 
tein, \ \ -h~ch  col~ta ins  a fragment s ~ r n ~ l a r  to 
the  guanoslne triPhosphatase (GTPase)-as- A PACAP38 
t ivat~ilg p r o t e ~ n  fc~r Ras (Ras-GAP), stlmu- - -;:I control 

latcs the  intrinsic activity of Ras-GTPase NFIp2 30 

and therefore inhlhits biological activation 
c > f  Ras (3) .  Ho~vever,  S F 1  may not  act 2 I00 - - 
solely to requlatc Ras but may also f u n c t ~ o n  NF1P2 50 " 15-  

as a n  effector that mediates s ig~~a l ing  Im- 
WT NFI': NF1P' 13ortant for differentiat~on [for a revie\\., see 

(1 )]. Our  study of D~osophtla NF1 lnutallts 
indicates that the activat~on of rzitabngc~ 
( r l i t ) - c~~co~led  aclenylyl c;-clase (4 ,  5) 
through hcterotrimer~c guanine nuclcot~de- 
b~nd ing  protell1 (G protein)-coul?led reccp- 
tors is regulated hy NF1. 

The  Drosophilic homolog of NF1 1s 62"u 
  den tical to the human NF1 y r o t c i ~ ~ ,  neuro- 
f~bromin,  over its entire 2822-amino acid 
length (6). iilthough 11omo;yqous loss of the 
S f1  yene 111 mice 1s lethal (7), t\vo \.iahle 
Drosophtla 11~111 lnutatlons of KF1 (hlFl  
and S F 1  ") have b c c l ~  generated. N o  S F 1  
was detected by 13rotcin immunoblotting in 
these two rnutants ( 6 ) .  S F 1  '! is a small 
de le t~on  that includes the N F l  locus and at 
least two adjacent genes, allJ KF1" is a 
P-element Inscrtlon (6).  blodulatlon of \.olt- 
age-activated Kt currents (8, 9 )  induced by 
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Fig. 1. Elilr nat on of PACAP38-induced 

7 enhancelnent of K currents in NF7 ~ L I -  

NFIM 250 nA tants. (Aj PACAP38-lnduced synaptic n -  
ward current In NFI" '  and NFI"' mutants. - 
Pepresentatve examples of n r a d  crrrent 
traces nduced by 5 (*M PACAP38 are 

shown The horlzonta bar above the traces indcates the period durlng whlch PACAP38 was 
perfused. The histogralr colrpares the average peak ampl~tude ? SEM of the Inward current alrong 
dffereni genotypes The n ~ ~ m b e r  of ~rusc le fbers  recorded I S  shown over the error bar. WT, wild type 
(5) Fa lure of PACAP38 to enhance voltage-activated K currents in iNF1 mutants. K33 is the parental 
line froln which N F I  lrutants were generated (6). The arrow indicates focal applcat on of PACAP38 
(5 FM), In a figures. the tire In minutes after pressure-eject on of PACAP38 IS indcated at the top 
of the current traces. The n ~ ~ m b e r  of muscef  bers.'the n ~ ~ m b e r  of larvae recorded (N;n) = 31i21. 4 3 ,  
8.'5, and 25 I 8  for wd- type.  K33. NFI" ' ,  and NFI"', respectively, (C) C~lrrent-voltage (I-Vi relations 
before or 2 m n after app  cat on of PACAP38 (5 KM). A wd- t ype  and K33 but none of mutant 
~ n ~ l s c l e  fibers resoonded. gats n t h s  and a other flgures (except F g  23) were recorded w th 
extracellular saline conta n ng 1 mM Ca2-. 



A B Control 4 0  0.5 min 1 min 1.5 min 
Control 3 min 6 min 

hsNF1;NFIPi I wr 
NOHS -1- 7 r 

7 N F I ~  

-w 

hsNF1;NFI" 
hsNF1;NFI~ 

NoHS 4 -w 20 rns 

~ ~ N F I ; N F I P ~ / N F I F ~  Fig. 2. Rescue of NF I  mutant phenotype by In- 
duced expresslon of the hsNF1 transgene (A) 

NOHS - 7 ---+ PACAP38-lnduced response NF1 mutants bvere 

combned with thehsNF7 transgene controlled by a ,;. heashock promoter as s N :  N F  and hsNF1; 

HS 7 
lVF1". These anlae were subjected to heat shock 
at 37-C for 1 hour. Recording was done at varlous 

20 ms tlmes after heat-shock lnductlon. A traces were 
recorded about 4 to 6 hours after the heat shock 

The PACAP38 response was obsenled as early as 1.5 hours after heat shock but w~ th  a smaller 
amptude of enhancement. Nin = 81'6. 4i3, 4/3, 5/3. and 4/3 for panels from top to bottom, respec- 
tlvely. (6) Electr~cally evoked endogenous PACAP38-~ke enhancement of K- currents rescued by 
Induced expresslon of the hsNF1 transgene. St~mulat~on at 40-Hz of wd-type motor axons for 3 s 
Induced a PACAP38-ke enhancement of K currents In 2 mM Ca2+ (9). Control currents were recorded 
before st~mulat~on. Durlng st~mulat~on, muscle flbers were clamped to -80 mV. Evoked excitatory 
junci~onal current traces are sho~vn under "40 Hz st~mulat~on." Then, the same voltage paradlgm for 
ellcltlng K+ currents as that used In the control was repeated at varous tmes (lndcaied at the top of the 
current traces) after st~mulat~on. Scale bar, hor~zonialiveri~cal: 5 s/50 nA. 

T o  rule out potentla1 developmental ef- 
fects of the  NFI  mutation, we studied trans- 
genic flles carrying an  inducible llorlnal 
N F l  gene. T h e  hsNFl transgene was ex- 
pressed after heat shock In the  transgenic 
NF1 mutants hsNF1; NFIP '  and hsNF1; 
N F  1 ". PACAP38-induced ellhallcement 
of KT currents was observed in hsNF1; 
NFI" larvae subjected to heat shock (37OC 
for 1 hour) but not In those without heat 
shock (Fig. 2A).  T h e  hsNFI; hrFIP'  larvae, 
however, showed a normal response to 
PACAP38 even in  larvae not subjected to 
heat shock. This was probably the  result of 
constitutive expression of the hsNFI trans- 
gene because a large alnount of NFl  protein 
n.as detected in  these flies (6) .  T o  reduce 
the  alnoullt of hsNF1 expression, we select- 
ed hsNF1; NFlP2 /+  ; NFI '' larvae in  xvhich 
only one copy of the  hsXFl transgene was 

present. In these larvae, the PACAP38 re- 
sponse was only observed after heat shock 
(Flg. 2A).  T h e  PACAP38-induced en- 
hancement was f~llly rescued 4 hours after 
heat shock but was observed xvith a slnaller 
enhallcelnellt as early as 1.5 hours after heat 
shock. Such a time course suggests that all 
other colnponents in the  PACAP38 signal- 
ing pathways remaln intact so that the  
preparation resumes PACAP38 responsi~e-  
ness as soon as enough KF1 is synthesized. 

Because PACAP38 1s a vertebrate pep- 
tide (1 O), we tested the  response induced by 
endogenous PACAP38-like neuropeptide 
(8, 9 ) .  High-frequency stimulation (40 Hz) 
applied to motor axons through a s u c t ~ o n  
pipette increased K currents, presumably 
by causing the release of PACAP38-like 
peptides (8). This evoked PACAP38-like 
response was also eli~ninated in NFI  mu- 

tants and rescued by the  expressio~l of the  
hsNFl transgene (Fig. 2B). 

Because S F 1  acts as a Ras-GAP ( 3 ) ,  we 
exalni~lcJ tn-o null alleles of the  Drosopidl~~ 
gene GnpI: 1.1i3"' and 1.1"3PB. Flles carry- 
ing the  lnutatioils have disrupted eye ilcvel- 
opment that results from increased Ras ac- 
ti\llty (15) .  PACAP38 induced a normal 
enhancement of Kt currents (Fig. 3 A )  in  
both Gap1 mutants. Moreover, recordings 
from trallsgellic l a n ~ a e  showed that induced 
expressloll of const i t~~t ively  active Ras 
(Ras'"'"') ( 16) or actll-e Raf protein kinase 
(Rap" )  ( 1  7) neither blocked nor milnicked 
the PACAP38 response (Fig. 3B) (9 ) .  
These r e s ~ ~ l t s  suggest that fail~lre to nega- 
tively regulate Ras-Raf signaling does IICX 

explain the defective PACAP38 response 
in NF1 mutants. 

Application of the  membrane-perme- 
able CAMP analogs dibutvrvl CAMP or 
8-bromo-CAMP to the  larval neuromuscu- 
lar preparation \{;as insufficient to produce 
the  PACAP38-like enhancenlent of Kt 
currents ( 9 ,  18) and appeared not to disrupt 
the PACAP38 response in  xvild-type larvae 
(Fig. 4A) .  This implies that CAMP may IICX 

cause inhibition of Raf activity as reported 
in other preparations (19).  Application of 
these CAMP analogs to N F l   nuta ants d l J  
restore the  normal response to  PACAP38 
(Flg. 4A). Both NFI"' homozygotes and 
heteroallelic NFI  "INFI " larvae sho\ved 
enhanced Kt c ~ ~ r r e n t s .  N F l  " larvae also 
responded, but \v1th a smaller a~nplitude of 
response (Fig. 4A), xvhich may be a non-  
specific effect of their genetic background 
because the  response of N F l  P1/NFIP' het- 
erozygotes to PACAP38 was f ~ ~ l l y  restored 
by treatment with CAMP analogs. 

T h e  CAMP analogs were effective if ap- 
plied any time before or lvithin 2 rnln after 
application of PACAP38 (examples of 10 
nxn  before and 3L1 s and 2 lnin after are 
shown in Fig. 4B). After 2 min, CAMP an- 
alogs failed to enhance the respcxlse of 
XFIP' mutants to  PACAP38. This time 
course is consistent with a model whereby In 
NFI mutants the Ras-Raf pathway is nor- 
mally activated in response to PACAP38 for 

Fig. 3. Normal PACAP38 re- 
sponse n GAP1 mutants A Control 2 mln 3 min 4 mln 6 min Control 2 min 3 min 

and In transgenlc larvae ex- 
pressng actlve Ras. (A) Nor- 
m a  PACAP38 response In 
mutants carrylng Gap? null 1 4 7 

RasVaIQ+ HS 
a l l e l e s  r/533FB and rjs33B7 1 
Nln = 6i4 and 4/3, respec- r1533" 

tlvely. (6) Normal PACAP38 - 
response ~n transgenic ar-  2 

pAcQ h 
vae expressing lnduclbe ac- 
tive Ras (R~s"'~'") after heat- r1m B1 

shock induction (37°C. 1 7 
hour), Nin = 7/5 and 31'2 for 20 ms 
heat-shocked R~s. '~ ' ' '  and wild-type anlae, respectively. 

4 min 6 min 
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A Control 2 min 3 m ~ n  4 min 6 m ~ n  
PACAP38 

WT + d. CAMP 1 ,T, ,qr 
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at which 
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1 2 ,y, ,,--, ,-! -10 min - 
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7 --==-r-=-l 

NFIP1INFlP2+ d, cAMP 
7 13-q 20 ms 

Control 2 min 3 min 4 min 6 min 

+0.5 min -- 4 ,==?- L=== 

250 nA 

+2.5 min ---r -'-7 
20 ms 

D 
Control 2 mln 3 min 4 mln 6 min 

Ras12a+ d, cAMP 250 nA 

250 nA 20 ms 
ruti + d. cAMP 
I 

Fig. 4. PACAP38-nduced response in NF7 mu- 
tants treated ~41th cAMP analogs (A) PACAP38 

- - ,  ,- 

response n NF1 mutants treated bv~th CAMP 
analogs. D~butyb/l CAMP (d, CAMP) (1 mM) was added before perfus~on of PACAP38. Nin = 51'2, 19/14, 
161'9, and 13/9 for wd-type, NFlP2, NFlP7, and NF1"/NFlP2. respectively, (6) T~me course of the 
CAMP effect. D~butyry CAMP was app~ed  10 mln before or 30 s ,  2 mln. or 2.5 mln after the perfus~on of 
PACAP38. (C) PACAP38 response In rut' mutants treated bv~th CAMP analogs. Nin = 22/15 and 51'4 for 
\ ~ ~ t h o u t  and wth the cAMP analog, respectvey, (D) Falure of the CAMP analogs to restore PACAP38 
response In Ras mutants. Flies w~th RasiZa. aweak a lee .  bverev~abe but shobved no PACAP38-~nduced 
enhancement of K+ currents (top panel) (9). Nin = 9!5 and 5/4 for \ ~ ~ t h o u t  and w~th the CAMP analog, 
respect~vely. 

2 min, but the CAMP pathway is blocked. 
Therefore, synergistic modulation of Kt cur- 
rents can be achieved if cAMP analogs are 
supplied during the transient activation of 
the Ras-Raf pathway. Addition of CAMP 
analogs also restored the response to 
PACAP38 in  rut' mutants, but not in RasI2" 
mutants (Flg. 4, C and D) (4 ,  5. 9).  

T o  further test xvhether activation of 
CAMP signaling rescues the defective 
PACAP response of NF1 mutants, we ap- 
plied the drug forskolin, ~ v h ~ c h  stimulates G 
protein-coupled adenylyl cyclase activity 
(22,  2 1 ), to the neuromuscular preparation. 
PACAP38 ~nduced a normal response in 
NFI "' and NFI "INF1 mutants exposed 

to forskolin (Fig. 5A) .  This indicates that 
adenylyl cyclase is present but is not actil-at- 
ed by receptors for PACAP38-like neuropep- 
tides. Forskolin also restored the PACAP38 
response in rut1 mutants (Fig. 5B) even 
though the Rut-adenylyl cyclase is complete- 
ly nonfunct~onal (4 ,  5) .  It is possible tliat 
cAhjlP svntliesized bv other adenvlvl cvclases , .  , 

upon foiskolin stimLlation 1s suffic~ent to 
modulate Kt currents together xv~th the Ras 
pathway act~vated by PACAP38 (22). 

Adenylyl cyclase shows abnormal sub- 
cellular local~zation in  yeast IRA (inhibi- 
tor of Ras ac t iv~ ty )  mutants (23) .  T h e  IRA 
gene encodes proteins that  are distantly 
related to  KF1  and tha t  are involved in  
tnediating Ras-dependent activation of 
adenylyl cyclase. Although the  yeast cy- 
clase is very different from Rut-adenylyl 
cyclase and other  cyclases in  higher organ- 
isms ( 2 4 ,  25) ,  we esamlned adenyl\-1 cy- 
clase actlvlty 111 membrane fractions (26) .  
T h e  Rut-adenylyl cyclase is the  only cy- 
clase that  can  be activated by Ca2+-cal- 
tnodulin in  the  tissues from fly abdomen, 
as ind~ca ted  by the  lack of the  C a 2 + -  
dependent cyclase act~rii ty in  rut' mutants 
( 4 .  5 )  (Fig. 5 C ) .  In addition, the  basal 
activity ( 4 )  and the  forskolin-stimulated 
121) act11-itv of adenvlvl cvclase were also . . . .  . 
reduced 111 rtttl mutants. Hoxvel-er, N F I  
mutations did not  affect the  basal actlvlty, 
t he  Ca2--deuendent ac t iv~ tv ,  or the  fors- , , 

kolin-stimulated actlvity of adenylyl cy- 
clase (Fig. 5, C and D).  Therefore, Rut- 
adenylyl evelase is present in  these mem- 
branes and can be normally act11-ated by 
Ca"-calmodulin and forskolin. 

In summar\-, signaling by the PACAP38 
neuropeptide is lmpalred in NF1 mutants, 
and the  defect is apparently caused by a 

Fig. 5. PACAP38 response A 
in NF1 mutants treated \ ~ i h  

B Control 2 min 3 min 4 min 6 min 

forskol~n. (A) Effect of fors- Control 2 min 3 min 4 min 6 min PACAP38 
rut1 

ko~n  (fors.) In NF1 mutants. 
I 

PACAP38 
Forsko~n (10 pM) was ap- 

-4-77 

plied to the extracellular so- 
lut~on 4 min before perfuson w+ 
of PACAP38 to wd-type or - 250 nA 
mutant anlae as ~nd~cated. 
Forskolin at 2 pM was also 7 

effect~ve. Nln = 5/4, 21/16, 20 ms 

10/4, and 9/4 for \ ~ d - t y p e ,  
NF7F2, N F ~ P ' ,  and NF7P7/ NFle+ f0rs. 

C D 

NFlP2 anlae, respect~vely. 
(6) Effect of forsko~n n rut' 
mutants. Forskon (10 pM) NFIP1+fOrS. Ez 300 

was apped  4 mln before 
PACAP38, N/n = 5/4. (C) NFIF1,/NjEIPZ+fors, 
Adenyy cyclase activty (26) 
in membrane fract~ons. The 
Ca2+ dependency of adeny- 
y cyclase assayed from the [can*] (MI 

membrane fracton of fly abdomens IS normal n NFlP2 mutants. (D) Basal and forskol~n-st~muated actvt~es of adenyy cycase are s~m~lar In \ ~ d - t y p e  and NFlp2 
f e s .  Forsko~n (100 pM) was added to the extracted membrane fract~on. 
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1:lockade of P.4CAP38-stimulated activa- 
tion of Rut-adcnylyl cyclase. Thub, the  KF1 
protein not only acts as a 11egatl1-c regulator 
of Ras but also as a crucial component for 
acti~.atlon of the  c.4h,lP pathway. T h e  in- 
duced expression of a catalytic suhunit of 
cAblP-denendent protein ltinase rescues 
the developmental phenotype of slnall body 
size in NFI'! and hrFI"' mutants i h ) ,  Dro- 
vidlng further support for the  above conclu- 
slon. Exploration of the  m c c h a n ~ i m  117- 
which NF1 i n f l~~cnces  G t~rotcin-mediated 
activation of adenylyl cyclase may lead to 
new insights into mechanisms of G ~rotei11- 
~ncdiatcd signal transduction and the  
patlhogcncsis, and possihly the  treatment, of 
human type 1 neurofil?romatosis. 
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Long-Term Responses of River-Margin 
Vegetation to Vlrater-Level Regulation 
Christer Nilsson," Roland Jansson, Ursula Zinko 

The long-term effect of water-level regulation on riparian plant communities was as- 
sessed for storage reservoirs and run-of-river impoundments. Soon after the onset of 
regulation, there were few species and sparse vegetation cover, regardless of whether 
the new water level intersected former upland or riparian vegetation. In the longer term, 
an impoverished vegetation was maintained by storage reservoirs, whereas in run-of- 
river impoundments, some community characteristics deteriorated and others recovered 
compared to adjacent free-flowing rivers. 

Ripar i an  ecosystems are among the  most 
diverse s!-stems an the worlcl's continents 
(I) and have bcen suggested as sensitive 
indicators of environmental change (2) .  Al- 
though the majority of the world's riparian 
systems arc affected by xater  regulation 
schemes ( 3 ) ,  the long-term development of 
riparian communities along regulated 11-atcr 
bociies i:, not ~ I I O T ~ I I  ~ C C ~ L I S C  1nost st~liiies of 
succession after dain closure arc pcrfornled 
o n  rivers x h i c h  ha\-e bcen regulated for 
only a f en  dccailes (4, 5). En\:ironmental 
inlpact assesslnents of water regulation 
schelncs suffer from this lack of kno~vledge 

u 

and generally provide rrrl- little informa- 
tion about likely postdamming develop- 
ment  of ccoloeical ci)tnmunitics. Therefore. u 

regulations arc approved nrithout consider- 
ing the  chance a river's ecological inteyrit\- 
and biodlr~ersity mill be ~nainta ined in the  
long term (6) .  

Vile useel riparian vegetation along stor- 
age reserlwirs and run-of-river iinpounci- 
lilent:, in central and northern Sweden to 
assess ecosystem readjustment after regula- 
tion (7). These are the tn.0 major types of 
regulated waters in the study area, and the\- 
are consecutive along the regulated rivers; 
tailxater reaches are absent or scarce. Stor- 
age rescn.oirs have enough capacity to offset 
seasonal tluctuations in natcr  flow and ~ r o -  
vide a constant supply of water throughout 
the year. They hal-c their lonest n.atcr l c ~ c l s  
in spring and their seasonal highs in sunliner 
and fall. Run-of-river impoundments provide 
natcr flo~v through the turl?ines and may 

store a day's or week's \vorth of Ivater. T h e  
water level fluctuates daily or ~vcclzly bc- 
tween its statutory high and low levels 
throughout the year. 

DepenLling o n  ~ ~ h e t h e r  lvater lc\~els \\.ere 
raised a t  the  onset of regulation to intersect 
former upland soils or overlapped ~ ~ i t h  the  
range of pristine \vatcr-level tluctuations, 
succession started either with fe\v or many 
riparian species at hand. T o  control for this 
effect, we distinguisheel h e t ~ ~ e c n  regulated 
sites with prcupland and preriparian lancl. 

Vile sampled river-margin sites along 43 
storage reservoirs and 45 n~n-of-river lm- 
poundincnts, ranging bet\veen 1 and 70 years 
in age. Each stu~ly sitc encompassed a section 
of river margin 200 m in length between the 
highest and lo~vcst nrater levels illring the 
growing season. .At each sitc, the presence of 
all 1-ascular plant species and the percentage 
cover of trees and shrubs and of herbs and 
~lwarf s h r ~ b s  lvere recorded (8). Species r~c11- 
ncss was then transformed (9)  to compensate 
for bet~veen sitc \,ariation in river-maroin 
width, and thus study site area. W e  also 
determined height of the  river margin, SUIT- 
strate fineness, and substrate heterogeneity 
(8). In  34 of 43 storage reservoirs, Lvatcr 
levels Lvere raised to Increase storage capac- 
ity, and prcriparian sltes (n = 9) \\.ere too 
few to be treateel in all anal\:ses. 

Coinparcel to similar sites along adja- 
cent,  free-flowing rivers (IC), the storage 
rcscr\~oirs had felver sixties oer 200-n~ 
length of river inargin (58 versus 83 species; 
P < 0.0001, blann-Whitnev Ly test) and a 
lower transformcJ species richness (57  ver- 
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