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T h e Lo ire estuary has b e e n surveyed from 1982 to 1985 by 13 i sochronous 
longi tudinal profi les realized at low tide. Nu ir i en t ( S i O . , N O , , N H ; , PO',", 
particulatc organic carbon or P O C ) p a t t e m s are very variable depending o n ihe 
season, the estuarine sec t ion (river, upper- inncr estuary, upstream o f the 
f re sh -water - sa l ine -water interphase F S I , the lower- inner estuary charactcrized 
by the h i g h turbidity z o n e ( H l ' Z ) , the outer estuary] and the river discharge. 
Biological processes are d o m i n a n t . In the eutrophied River Loire ( s u m m e r 
p i g m e n t > 100 jtg I ')> t h e h i g h a l g a l product ivi ty (.algal P O C > 3 m g I ') results 
in severe dep le t ion o f S i O , , POJ , N O j . T h e e n o r m o u s biomass (55 0 0 0 ton 
algal P O C / y e a r ) is degraded in the H TZ where bacterial activity is intense. As a 
resuit , there is general ly a régénérat ion o f d i s so lved S i O , and POJ", a markcd 
N H | m a x i m u m , wh i l e N O , is conservat ive or dcp le ied w h e n the H T Z is nearly 
anoxie . Other processes can be cons idered inc luding pol lut ion from fcrtilizer 
p lans (POJ , N H J ) and from a hydrothermal powcr plant ( N H , ' ) . In the less 
turbid outer estuary, nutr ients are generally conservative . Major variations o f 
concentrat ions are observed in the lowest chlorini iy sect ion ( C L < 1 g kg ) and 
aiso ups tream the F S I , d e t i n e d h e r e as a 100"„ i n c r e a s e i n C I . N u t r i e n t i n p u t s t o 
the o c é a n are n o t s igni l îcant ly m o d i h e d for SiO^ and N O î , but are increased 
by 70"„ and 180"„ for POJ" and N H J and depleted by 60"„ for P O C . O d d 
bydrolog ica l ev en t s , especial ly s o m e t loods, may pcrturbaie or e v e n mask the 
usual seasonal p a t t c m o b s e r v e d in prohles . 

L'es tuaire d e la Lo ire a été suivi de 1982 à 1985 par 13 profils longi tudinaux 
s y n o p t i q u e s e f fec tués marée basse. L e s é léments nutrit ifs ( S i O , , N O j , N i l , ' , 
P O J ' , carbone organ ique particulaire o u C O P ) présentent des prohls très 
d ivers d a n s les sect ions é tud iées (rivière, zone Huvio-estuarienne en a m o n t 
d u front de sal inité , zone d u b o u c h o n vaseux, estuaire externe) qui dépendent 
de l ' é l ément é tud ié , de la sec t ion , de la saison, et d e l 'hydrodynamique 
f luv io -es tuar ienne . L e s processus b io log iques s emblent ici dominants . La 
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rivière est très eutrophe (p igments > 1 0 0 n g r en été). Il en résulte un 
appauvrissement saisonnier marqué en S iO, , N O , , POj", et une biomasse 

algàle importante ( C O P > 3 m g r ) . Cet apport (55 000 t C O P algal/an) est 

dégradé dans le bouchon vaseux, région d'activité bactérienne intense. Il en 

résulte, en général, un régénération de silice dissoute , de POJ~ et un pic marqué 
en N H ; , alors que N O f est conservatif o u en défaut par rapport aux dilutions 

théoriques. D'autres processus peuvent être invoqués , incluant une pollution 
par des usines d'engrais (POJ", N H J ) et une us ine hydroélectrique ( N H f ) . 

Dans l'estuaire externe, beaucoup moins turbide, les nutrienis sont en général 

relativement conservatifs. Les principales variations de concentrations sont 
observées dans les zones de faibles chlorinités ( C I ~ < 1 g k g " ' ) et m ê m e en 

amont du front salin (défini ici c o m m e le doublement des chlorures fluviaux). Les 
bilans d'apports à l'océan ne sont pas modif iés pour S i O , et N O , et sont majorés 
de 70°„ et ISOo^ pour POJ' et N H ; et minorés de 60"„ pour le C O P . D e s 

épisodes hydrologiques, surtout des crues, peuvent complè tement perturber ou 

occulter les variations saisonnières observées dans les profils. 

I n t r o d u c t i o n 

T h e L o i r e is p r o b a b l y o n e of t h e m o s t e u t r o p h i e d r ive r s : total p i g m e n t s e x c e e d i n g 
2 0 0 n g 1 " ' a r e c o m m o n l y f o u n d in s u n u n e r f r o m O r l é a n s to N a n t e s ( C r o u z e t , 1983; Bi l l en 
et al., 1986a) . E s t u a r i n e s tud ie s h a v e b e e n c a r r i e d o u t f o r m o r e t h a n 2 0 yea r s in v a r i o u s 
f ie lds : s e d i m e n t o l o g y ( G a l l e n n e , 1974; L e D o u a r e c , 1978) , g e o c h e m i s t r y ( D i a r a , 1973; 
M a n i c k a m et al., 1985), a n d b io logy ( R i n c é et al., 1985; R e l e x a n s & E t c h e b e r , 1986). I n 
r écen t yea r s , t w o se ts of i n t e rd i s c ip l i na ry s t u d i e s h a v e b e e n l a u n c h e d , o n e by t h e C o n s e i l 
S c i e n t i f i q u e p o u r l ' E t u d e de l ' E s t u a i r e d e la L o i r e ( C S E E L , 1984) , w h i c h w a s f o c u s e d 
o n h y d r o d y n a m i c s b u t i n c l u d e d g ê n e r a i w a t e r - q u a l i t y s t u d i e s a n d b io log ica l s u r v e y s , a n d 
t h e o t h e r b y t h e F r e n c h C e n t r e N a t i o n a l d e la R e c h e r c h e S c i e n t i f i q u e t h r o u g h i ts 
G R E C O - I C O p r o g r a m m e w i t h i n w h i c h s t u d i e s of n u t r i e n t s , o r g a n i c c a r b o n , b i o m a s s a n d 
b io logica l ac t iv i t ies , o rgan ic g e o c h e m i s t r y , a n d i so top i c t r a c e r s h a v e b e e n r e g u l a r l y c a r r i e d 
o u t d u r i n g t h e s a m e cru ises ( J u n e 1 9 8 2 - J u n e 1985) a n d o n t h e s a m e s a m p l e s . T h i s p a p e r 
will g ive a g ê n e r a i i n t r o d u c t i o n to t h e L o i r e e s t u a r y a n d c o n s i d e r t h e f o l l o w i n g q u e s t i o n s : 
(i) w h a t a r e t h e levels a n d t i m e va r i a t i ons of t h e m a j o r n u t r i e n t s ( c a r b o n , n i t r o g e n , p h o s -
p h o r u s a n d silica) in the e u t r o p h i e d L o i r e R i v e r ; (ii) w h a t is t h e i r b e h a v i o u r in t h e h i g h i y 
t u r b i d e s t u a r y ; a n d (iii) w h a t a re t h e e s t u a r i n e r e s p o n s e s to r i v e r g e o c h e m i c a l s ignais? 

A f t e r s u m m i n g u p t h e r e su l t s o b t a i n e d w i t h i n t h e G R E C O - I C O , s o m e of w h i c h h a v e 
a l r eady b e e n p u b l i s h e d (Sal io t «r a / . , 1984; Bi l len «t a / . , 1986a ; C a u w e t & M e y b e c k , 1987) , 
t h e f o l l o w i n g n u t r i e n t s will b e c o n s i d e r e d : N O J, N H J , P O j ~ , to ta l d i s s o l v e d P , s i l ica , 
p a r t i c u l a t e o r g a n i c c a r b o n ( F O C ) . C o m p a r e d to o u r p r e v i o u s p a p e r s o n t h e L o i r e , t h e 
n u t r i e n t ( N , F , Si) prof i les a re p r e s e n t e d f o r t h e first t i m e , f ive n e w e s t u a r i n e s u r v e y s of 
F O C a r e a d d e d , a n d i n f o r m a t i o n o n t h e n u t r i e n t i n p u t s f r o m t h e N a n t e s C i t y s e w a g e 
System is a d d e d . F h y t o p l a n k t o n i c a n d bac te r i a l ac t iv i t i e s a r e d i s c u s s e d in R e l e x a n s et al. 
(1988) , a n d p a r t i c u l a t e o rgan i c c o m p o n e n t s a re fuUy t r e a t e d b y Sa l io t et al. ( 1988 ) a n d 
o r g a n i c m i c r o p o U u t a n t s ( P C B s , pes t i c ides , e tc . ) a r e c o n s i d e r e d b y M a r c h a n d et al. ( s u b -
m i t t e d ) . T h i s s p r o b a b l y the f i rs t m u l t i d i s c i p l i n a r y s t u d y c a r r i e d o u t o n a m a c r o t i d a l 
t u r b i d e s t u a r y s u c h as t h e Lo i r e . P r e v i o u s m u l t i d i s c i p l i n a r y w o r k s o n e s t u a r i n e c h e m i s t r y 
i n c l u d e t h o s e o n the A m a z o n ( E d m o n d et al., 1981 ), t h e D e l a w a r e ( B i g g s et al., 1983) , a n d 
t h e Z a i r e ( A n o n i m o u s , 1978). 

N u m e r o u s s t u d i e s o n t h e e s t u a r i n e d y n a m i c s of n u t r i e n t s h a v e b e e n p u b l i s h e d r e c e n t l y 
( E d m u n d et al., 1981; S h a r p et al., 1982; K n o x et al., 1986) and of o r g a n i c c a r b o n ( C a d è e , 
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1982; E i s m a et al., 1982; B i g g s et al., 1983; E t c h e b e r , 1983; E t c h e b e r & Re lexans , 1983; 
M a n t o u r a & W o o d w a r d , 1983; T a n & S t r a i n , 1983) , b u t f cw of t h e m , s u c h as E d m o n d et 
al. ( 1981 ) o n t h e A m a z o n o r B iggs et al. ( 1 9 8 3 ) o n t h e D e l a w a r e , ac tua l ly c o n s i d e r e d b o t h 
o r g a n i c c a r b o n a n d n u t r i e n t s . 

S a m p l i n g s t r a t é g i e s a n d a n a l y s e s 

Sampling 
T h e s t u d y a rea e x t e n d s o v e r 150 k m f r o m t h e u p s t r e a m M o n t j e a n g a u g i n g s t a t ion , t h e last 
s t a t i o n o n t h e r i ve r to t h e o u t e r e s t u a r y d o w n s t r e a m of the c i ty of Sa in t N a z a i r e a n d 
l i m i t e d by t h e P o i n t e d e P e n c h à t e a u a n d t h e P o i n t e d e St G i l d a s ( P P a n d P S G in F i g u r e 1 ). 
T h e a v e r a g e d e p t h is a r o u n d 15 m in t h e o u t e r e s t u a r y a n d d e t r e a s e s to 10 m in the i n n e r 
e s t u a r y f r o m S a i n t N a z a i r e t o N a n t e s , w h e r e a n a v i g a t i o n c h a n n e l is regu la r ly d r e d g e d . 
U p s t r e a m of N a n t e s , t h e river is s h a l l o w e r , less t h a n 2 m d u r i n g t h e s u m m e r p e r i o d . 

U n l i k e m o s t e s t u a r i n e s t u d i e s w h i c h a r e l i m i t e d to c o m p a r i n g t h e o b s e r v e d levels 
of Chemica l c o m p o n e n t s w i t h t h e t h e o r e t i c a l o n e s d e r i v e d f r o m the d i l u t i o n l ine, w e 
h a v e f o c u s s e d o u r s a m p l i n g o n isochronous longitudinal profiles t aken at the s a m e p e r i o d of 
t h e t ida l cyc le , i .e. a t low t i d e ± 3 0 m n . I n p a r t i c u l a r t h e f l u v i o - e s t u a r m e z o n e a n d t h e 
l owes t - s a l i n i t y z o n e , b o t h f o u n d in t h e u p p e r p a r t of t h e i n n e r e s t u a r y , have b e e n s a m p l e d 
a c c o r d i n g to a s t r a t e g y d e v e l o p e d in s im i l a r e s t u a r i e s s u c h as the S c h e l d t (Bil len et al., 
19866) a n d t h e T a m a r ( M o r r i s et al., 1978) . T w o k i n d s of boa t s wcre u sed : a smal l 
o c é a n o g r a p h i e vesse l , t h e Côte d'Aquitaine, f o r t h e o u t e r e s t u a r y , a n d a r u b b e r boa t 
b e t w e e n S a i n t N a z a i r e a n d N a n t e s . U p s t r e a m of N a n t e s , r ive r s a m p l e s were genera l ly 
t a k e n by h a n d f r o m t h e s h o r e , u sua l ly at t h e s t a t i o n of A n c e n i s ( F i g u r e 1). E a c h su rvey 
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genera l ly las ted t w o or th ree days. Samples were taken by a vert ical 5 1 N i s k i n bot t le whi le 

the boa ts w e r e d r i f t ing , so tha t the bot t le l ine was always vert ical d u r i n g the sampl ing 

opé ra t ion . T h i s type of sampl ing is par t icular ly needed in the inner es tua ry , w h e r e wa te r 

velocit ies m a y reach 2 - 3 m s " ' soon af ter low t ide . F o r each prof i le , 15 -20 s ta t ions were 

s ampled ; those u p s t r e a m of Sa in t Naza i re r ema ined u n c h a n g e d f r o m J u n e 1982 to J u n e 

1985, b u t ou te r - e s tua ry s tat ions have various locat ions acco rd ing to the sal ini ty p a t t e r n . 

T h e sampl ing d e p t h was 1 m be low t h e surface . Occas ional ly , d e e p s ample s at 1 m above 

the b o t t o m were also taken. I t was n e t always poss ible to s ample coastal ocean ic wate rs 

( C l " > 19-5 g k g " ' ) : d u r i n g some cruises , the m a x i m u m sampled salinit ies d i d no t exceed 

15 g C l " k g " . 

In add i t i on to thèse surveys , wh ich were c o m m o n to ail worke r s of the G R E C O - I C O , 

o the r l imi ted surveys were p e r f o r m e d at a l imi ted n u m b e r (general ly fou r ) of r ep ré sen t a -

t ive s ta t ions , especially for the n u t r i e n t organic ca rbon p r o g r a m m e . G e n e r a l i n f o r m a t i o n 

on r iver a n d es tuar ine fea tures d u r i n g thèse surveys are given in A p p e n d i c e s 1 and 2; for 

m o r e détails o n p rev ious surveys , see Billen et al. (1986a) . 

Analysis 

Ail samples w e r e filtered wi th in a f ew h o u r s of sampl ing on glass-f iber W h a t m a n G F / F 

filters. A f t e r add i t ion of c h l o r o f o r m or H g C l , , samples were kept at i^C b e f o r e n u t r i e n t 

analysis by classic co lour imet r i c m e t h o d s for N O , , N H 4 , PO^~ , and S i O j . T o t a l 

d issolved P was d e t e r m i n e d for some profiles a f t e r d iges t ion wi th su l fu r i c acid at 110' 'C for 

1 h . Pa r t i cu la te organic c a r b o n ( P O C ) and dissolved o rgan ic c a r b o n ( D O C ) was analyzed 

a f t e r filtration on p re - ign i t ed W h a t m a n G F / F filters. D O C samples were kept in sealed 

vials and p re se rved wi th H g C l , ; for détai ls , see Saliot et al. (1984) and C a u w e t (1984). 

C h l o r o p h y l l - a and p h a e o p i g m e n t s were d e t e r m i n e d us ing the équa t ions a n d p r o c é d u r e of 

L o r e n z e n (1967). P r i e r to S e p t e m b e r 1983, the acidif icat ion of samples was too weak 

a n d the p h a e o p i g m e n t s were overes t imated ; the re fo re , for thèse su rveys , only the total 

p i g m e n t s ( ch lo rophy l l - a + phaeop igmen t s ) have been cons ide red . 

Unusual hydrological events 

Al toge the r , 13 gênerai or l imi ted surveys have been car r ied o u t over t h r e e years in var ious 

m o n t h s of t h e year (Append ices 1 and 2). H o w e v e r , we were su rp r i s ed to find t h e fo l lowing 

u n u s u a l hydrologica l events which resul ted in an unusua l phys ico -chemica l s t r u c t u r e of 

the esruary ( resu l t ing concen t ra t ions m e a s u r e d d u r i n g thèse events are genera l ly well 

ident i f ied in seasonal var ia t ions) : 

(i) 2 2 - 2 4 M a y 1983, r iver d ischarge = 3 5 0 0 m ' s " ' (except ional ly h igh c o m p a r e d to 

7 0 0 m ' s " ' f o r the average M a y value); 

(ii) 18 N o v e m b e r 1 9 8 3 , 2 2 0 m ' s~ ' ( m u c h lower d i scharge t h a n the ave rage 800 m ' s " ' 

fo r this m o n t h ) ; 

(iii) 13 J u n e 1984 ,1200 m ' s " ' ( twice the average J u n e d ischarge) ; a n d 

(iv) 13 -17 J u n e 1985, 6 5 0 m ' s " ' , no rma l r iver d i scharge b u t o c c u r r i n g th ree weeks 

a f t e r a m a j o r f lood rarely observed in M a y ( 4 2 0 0 m ' s " ' on 17 M a y ) w h i c h swept ail 

s u s p e n d e d m a t t e r f r o m t h e i tmer es tuary to t h e ou t e r es tuary . 

G e n e r a l f e a t u r e s o f t h e L o i r e e s t u a r y 

T h e fo l lowing sect ion is a s imuna ry of the gênera i inves t igat ions ca r r i ed o n the es tuary 

f r o m 1982 t o 1985 t h r o u g h t h e G R E C O - I C O s tudy and this is c o m p a r e d to p r ev ious 

Nutrients in the River Loire and its estuary 999 

s tudies (Ga l l enne , 1974; L e D o u a r e c , 1978; M a n i c k a m , 1982; C S E E L , 1984; Rincé et al., 

1985). 

A highly eutrophied river 

T h e Lo i r e river (110 000 k m ^ 838 m ' s " ' f r o m 1866 to 1981 ) has a h igh-wa te r stage f r o m 

Janua ry to M a r c h ( Q > 1 3 5 0 m ' s " ' ) a n d a low-wate r s tage f r o m July to S e p t e m b e r 

( Q < 4 0 0 m ' s " ' ) . T h e wa te r rés idence t imes wi th in the es tuary f r o m N a n t e s to Saint 

Naza i re are be tween 1 a n d 10 days , d e p e n d i n g on r iver d i scharge . Inorgan ic detr i ta l 

su spended m a t t e r in the r iver is genera l ly low (20 m g 1" ') in sun imer , when the r iver is 

very shallow a n d l ight can easily p e n e t r a t e t h r o u g h the whole wa te r co lumn. Unl ike o the r 

F r e n c h m a j o r rivers ( R h ô n e , G a r o r m e , Seine , Oise) , the Lo i r e waters arc not conl inuous ly 

s t i r red u p by canal boa ts no r exposed to t u r b i d water i npu t s d u r i n g s u m m e r f r o m glacial 

mel t (Rhône) . A c c o r d i n g to C r o u z e t (1983), the m é d i a n P - P O ] ' value is 0 16 m g 1" ' at 

the lowest survey s ta t ion of the L o i r e , and the 90"o percent i le is near 0-66 m g l " ' ; the 

co r r e spond ing yearly averages of ch lo rophy l l -u are a r o u n d S O p g l ' wi th s u m m e r 

m a x i m u m values exceed ing 200 (tg 1" ' . S u c h a h igh p i g m e n t value is very rare in ma jo r 

wor ld r ivers a n d the values f o u n d in the L o i r e are the h ighes t in the wor ld for a river of this 

size, closely fo l lowed by the lower R h i n e in wh ich tlie average ch lorophyl l -a con ten t is 

a r o u n d 50 ng 1" ' w i th a s u m m e r m a x i m u m of 100 ng T ' (F r i ed r i ch & Vichweg, 1984). 

A turbid estuary 

As in m a n y o t h e r macro t ida l es tuar ies (Allen et al., 1980), the Loi re es tuary is charac te r -

ized by a m a r k e d increase in s u s p e n d e d m a t t e r concen t ra t ion ( S M C ) f r o m the river i yearly 

average S M C = 50 m g 1~') to the t u rb id i ty m a x i m u m where the m a x i m u m S M C exceeds 

1000 m g l~ ' at s o m e per iods . I n the b o t t o m of the navigat ion chanac l , a layer of fluid m u d 

is c o m m o n l y f o u n d in w h i c h the S M C is over 20 g T '. 

T h e h igh tu rb id i ty zone ( H T Z ) is he re de f ined as a doub l ing of river S M C , and its 

posi t ion varies acco rd ing to r iver d i scharge a n d tidal coefficient (Ga l l enne , 1974). D u r i n g 

the s u m m e r r iver low s tage ( Q < 200 m ' s " ' ) , t he H T Z ex tends f r o m Donges (station C in 

F igu re 1) u p to the city of N a n t e s (s ta t ion R). A f t e r a ma jo r flood cQ > 3000 m ' s " ' ) , the 

s u s p e n d e d s éd imen t s are flushed ou t in the ou t e r es tuary d o w n s t r e a m of Saint Naza i r e 

(s tat ion A). At i n t e rmed ia t e r ive r -wa te r d i scharges , the H T Z is f o u n d be tween Sain t 

Naza i re (s ta t ion L ) and C o r d e m a i s (s ta t ion F ) on neap tides and be tween Saint Naza i re 

and T o u g a s (s ta t ion J) o n sp r ing t ides. T h e range of S M C f o u n d on ou r 13 profiles (low 

t ide) , r epo r t ed in F i g u r e 2(a), clearly con f i rms G a l l e n n e ' s work (1974). O n the basis of 

méd ian values, b o t t o m samples c o m m o n l y have twice as m u c h S M C as do surface ones; 

the m a x i m u m S M C f o u n d 1 m above the b o t t o m is l O g l ' ' , i.e. a value close to the 

fluid-mud déf in i t ion . I n the ou t e r e s tua ry , the S M C d rops rapidly downs t r eam of Saint 

Naza i re (s ta t ion A) . T h e H T Z was no t a lways f o u n d : in M a y 1983, d u r i n g a ma jo r flood, 

the H T Z was ha rd ly ev idenced ; in J u n e 1985, t h ree weeks a f t e r ano the r ma jo r flood, the 

H T Z was not obse rved at ail in the i nne r es tuary . T h i s very unusua l profi le has not been 

taken into accoun t for the S M C range r e p o r t e d in F i g u r e 2(a). 

Multiple estuarine limits 

T h e f r e sh w a t e r - s e a w a t e r in te r face ( F S I ) is h e r e de f ined as the doub l ing of river 

ch lor in i ty , general ly a r o u n d 20 m g 1 " ' . T h e ch lor in i ty ranges f o u n d du r ing our 13 surveys 

at low t ide in t h e e s tua ry are c o m p a r e d to the c o r r e s p o n d i n g S M profiles in F igure 2(b). 

T h e F S I is f o u n d b e t w e e n s ta t ions C ( F e b r u a r y 1983) and G ( J u n e 1982), d e p e n d i n g 

on the hydrologica l cond i t i ons (see F i g u r e 1 for locat ions) . A t low t ide, d u r i n g or soon 

à 
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Figure 2. General characteristics of the Loire estuary. (a) Range of suspended nnatier 
concentration ( S M C ) for surface and bot iom samples at low tide. T h e high turbidity 
zone ( H T Z ) is defined as a lOO'o incrcase in river S M C . T h e June 1985 profile is not 
taken into account here. (b) T h e chlorinity range observed in surface samples during the 
low-tide isochronous survcys. T h e freshwater-saline-water interphase ( F S I ) is defined 
as a 100"„ Cl increase. 

af te r the win te r and spr ing floods, the inner es tuary is filled w i th f r e s h or s l ight ly 

brackish waters , and the p r o p o n i o n of seawater at Saint N a z a i r e (s ta t ion A) is only a f ew 

pe rcen t , while d u r i n g the s u m m e r d r o u g h t this p r o p o r t i o n rises to 40 ' 'u � A t h i g h t ide , the 

tneasured salinity was m u c h h ighe r in J u n e 1984 w h e r e the var ia t ion in ch lo r ine c o n t e n t 

be tween low t ide and high t ide was: s tat ion E , 13-4-^60 m g 1"'; C , 350-4800 m g ! " ' ; A , 

3800-10 900 m g r ' . However , at identical salinit ies, the water chemis t ry was very s imilar 

whi le S M C was somewhat lower for the h igh - t i de profi le . A c c o r d i n g to L e D o u a r e c ' s 

Nutrients in ihe River Loire and iit euuury 501 

Figure 3. T h e Loire estuary. Schematic longitudinal profiles of dissolved components. 
F S l , freshwater-saline-water interphasc; RoXoYo, con!»ervacive behaviour in ail cstu-
arine sections ( X o Y o M is the * classic ' theoretical dilution); KI |R2) , dcplction (excess) 
in the fluvio-estuarine zone; X u Y l (XuY2), depletiun (excess) in the iiuicr and or outer 
estuary. When Computing net fluxes to the océan, the theoretical continental end-
members, X1 and X2, are computed on the basis of Y1 and Y2 concentrations and the 
corresponding chlorïnities. 

s t u d y (1978) on the saline s t r u c t u r e of t h e es tua ry , the F S I hor izonta l m o v e m e n t d u r i n g a 

t idal cycle ex t ends f r o m 5 to 22 k m d e p e n d i n g on the s p r i n g - n e a p cycle. D u r i n g the J u n e 

1984 survey the F S I m o v e m e n t was 10 k m . As c o m m o n l y observed in o ther macroi ida l 

es tuar ies , t h e H T Z general ly beg ins u p s t r e a m of the F S I , bu t the m a x i m u m S M C is 

f o u n d 2 0 - 4 0 k m d o w n s t r e a m of the F S I , excep t fo r the J u n e 1982 survey. 

As a resu i t of the S M C a n d salinity prof i les , we have character ized the major Lo i re 

e s tua r ine sect ions at low t ide as pe r m o s t p rev ious au tho r s (see aiso F igure 3): 

(i) The fluvio-estuarine section: f r o m Ancen i s to s ta t ion K . In this s t re tch , the river 

velocity is lowered and t h e wa te r level is tidally inf luenced, bu t the S M C rcmains 

u n c h a n g e d . 

(ii) The upper inner estuary: f r o m s ta t ion K d o w n s t r e a m N a n t e s to the F S I , generally 

f o u n d nea r C o r d e m a i s (s ta t ion E) . T h e r e is a m a r k e d increase in S M C , but still no saline 

inf luence . 

(iii) The lower inner estuary: f r o m s ta t ion E to Saint Naza i re (station A). T h e S M C is 

m a x i m u m and the seawater in f luence is ef fec t ive ( f r o m a few percent to 40"o) . 

(iv) The outer estuary : d o w n s t r e a m Sa in t Naza i r e . T h e S M C d rops dramatical ly f r o m a 

few h u n d r e d m g P ' to a f ew m g P ' as the seawater p ropor t ions gradually raise to 100"u. 

T h e ex terna i l imit of th is sec t ion var ies acco rd ing to the r iver d ischarge and may extend 

well over t h e P P - P S G line in F i g u r e 1. 

G e n e r a l profi les of S M C , O^, p H , t e m p é r a t u r e and C l " clearly exempl i fy thèse overall 

f ea tu res [see J u n e 1982 in Sal iot et al. (1984)i M a r c h and S e p t e m b e r 1983 in Billen et al. 

(1986a) ; a n d J u n e 1985 in F i g u r e s 7 a n d 10, th is paper ) . 

I 
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Variable stratification 

O u r objec t ive was to s tudy the es tuar ine long i tud ina l s t r u c t u r e at low t ide on the basis of 

su r face samples only. It was pos tu la ted that ver t ical g r ad i en t s were negl igible relat ive to 

long i tud ina l variat ions. As conce rns the s u s p e n d e d m a t t e r , the r ange in inne r -e s tua ry 

sur face wate rs is commonly 1-20 whi le , at a g iven s ta t ion , the ver t ical r ange is usual ly less 

t h a n 2 f r o m N a n t e s to Cordemai s a n d less t h a n 4 f r o m C o r d e m a i s to Sa in t Naza i r e , if the 

fluid-mud layer is no t cons idered . Acco rd ing to L e D o u a r e c (1978) , t h e saline strat if ica-

t ion is small or non-exis ten t at the lowest r iver d i s cha rge ( Q < 3 5 0 m ' s " ' ) , and at the 

average d ischarge dur ing sp r ing - t ide per iods . T h e s t ra t i f ica t ion is m a r k e d d u r i n g the h igh 

d i scharges ( Q > 1500 s " ' ) , par t icu lar ly on sp r ing t ides w h e r e a sait wedge may develop . 

I n ou r low-t ide profiles, vert ical g rad ien t s of ch lor in i ty a re usual ly less than 200",, in the 

inner es tuary and may reach 200° ô near Sa in t Naza i r e . I n the o u t e r e s tua ry , salinity 

grad ien ts are variable: f r o m 200-500",;, nea r Sa in t N a z a i r e to less than I 0 " „ at the mos t 

saline s ta t ion . F o r example , in J u n e 1984, the m o s t m a r i n e s ta t ion had a ch lor in i ty of 

17-7 g Cl ^ kg in surface waters a n d 18-7 g C l " kg ~ ' in b o t t o m wate r s , whi le a t the cen te r 

of the o u t e r estuary the chlor ini t ies were 7-7 a n d 16-7 g k g " ' , respect ively . 

As concerns the dissolved oxygen which is h igh ly var iab le a long the es tuary in some 

s u m m e r cruises , vertical g rad ien t s were also m o d e r a t e . In S e p t e m b e r 1983, five vertical 

profi les h a v e been taken at s ta t ion A , E , G , J a n d K : the E prof i le was the only one w h e r e an 

appréc iab le O2 g radient was f o u n d ( f r o m 2-85 m g 1" ' in su r f ace wa te r s to 1-2 m g 1 ' in 

b o t t o m waters) . I n J u n e 1984, n i n e profi les were taken ( A - G , I a n d J): the m a x i m u m 

grad ien t was observed at s ta t ion B (5 07-3 -7 m g 1" ' ) . 

A summer oxygen depletion 

D u r i n g s u m m e r , a marked dissolved oxygen dep le t ion c u r v e was o b s e r v e d (see ful l d i scus -

sion in Relexans et al., 1988), reach ing 0-5 m g 1" ' ( su r face samples ) b e t w e e n D o n g e s and 

C o r d e m a i s (s tat ions C , D , E) as in J u n e 1982 (Sal io t et al., 1984) or in S e p t e m b e r 1983 

(Billen et al., 1986a). I n win te r , the oxygen levels were near ly cons t an t a long the es tuary 

as in M a r c h 1983 (O2 always > 9 m g 1" Billen et al., 1986a). T h e p H variabi l i ty was nearly 

inverse to the O j one (Relexans et al., 1988). I n the lower i n n e r e s tua ry , the p H values were 

a lmost cons tan t at a r o u n d 7-8 + 0-2 t h r o u g h o u t t h e year , wh i l e in the fluvio-estuarine zone 

a n d the u p p e r - i n n e r es tuary the p H r anged f r o m 7-6 in w in t e r to 9-4 in s u m m e r (as in 

S e p t e m b e r 1983), and at the mos t saline s ta t ion , the p H was sl ight ly h i g h e r than that near 

D o n g e s ( 8 0 ± 0 - 2 ) . 

T h e O2 a n d p H variat ions are closely connec t ed (Sal iot et al., 1984; Billen 1;/ al., 1986a; 

Re lexans et al., 1988). I n the r iver , d u r i n g s u i m n e r , p h y t o p l a n k t o n p roduc t iv i ty is ex-

t remely h igh and resul ts in O j ove r sa tu ra t ion a n d very h igh p H . I n the inner es tuary , as 

soon as t h e S M C increases, the bacter ia l d é c o m p o s i t i o n of t h e r iver p l ank ton ic mater ia l 

over takes the p roduc t ion , and b o t h O j a n d p H decrease . D o w n s t r e a m of D o n g e s (s tat ion 

C) , the decrease in S M C , a n d the re fo re of bac ter ia l act ivi ty (Bil len et al., 1986a; Relexans 

et al., 1988), and the mix ing wi th oxygena ted ocean ic wa te r s r e s to res the oxygen levels in 

the es tua ry , while p H values reach oceanic levels of close to 8-2. 

An important human pressure 

T h e city of N a n t e s collects sewage water f r o m a total of a b o u t 600 000 peop le on bo th sides 

of the es tuary . O n the n o r t h shore l ine , waters u n d e r g o p r i m a r y t r e a t m e n t ( T o u g a s s tat ion) 

a n d are t h e n re- in jec ted into the es tuary b e t w e e n s ta t ions J a n d K . O n the sou th shore l ine , 

wa te r s u n d e r g o p r imary and secondary t r e a t m e n t s (Pe t i te Ca l i fo rn i e s ta t ion) , and are then 

Nuiriems in ihe River Loirt and ils �isiuury O 0 3 

re - in jec ted close to those f r o m the n o r t h shore l ine . T h e Saint Naza i re waters are coUected 

and in jec ted wi thou t t r e a t m e n t nea r s ta t ion A. Accord ing to a récent indust r ia l census 

( C S E E L , 1984; Rincé et al., 1985), t he re are t w o ma jo r nu t r i cn t po in t sources in the 

es tuary which arise f r o m two N- fe r t i l i z e r p lan ts : G a r d i L o i r e and G r a n d e Paroisse bo th 

release their waste wate rs n e a r s ta t ion B , u p s t r e a m of Saint Naza i re . A n o t h e r fer t i l izer 

p lan t ( inc lud ing supe r p h o s p h a t e p roduc t s ) , the ' Géné ra l e des Engra is ' , is located nea r 

s ta t ion I. O t h e r indus t r ia l act ivi t ies conce rn main ly the méta l indus t ry , near s ta t ions I and 

D , a n d a m a j o r ref inery at D o n g e s (s ta t ion C). A m a j o r thermal electric power p lant us ing 

fuel and coal is located at C o r d e m a i s be tween s ta t ions E and F . T h e t rea tment of its water 

intake by ch lor ine could be respons ib le for the s l ight increase in Cl ( f r o m 20 to 25 m g 1 ' ) 

which is o f t en observed u p s t r e a m of the F S I , be tween stat ions E and F. 

Continental and oceanic end-members 

T h e déf in i t ion of e n d - m e m b e r s is a m u s t in any classic es tuar ine s tudy in o rde r to 

d é t e r m i n e the theoret ica l d i lu t ion l ines witl i ch lor in i ty . In the Loi re es tuary , mos t s tudies 

have foUowed this s c h e m e (See R i n c é et at., 1985). O u r app roach since J u n e 1982 has been 

d i f férent : we have cons ide red the long i tud ina l var iat ions of sur face-water chemis t ry in the 

whole es tuary at low t ides. T h i s is par t icu lar ly app rop r i a t e to the Loi re in which m o r e than 

half the inner es tuary m a y no t be inf luenced by sal t -water in t rus ion and will r emain 

charac ter ized by m a r k e d wa te r -qua l i t y var ia t ions ( p H , dissolved oxygen and suspended 

mat te r ) . T h e cont inenta l e n d - m e m b e r chosen for ré fé rence in this work is the F S I def ined 

previously and general ly f o u n d at 3 0 - 5 0 m g Cl" 1" ' ; it co r responds 10 C r levels m u c h 

lower than t h e p rev ious l imit of sait i n t rus ion (250 mg C l* 1" ') set up in the Lo i r e for 

pract ical p u r p o s e s ( L e D o u a r e c , 1978: Rincé et al., 1985), i.e. for the d r ink ing -wa te r 

intake of N a n t e s . T h e oceanic e n d - m e m b e r is no t easy to dé t e rmine ei ther: in mos t of ou r 

surveys , the m o s t saline s ta t ion was only 80 -90" , , ma r ine , according to chlorini t ies . As will 

be seen later , the dissolved concen t r a t i ons m e a s u r e d at thèse s tat ions can be ext rapola ted 

to ob ta in those of oceanic wa te r charac te r ized by a chlor ini ty of 19-5 g kg " ' . 

O u r in t e rp ré ta t ion of m e a s u r e d d issolved c o m p o n e n t s in the Loi re es tuary will be 

decomposed in th ree pa r t s : (i) in the fluvio-estuarine sect ion, and in the u p p e r pa r t of tlie 

inner es tuary , only the i sochronous long i tud ina l profi les are cons idered ; (ii) in the lower 

pa r t of the i nne r es tua ry , w h e r e the sa l t -water p ropor t ion exceeds l%o, the oserved con -

cent ra t ion profi le is c o m p a r e d to the theoret ical i sochronous profile obta incd f r o m the 

cont inenta l e n d - m e m b e r t aken at the F S I a n d f r o m the oceanic e n d - m e m b e r ; and (iii) in 

t h e o u t e r e s tua ry , usual ly b e t w e e n 5 and 19-5 g Cl kg " ' , the in te rpré ta t ion is morec l a s s i -

cally done by ré fé rence to the theoret ica l d i lu t ion line (concent ra t ion versus chlor in i ty 

plot) . In th is lat ter case t h e samples m a y no t ail be taken ai the same per iod of the tidal 

cycle. 

T h e complex b e h a v i o u r of a g iven dissolved c o m p o n e n t in the fluvio-estuarine sect ion 

and in the inner es tuary is de ta i led in F i g u r e 3: s ta r t ing f r o m varions river levels ( R I ) , 

the re may be an increase (R2) , decrease ( R I ) o r a conservat ive behaviour in the u p p e r -

i imer es tuary as soon as the s u s p e n d e d m a t t e r level increases. T h e cont inenta l e n d - m e m -

ber (Xo) is the concen t r a t i on effect ively m e a s u r e d at the F S I . In the lower - inner es tuary 

and in the ou t e r es tuary f r o m the F S I to the oceanic s ta t ion M , a theoretical d i lu t ion 

profi le ( X o - Y o - M ) can be d r a w n , wh ich séparâ tes excess ( X o - Y 2 - M ) and deple t ion 

( X o - Y I - M ) pa t t e rns . At d o w n s t r e a m s ta t ions where m a x i m u m excess or deple t ion is 

no t ed , the obse rved prof i les genera l ly c o r r e s p o n d to theoret ical d i lu t ions ( Y 2 - M and 

Y l - M ) ; they c o r r e s p o n d t o h i g h e r (A2) or lower ( A I ) cont inen ta l e n d - m e m b e r s . Actual 
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Figure 4. Evolution of the paniculate organic carbon (POC) to total chlorophyll pigment 
[chlorophyll + phaeopigments, Lorenzen (1967)) ratio versus the total pigments in the 
Loire river (O) compared to two other French rivcrs (from Dcssery et al., 1984). Algal 
blooms are characterized by a similar ratio (POC/pigments-30). 

b u d g e t s of Chemical const i tuents to the océan a re c o m p u t e d by mu l t i p ly ing thèse excess 

(X2) or dep le ted ( X I ) contents by the r iver d i scharge . 

Nutrient levels in the Loire River 

Organic carbon 

T h e p a n i c u l a t e m a n e r carr ied by the r iver can be d iv ided in to f o u r pa r t s : (i) de t r i ta l 

inorganic m a t t e r , (ii) non-algal organic m a t t e r , (iii) a u t o c h t o n o u s calcite par t ic les , a n d (iv) 

phy top l ank ton i c organic mater ia l . T h e p h y t o p l a n k t o n i c mate r i a l is cha rac t e r i zed by the 

ra t io POC/ to t a l -p igmen t s = 30, w h e r e P O C is t h e par t i cu la te o rgan ic c a r b o n a n d total 

p igmen t s are the sum ch lorophyl l -a + p h a e o p i g m e n t s based on L o r e n z e n é q u a t i o n s 

(Billen et al., 1986a). T h i s rat io is similar to those f o u n d in o t h e r F r e n c h ri vers s u c h as the 

Vi re , the Oise (Dessery et al., 1984), and the G a r o n n e , w h e r e P O C / c h l o r o p h y l l - a = 35, 

based on t h e S C O R - U n e s c o équa t ions (Relexans & E t c h e b e r , 1982). K h a l a n s k i ( 1984) has 

also calculated a similar rat io in the Lo i r e , cons ide r ing the spécif ie ra t io of each algal 

g r o u p . F i g u r e 4 i l lustrâtes the relat ion be tween t h e P O C / p i g m e n t s ra t io a n d t h e total 

p i g m e n t levels f r o m the win te r low-produc t iv i ty levels ( p i g m e n t s < 1 0 n g l " ' ) to the 

s u m m e r p lankton ic blooms (p igmen t s > 100 (ig 1" '). 

T h e a m o u n t of calcite in s u s p e n d e d m a t t e r ( S M ) has b e e n s tud ied by M a n i c k a m (1982) 

a n d M a n i c k a m et al. (1985): the re is a m a r k e d seasonal var ia t ion w i th a w i n t e r m i n i m u m of 

4 % C a C O j and a summer m a x i m u m of u p to 3 5 % (dry we igh t basis) . T h i s var ia t ion is 

m o s t p robab ly caused by the r iver ' s seasonal p H cycle d u e to eu t r oph i ca t i on , as is c o m m o n 

in ha rd -wa te r eu t roph ied lakes. If it is a s s u m e d tha t t h e lowest win te r C a C O , con ten t 

( abou t 4%) is related to the detr i ta l par t ic les e r o d e d f r o m the lower L o i r e ba s in , a rég ion 

rich in ca rbona te rocks, the au toch tonous C a C O , con ten t r anges f r o m 0 in w i n t e r to abou t 

10 m g 1"' in s u m m e r when it could cons t i tu te 25% of t h e inorgan ic S M . 

T h e algal P O C is highly var iable , r ang ing f r o m 0-5 m g P ' in w in t e r to m o r e t h a n 

5 m g l " ' in s u m m e r . T h e unusua l hydrological events a re def ini te ly ou t of t h e seasonal 
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Figure 5. T h e Loire river. Algal POC ( O ) and non-algal POC ( A ) variations with 
detrital inorganic suspended matter (currected tbr autochthonous river CaCo,). 

var ia t ions: M a y 1983 a n d J u n e 1984, low algal levels; N o v e m b e r 1983, high algal levels 

(see also F i g u r e 13). T h e non-a lga l P O C is m a x i m u m in win te r ( =: 3 m g I " ') and m i n i m u m 

in s u m m e r ( < 0 - 5 m g l ~ ' ) a n d is r o u g h l y cor re la ted (F igu re 5) to the inorganic detr i ta l 

s u s p e n d e d m a t t e r w h i c h has been ca lcu la ted : the total o rganic m a t t e r is es t imated to be 2 5 

t imes t h e P O C level, t h e n t h e A u t o c h t o n o u s C a C O , con ten t is es t imated f r o m seasonal 

var ia t ion ( M a n i c k a m et al., 1985), t ak ing in to accoun t a detr i ta l C a C O , content of 4'*o. 

T h e d i rec t cor ré la t ion b e t w e e n non -a lga l P O C a n d inorganic detr i ta l material suppor t s 

the a s s u m p t i o n of s imilar o r i g i n — t h e te r res t r ia l é ros ion . A weak inverse relat ion is 

obse rved b e t w e e n algal P O C a n d de t r i t a l S M [F igure 5]. As in many o ther r ivers 

( M e y b e c k , 1982), t h e P O C level in S M is inversely related to the detri tal inorganic 

S M , wi th a m i n i m u m 3 0 " „ for the h ighes t S M in win te r and d u r i n g majur floods. T h i s 

m i n i m u m va lue is a t t r i b u t e d to t h e te r res t r ia l o rgan ic dé t r i tus . 

T h e dissolved o rgan i c c a r b o n ( D O C ) in the r iver varies f r o m 2-4 to 7-8 m g l " ' , and 

is h ighe r d u r i n g the h i g h - w a t e r s tage ( C a u w e t & M e y b e c k , 1987), probably as a resuit of 

soil leaching by su r face r u n o f f . T h e total o rgan ic c a r b o n ( T O C ) , compu ted as the 

s u m of D O C a n d P O C separa te ly m e a s u r e d , p résen t s a l imi ted annua l variat ion, b u t its 

c o m p o n e n t s a re actual ly very var iable . 

Nutrients ( N , P, Si) levels in the river 

T h e average n u t r i e n t levels ( w a t e r - d i s c h a r g e we igh ted ) are: D O C , 5 0 8 m g l " ' ; P O C , 

2 - 6 2 m g r ' ; N - N O j , 2 - 5 6 m g l - ' ; N - N H J , 0 0 3 8 m g l ' ; N - N O j , O O l S m g r ' ; 

d issolved o rgan i c N , 0 - 9 m g r ' ; P - P O i " , 0 0 7 9 m g l " ' ; total dissolved P , O U m g l " ' ; 

d issolved S i O j , 9 - 8 m g l " ' . T h e ave rage c o r r e s p o n d i n g water d ischarge is 1 0 5 0 m ' s " ' 

c o m p a r e d t o 8 5 0 m ' s " ' f o r t h e l o n g - t e r m average. Inorgan ic N , phospha te and 

SiO, levels a re close to t h e p r e v i o u s es t imâ tes of M a n i c k a m (1982), to the méd ian 

values (1971-80) of t h e L o i r e wa te r a u t h o r i t y ( A F B L B , 1971-1985) , to data of the N a n t e s 

in te rd i sc ip l inary s tudy ( C S E E L , 1984) a n d of R incé et al. (1985). T h è s e levels are qu i t e 

s imilar . W h e n c o m p a r e d to t h e w o r l d average of p r i s t ine r ivers (Meybeck , 1982), the 

L o i r e R ive r is very s imi la r as c o n c e r n s t h e silica a n d the organic ca rbon conten t , four 

t imes r i cher in p h o s p h o r u s , a n d a b o u t 20 t imes r i cher in ni t ra te! O r t h o p h o s p h a i e , i.e. 

p h o s p h o m o l y b d a t e reac t ive P , r e p r e s e n t s a b o u t 8 0 % of the dissolved P; n i t r i te and 

a m m o n i a a re negl ig ib le c o m p a r e d to n i t r a t e , b u t o rgan ic n i t rogen is abou t 25% of the total 

d issolved N . 

i t 
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W h i l e dissolved silica and o r t h o p h o s p h a t e exh ib i t a de f în i t e inverse r e l a t ionsh ip wi th 

total ch lorophyl l p igments [F igure (6a, b)], t he n i t r a t e cor ré la t ion is m u c h weaker . If it is 

a s s u m e d tha t the average silica level in the r iver is a r o u n d 12 m g 1" ' w h e n n o biological 

up take is taking place (winter m a x i m u m value) , the c o r r e s p o n d i n g theoret ica l S i O , 

deple t ion is directly correlated to ' algal P O C ' [ F i g u r e 6(c)]. W h e n the d e p k t i o n is zéro, 

the small r ema in ing P O C m a y be a t t r i bu ted to algae g r o u p s o t h e r t h a n d i a t o m s . 

Nutrient behaviour in the fluvio-estuarine section and in the 
inner estuary 

Particulate organic carbon 

T h e concen t ra t ions of P O C in es tuar ine w a t e r s a re h igh ty va r iab le a n d m a y reach 

30 m g 1" ' . T h e P O C concen t ra t ion d é p e n d s p r imar i ly on t h e a m o u n t of s u s p e n d e d m a t t e r 

( S M ) , and then on the or igin and âge of the pa r t i cu la te mate r i a l (Bil len et al., 1986a). M o s t 

récen t P O C profiles fall w i th in the previous ly o b s e r v e d P O C var ia t ions ( F i g u r e 7) which 

are charac ter ized by a very low and cons tan t P O C level in t h e H T Z a n d var iab le r iver and 

oceanic e n d - m e m b e r s according to the algal p roduc t i v i t y of thèse wa te r s . 

T h e J u n e 1985 profi le appears to be comple te ly ou t of t h e n o r m a l r ange ( F i g u r e 7): 

the P O C levels are m u c h h igher t h r o u g h o u t the e s tua ry , pa r t i cu l a r ly in t h e lower - inne r 

es tuary (s ta t ions A - E ) where P O C does no t fall be low 10"o. T h i s p a t t e m was qu i t e 

unexpec t ed . Actual ly, the bulk of es tuar ine pa r t i cu l a t e m a t t e r was comple te ly f lushed 

ou t by a p rev ious ma jo r flood in M a y 1985, a n d the H T Z was n o t o b s e r v e d . T h u s , the S M 

did no t l imit l ight péné t ra t ion as in o the r prof i les (Bil len et al., 1986a; Re lexans et al., 

1988), and the whole es tuary was h ighly p r o d u c t i v e f r o m t h e river to Sa in t Naza i r e . T h e 

P O C / t o t a l - p i g m e n t rat io, which is usual ly h igh ( 1 0 0 - 3 0 0 ) in the H T Z charac te r i z ing the 

lower - inne r es tuary , was be twen 30 and 50 f r o m s ta t ion K to A , a level c lose to that of algal 

b looms . 
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Figure 7. T h e Loire estuary. Longitudinal isochronous profiles of the POC conitrnc in 
suspended matter, ail surveys. T h e June 1985 pattern ( A U n the ouier estuary is com-
pletely uuiside the commun range. A N , Ancenis (river siatiun)i O, most oceanic station. 
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Figure 8. T h e Loire estuary. Dissolved silica isochronous profiles (surface sampics) in 
June 1982 and June 1984. FSI , freshwater-saline-watcr interphase. Exccss values f l ) -
(3) and ( 4 H 6 ) are computed on the basis of (2) and (3) contents observed at station B. 

, Theoretical variations downstream from FSI. See Figure 3 for explanation. 

Silica 

T h e r e is pract ical ly n o change b e t w e e n the r iver ine values taken at Ancen i s or M o n t j e a n , 

a n d those f o u n d at the F S I . I n the inner es tua ry , w h e n the r iver silica is h igh in win te r , the 

e s tua r ine profi le fol lows a theoret ical prof i le , as def ined in F igu re 3. Such a typical pa t ie rn 

is obse rved in J anua ry 1984 ( F i g u r e 8): the d i lu t ion f r o m the cont inenta l e n d - m e m b c r (4) 

to the océan (0), is very close to the obse rved var ia t ion be tween (5) and (0). T h e cor res-

p o n d i n g excess be tween (6) a n d (4) is only abou t 0-5 m g S i O j T ' , i.c. less than 10"u. A 
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di f fé ren t p a t t e m is noted in sp r ing and s u m m e r , w h e n the r iver silica is dep le t ed d u e to 

d i a tom uptake : an excess is general ly observed d o w n s t r e a m of the F S I as in J u n e 1982 

(F igu re 11 ), the excess (3) to ( 1 ) is 4-5 m g SiO^ 1" '> i.e. the c o r r e s p o n d i n g silica level in the 

cont inen ta l e n d - m e m b e r (11 m g 1" ' ) is s imilar to the one obse rved in w in t e r . I t m u s t be 

no t ed that the m a x i m u m excess is usual ly obse rved at the m a x i m u m S M in t h e lower -

inner es tuary , where the level is s t rongly dep le t ed d u e to h igh bacter ia l r e sp i r a t ion 

(Relexans et al., 1988). 

Cons ider ing ail the avatlable profi les es tabl ished d u r i n g complè t e surveys at a b o u t 15 

stat ions, it is noted that: (i) w h e n the re is no r iver silica dep ie t ion in late sp r ing , such as in 

M a y 1983 and J u n e 1984, the re is little o r no es tua r ine excess; and (ii) in some s u m m e r 

surveys , the observed excess is qu i t e m o d e r a t e wi th regard to the very low r iver silica 

levels, as in Augus t 1984 and J u n e 1985. T h e complè te pa t t e rn of silica behav iou r f r o m a 

set of seven profiles shows that silica is conservat ive in one , in excess in five and sl ight ly 

dep le ted in one profile. 

Orthophosphate 

T h e p a n e r n of P - P O J " in the L o i r e es tuary is m o r e complex and is c o m m o n l y 

character ized by several max ima . T h e first excess is no ted in the u p p e r - i n n e r e s tua ry , i.e. 

u p s t r e a m of the F S I , and the second one , wh ich usual ly c o r r e s p o n d s to the H T Z is 

observed in the lower inner es tuary , be tween D o n g e s and Sa in t Naza i re . T h e first excess 

does not always occur , bu t is well m a r k e d d u r i n g the lowest r iver s tage, as in J u n e 1982 and 

M a y 1983 (F igure 9); it begins d o w n s t r e a m of s ta t ion K , i.e. at the disposai si te of N a n t e s 

city sewage waters (Tougas and Pe t i te Cal i fornie) . In J u n e 1982, th is excess , ( l ) - ( 2 ) in 

F i g u r e 9, coïncides with a d o w n s t r e a m increase in S M , whi le in M a y 1983 there is n o 

co r r e spond ing change in S M . W h e n t h e r iver d i scharge is h ighe r , m o d e r a t e peak values 

are somet imes observed in the same sect ion, as in J a n u a r y 1984 (s ta t ions K - J ) and in 

M a r c h 1984 (stations H - G ) . M o r e o v e r , we l l -marked dep le t ions can be o b s e r v e d o n m a n y 

profi les, such as those of J anua ry 1984 and M a r c h 1983 in the f luv io -es tua r ine sect ion 

w h e n the S M C increased. 

D o w n s t r e a m of the sal t -water in t rus ion ( F S I ) , the P - P O | " profi les genera l ly s h o w o n e 

or two zones of m a x i m u m concen t ra t ion , as in J u n e 1982: see (2) - (3) and (4 ) - (5 ) in F i g u r e 

9, c o m p a r e d to the theoretical d i lu t ion prof i le (2)-(0) . T h e profi les are usual ly re la ted to 

t h e h igh tu rb id i ty zone which is general ly located be tween s ta t ions A - D . H o w e v e r , t he re 

are no ted except ions in J u n e 1982 [excess (4)- (5) in F igu re 9] a n d in J u n e 1985 ( F i g u r e 10) 

w h e r e excess P is no t related to h igh turb id i t ies . 

W h e n cons ider ing ail the detai led profi les realized f r o m J u n e 1982 to J u n e 1985, the 

p h o s p h a t e con ten t shows a very var iable behav iour in t h e u p p e r - i n n e r e s tua ry u p s t r e a m of 

the F S I ( th ree excess, one dep ie t ion , th ree er ra t ic profi les) , and sys temat ic excess in the 

lower - inner estuary. 

Nitrate 

I n t h e u p p e r - i t m e r es tuary, n i t ra tes a re usual ly cons tan t , Hke silica, f r o m t h e r iver s ta t ion 

(Ancenis) to the F S I . 

I n the lower- inner es tuary, the n i t ra te behav iou r can be conserva t ive ( M a r c h 1983) or 

dep le ted ( D e c e m b e r 1982) (F igu re 11). T h i s p a t t e r n is very d i f fé ren t f r o m t h e one 

observed fo r phosphates , b u t it is no t possible to a t t r i b u t e a def in i te b e h a v i o u r to any 

season: deple t ions are no ted in J u n e 1982, D e c e m b e r 1982, a n d S e p t e m b e r 1983. I t is no t 

always easy to assess whe the r n i t ra te is conservat ive or n o t , as in M a y 1983, b u t an excess 

was never fo imd. 
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Figure 9. T h e Loire estuary. Phosphate isochronous profiles (surface samples) iji June 
1982 and May 1983, March 1983 and January 1984. FSI , freshwaier-saline-water inier-
phase, S M , suspended matter profile. Theoretical dilution profiles ( ) are compuied 
downstream of the FSI . Marked variations are conunonly observed, as in June 1982, 
upstream of the F S I . ( l H 2 ) . or downsueam, ( 3 H 4 H 5 ) . A N , Ancenis (river station ), O, 

most oceanic sutton. 

Ammonia and nitrite 

U n i i k e p h o s p h a t e , a m m o n i a is no t h igh iy var iab le in the fluvio-estuarine section, but in 

the u p p e r - i n n e r e s tua ry p r o n o u n c e d m a x i m a m a y be f o u n d near s tat ions E and /o r G 

( F i g u r e 12). T h e a m m o n i a p a t t e m in the l o w e r - i n n e r es tuary is character ized by one or 
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Figure 10. T h e Loire estuary. Comparison of the nutrient isochronous profiles (surface 
samples) in June 1985, during a rare eutrophication eveni in the inner estuary character-
ized by low S M C . F S I , freshwater-saline-watcr interphasc. From Saint Nazaire ( s u l i o n 
A) to the most occanic station (O), nuu ien t pat tems are close to the thcoretical dilution. 
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Figure 11. T h e Loire estuary. Nitrate isochronous profiles (surface samples) at five 
surveys. F S I , freshwater-saline-water interphase. , Thcoretical variations from FSI . 

two m a x i m a (as in M a r c h 1983 and S e p t e m b e r 1984) n e a r s ta t ion E o r s t a t ion A , or bo th ; 

the m a x i m a generally coincide wi th the H T Z . H o w e v e r , in J u n e 1985, in the absence of 

any H T Z ( S M < 9 0 m g r ' t h r o u g h o u t the w h o l e e s tua ry ) , a m a r k e d N H ^ increase is 

no t ed at s ta t ion F and a m a x i m u m is obse rved nea r Sa in t N a z a i r e ( s t a t ions B - A , F igu re 

10). I n M a y 1983 (F igure 12), N H ^ was low a n d var iab le t h r o u g h o u t t h e es tuary ; this 

p a t t e m was the only one of its k ind to be f o u n d . 

N i t r i t e profi les have se ldom been carr ied ou t s ince N O 2 is n e v e r a m a j o r n i t rogen 

species. T h e J u n e 1985 profi le ( F i g u r e 10) shows a m a r k e d N O j excess d o w n s t r e a m o f the 

F S I , paral lel to the m a j o r N H 4 m a x i m u m . 
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Figure 12. T h e Loire estuary. Ammonia isochronous prohlcs (surface samples) at three 
surveys. Nantes city waste waters are injected betwecn su i ions K and J. Cordemais coal 
and fuel power plant is betwecn F and E, and the feriilizer plant it bctween B and A. 

N u t r i e n t b e h a v i o u r i n t h e o u t e r e s t u a r y 

T h e ou te r e s tua ry , west of Saint Naza i r e ( F i g u r e 1 ), is character ized by h igher chlor ini t ies 

( the p r o p o r t i o n of seawater at low t ide at Sa in t Naza i re is becween 10 and 40"o) , lower 

tu rb id i t i es , and grea te r d c p t h s . P r i m a r y p r o d u c t i o n of mar ine phy top lank ton generally 

exceeds bacter ia i act ivi ty a n d res tores the balance (Relexans et ai, 1988). 

Particulate organic carbon 

T h e var ia t ion of par t icu la te o rgan ic c a r b o n ( in pe rcen t of S M ) cxemplifies the seasonal 

cycle in the ou t e r es tuary ( F i g u r e 13). In w i n t e r (as in January 1984 and M a r c h 1983), the 

e s tua r ine par t icu la te mater ia l poo r in o rgan ic m a t t e r ( P O C 3' 'u) is flushed into the ou te r 

es tuary by the h ighes t r iver d i scharge ; the S M at the mos t occanic station has the same 

level of P O C as the one f o u n d in the i imer es tuary , as aiready f o u n d by Bilicn ei al. 

(1986u). In sp r ing , the coastal p l ank ton ic b l o o m and che sett l ing of es tuar ine mater ia l a re 

respons ib le for very h igh P O C levels w h i c h m a y reach 20 ' 'o . A m a x i m u m conten t of 2o"o 

was m e a s u r e d at one s ta t ion d u r i n g the J u n e 1985 survey and the P O C / t o t a l - p i g m e n t rat io 

was 39. Cons ide r ing t h e d i lu t ion of e s tua r ine par t icu la te mater ia l in the outer es tuary , 

Re lexans et al. (1988) f o u n d tha t the coastal p lankton is generally character ized by a 

s imilar rat io ( a round 50). 

S o m e dévia t ions f r o m the usua l seasonal var ia t ion are caused by the imusual h y d r o -

logical events wh ich have been desc r ibed above . In M a y 1983 and J ime 1984, the ou te r 

es tuary was h igh ly t u r b i d as in w in t e r ( S M 10 -50 m g 1 ') due to la te-spr ing r iver tlouds. 

As a resui t , t he P O C level in S M was m u c h lower than usual ( a round 3 % ) . 

Nutrients 

T h e behav iou r of n u t r i e n t s in t h e o u t e r e s tua ry has not been detai led as for the o the r 

e s tua r ine sect ions: genera l ly , on ly two o r t h ree s ta t ions have been sainpled bc tween Saint 
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Naza i re and a line be tween Po in te d e St G i lda s a n d P o i n t e d e P e n c h â t e a u ( P S G - P P , 

F igu re 1), a l though the 19-5g C i l " ' value is general ly not f o u n d w i th in this l imit at 

low tide. W h e n stat ion A at Saint Naza i re is chosen as an u p s t r e a m r é f é r ence o n wh ich 

a theoret ical d i lu t ion l ine is based , m o s t n u t r i e n t s ( S i O j , VO\~, N O j , N H ^ ) are 

conservat ive in the ou te r es tuary . 

T w o intensive surveys (seven and n ine s ta t ions) were d o n e in M a y 1983 a n d J u n e 1985. 

I n M a y 1983, the S M was be tween 10 and 50 m g 1" and was mos t ly inorgan ic . W i t h i n the 

P S G - P P limit it was not possible to find su r face chlor in i t ies h ighe r t h a n 15 g kg " ' and ail 

nu t r i en t s p resen ted a gênerai d i lu t ion pa t t e rn f r o m s ta t ion A to the ocean ic s ta t ion. 

H o w e v e r , m ino r variat ions are observed: n i t ra tes are sl ighly dep l e t ed , p h o s p h a t e s are in 

some excess, and the oceanic theoret ical e n d - m e m b e r for silica is zéro. I n J u n e 1985, S M C 

was be tween 2 and 10 m g 1 " ' and was most ly o rgan ic w i th chlor in i t ies r each ing 20 g 1 " ' . 

T h e behaviour of SiO^, ?0\', N O J and N H J was near ly conserva t ive w i th the except ion 
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of P O ] " and N O J s l ight iy dep l e t ed at t h e vcry oceanic s ta t ions , possibly d u e to p lanktun 

up take . 

P h o s p h a t e is p r o b a b l y the m o s t reac t ive n u t r i e n t in the ou t e r es tuary , but its variat ions 

are very l imi ted c o m p a r e d to those f o u n d in the i nne r es tuary . M a x i m u m values for the 

who le es tua r ine System have b e e n m e a s u r e d twice at t he neares t s tat ion west of Saint 

Naza i re (s ta t ion A A in F i g u r e 1) in J u n e 1982 and M a r c h 1983; f r o m thèse s tat ions 

seaward P O J " was f o i m d to be conserva t ive . 

T h e oceanic e n d - m e m b e r s h a v e been ca lcula ted by ex t rapola t ion of t he concent ra t ions 

f o u n d at the mos t m a r i n e s ta t ion ( b e t w e e n 15 and 2 0 g C l " k g " ' ) ; the average values for 

the i r seven surveys in the o u t e r e s tua ry were : 160 ^g N - N O , 1 ' , 33 jig N - N H J l ' 

165 ng N o r g . r ' , 17 ng P - P O J " 1"', 26 ng P , „ 1"', a n d 0 5 m g S i O , 1 ' . T h è s e levels are 

close to those m e a s u r e d by D e l m a s a n d T r e g u e r (1983) in the Rade de Brest (Br i tanny) 

be fore the sp r ing algal b loom: 2 8 0 j t g inorg . N I " ' , 1 9 n g P I ' , 0 3 n i g S i O j l ' for 

salinit ies be tween 32-5 a n d 34-5"o. 

Discussion 

Particulate organic carbon behaviour 

T h e P O C p a t t e r n in the e s tua ry is c o m p l e x d u e to its t h ree d i f fé ren t origins: (i) r iver ine 

p l ank ton , l iving and de t r i t a l ( 'a lgal P O C ) . w h i c h is r ich in p igmen t s ; (ii) terrestr ial P O C 

dé t r i tus ( 'non-a lga l P O C ) mos t ly ca r r i ed by the r iver d u r i n g t loods ( P O C 3"u) which 

p robab ly consci tute the bu lk of rés i s tan t P O C f o u n d in depos i t ed es tuar ine m u d s ( P O C 

2-5"u) f r o m wh ich m o s t of the par t ic les of t h e H T Z are de r ived ( P O C 3"o) , and (iii) m a r i n e 

p lank ton ic P O C wh ich is relat ively a b u n d a n t in coastal waters d u r i n g spr ing ( P O C u p to 

20", ,) . Acco rd ing to the re la t ive a b u n d a n c e of thèse th ree f o r m s , fou r P O C pa t te rns were 

obse rved d u r i n g the first 12 su rveys ( F i g u r e 14). A f i f th pa t t e rn had to be added af te r the 

last su rvey , in J u n e 1985; d u e to t h e absence of the H T Z , the whole es tuary , f r o m Nan tes 

to the ou t e r es tuary i nc luded , was h igh ly p r o d u c t i v e ( F i g u r e 14). 

Genera l ly , the non-a lga l P O C levels d o w n s t r e a m of the tu rb id i ty m a x i m u m locatcd in 

the lower - inne r es tuary fo l lows t h e se t t l ing a n d d i lu t ion behav iour of the inorganic S M , 

i.e. the non-a lga l P O C c o n t e n t ( in p e r c e n t of S M ) is cons tan t at a r o u n d 3"„ . A similar 

behav iour was no t ed for ch lo rophy l l p i g m e n t s immed ia t e ly d o w n s t r e a m of the tu rb id i ty 

m a x i m u m (Billen et al., 1986<i). 

A l t h o u g h mos t a u t h o r s d id no t pay m u c h a t t en t ion to the P O C variat ions a long 

es tuar ies , the Htera ture da t a seem to c o n f i r m t h e L o i r e P O C pa t t e rn ; a similar m i n i m u m in 

the H T Z is no t ed in m o s t cases. E t c h e b e r (1983) f o u n d a r ange of l -5-14-6"„ in the 

G a r o n n e river ( F r a n c e ) a n d a nea r ly c o n s t a n t P O C level ( l - 5 " u ) in the H T Z of the 

G i r o n d e es tuary . A s imi lar decrease in levels f r o m the r iver to the H T Z are no ted for the 

De laware [9"o and 2-3"o , respec t ive ly , a c c o r d i n g to Biggs et al., (1983)], for the Kins 

16-1 "o and 2-8 ± 0-2»o, E i s m a et al. (1982)] a n d fo r the T a n i a r ['i"„ and 2 0 -2 -5"o , M o r r i s 

et a/ . (1982)]. 

T h e d i f fé rence b e t w e e n algal a n d non-a lga l P O C was n o t cons idered by WoUast and 

Pe te rs (1978) o n the Sche ld t e s tua ry , n o r by S h a r p et al. (1982) on the De laware es tuary , 

bu t p e r m a n g a n a t e oxid izabi l i ty a n d P O C prof i les p r e sen t ed by thèse au thors are very 

s imilar to some of those f o u n d in the L o i r e . H o w e v e r , the h igh variabil i ty in the PC^C 

pa t t e rn is pecul iar to the la t ter e s tua ry . T h e m a j o r p rocesses wh ich may regula te the P O C 

var ia t ions in the Lo i r e a re : p r i m a r y p r o d u c t i o n ( r iver a n d ou t e r es tuary) , bacterial 

ii 
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TABLE 1. The average composition of the Nantes' waste water 

Concentration (mg 1 ') 

Sampling 
Location DOC POC S M C N - N O , N - N H ; P-POJ SiO, 

Tougas 25 30 100 3 0 2 7 4.4 2 0 5 15 

Petite Californie 10 1 6 5 12 0 4 7 6 20 1 5 

process is probably of limiced impor tance . I t could howeve r expla in t h e rare p h o s p h a t e 

decrease (as in January 1984, see F i g u r e 9) obse rved u p s t r e a m of the F S I w h e n the 

s u s p e n d e d mat ter concentra t ion starts to increase. 

D e s o r p t i o n may explain the impor t an t m a x i m u m obse rved in t h e H T Z , par t icu lar ly in 

its d o w n s t r e a m par t , usually near stat ion B or A , w h e n the ch lor in i ty increases f r o m 500 to 

5000 m g k g ' ' . Desorp t ion is also invoked by van B e n n e k o m et al. (1978) for the Zaire . 

Ac tua l ly , in the Loire, this process is p robab ly of m i n o r i m p o r t a n c e w i th r ega rds to the 

o t h e r s : w h e n the S M is relatively low ( 1 0 0 m g 1" ' ) , e i ther of o rgan ic n a t u r e as in J u n e 

1985, o r of inorganic na tu re as in M a y 1983, the d i s so lved -nu t r i en t m a x i m a are as m a r k e d 

as those observed for the h ighes t turb id i t ies . 

T h e waste waters of N a n t e s are in jec ted in to t h e u p p e r - i i m e r e s tua ry , b e t w e e n s ta t ions 

K a n d J. T h e y have been sampled th ree and five t imes ; the i r average compos i t i on is given 

in T a b l e 1. 

T h e water discharge is es t imated to be 1-5 m ' s " ' fo r T o u g a s a n d 1 m ' s " ' fo r Pe t i te 

Ca l i fo rn ie (Saunier et al., 1982). W h e n c o m p a r e d to the r iver d i scha rge at low stage 

( a r o u n d 200 m ' s " ') , thèse waste waters can only inf luence the e s tua r ine water qual i ty if 

t he i r concentra t ions are abou t 100 t imes h igher t h a n those f o u n d in t h e fluvio-estuarine 

sec t ion , near station K . T h i s is no t the case for silica and n i t r a t e , b u t is so for p h o s p h a t e . 

T h e r e f o r e , the sharp increase of P O J " in some surveys be tween s ta t ions K and J (see J u n e 

1982 in F igu re 9) may well be a t t r i bu ted to th is i npu t . A c c o r d i n g to R incé et al. ( 1985), the 

total P inpu t f r o m N a n t e s city is es t imated to be a r o u n d 450 x 1 0 ' g y e a r " ' , mos t ly as 

p h o s p h a t e and organic P; th is is abou t 20°o of t h e r iver L o i r e load , u p s t r e a m of N a n t e s . 

T h e waste water N flux is only 1-5% of tha t of the r iver (R incé et al., 1985). T h è s e u r b a n 

i n p u t s f r o m Nan tes do not aifect the es tuar ine n u t r i e n t s b u d g e t p r e s e n t e d h e r e which is 

based on measured values at the F S I , i.e. for d o w n s t r e a m f r o m the ci ty. U r b a n wastes are 

o f t e n t h o u g h t to be responsible for marked n u t r i e n t m a x i m a in es tuar ies , as fo r a m m o n i a 

in t h e C lyde (Mackey & Lea the r l and , 1976) and for p h o s p h a t e in the H u d s o n ( S i m p s o n et 

at., 1975). I n the H u d s o n es tuary , the impac t of N e w Y o r k Ci ty (popu la t i on es t imated at 

15 mi l l ion people by the présen t au thors ) is likely t o be m u c h g rea te r t h a n tha t of N a n t e s 

o n t h e L o i r e estuary: the rat io of s ewage-wa te r -d i scha rge / r ive r -d i scha rge is = 0-3"u in the 

L o i r e , compared to 11 % in the H u d s o n ! T h e m a r k e d p h o s p h a t e increase in the T a m a r 

is also a t t r ibu ted by Mor r i s et al. (1981) to the waste wate rs re leased f r o m P l y m o u t h city. 

M a j o r n i t rogen inputs f r o m ferti l izer p lants are located n e a r Sa in t Naza i r e , be tween 

s ta t ions A and B, and at Basse I n d r e , nea r s ta t ion I. T h e y are es t imated by the 

C S E E L (1984) to compr i se a r o u n d 8 0 0 x 1 0 ' g N y e a r " ' , w h i c h is m i n o r c o m p a r e d to 

t h e river N flux (a round 6 0 x 1 0 ' g y e a r " ' ) . H o w e v e r , th is s t a t e m e n t is ques t ionab le 

w h e n consider ing, for ins tance, the h igh a m m o n i a and p h o s p h a t e m a x i m u m obse rved in 

J u n e 1985 between stat ions B and A , w h e n the who le e s tua ry was charac te r ized by h igh 

phy top l ank ton i c p roduc t ion in the absence of any H T Z . R i n c é et al. ( 1985) also a t t r i b u t e a 

p h o s p h a t e maximimi observed in F e b r u a r y 1982 to the fer t i l izer p l an t . 
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T h e we l l -marked increase of a m m o n i a wh ich was obse rved at each survey at s ta t ion E 

(in J u n e 1982, it was m e a s u r e d at s ta t ion F , b u t th is sample was taken m o r e than 1 h a f t e r 

low t ide) is mos t p robab ly l inked to the C o r d e m a i s power p lant located be tween stat ions E 

and F . 

D i f f u s i o n f r o m p o r e wa te r s a n d / o r s t i r r i ng of depos i t ed séd iments can be a ma jo r source 

of silicate and p h o s p h a t e in m a c r o t i d a l e s tua r ies (>X'ollast & D e B r o e u , 1971; C a l k n d e r 

& H a m m o n , 1982). H i g h e r levels of n i t r i t e a n d a m m o n i a are also o f ten found as a resui t 

of deni t r i f ica t ion in the s é d i m e n t ( K n o x et al., 1986). In the Chesapeake Bay, the 

régénéra t ion of silica f r o m s é d i m e n t s is e s t ima ted to be five t imes that of the r iver inpu t 

( D ' E l i a et al., 1983). In the L o i r e e s tua ry , d i t f u s ion f r o m pore waters may be impor t an t for 

silica, p h o s p h a t e and a m m o n i a in ad j acen t sait ma r she s which generally suppor t reed 

végéta t ion, and are connec ted to t h e i n n e r e s tua ry be tween stat ions A and H (Dia ra , 1983). 

S t i r r ing of the fluid-mud layer , very m u c h en r i ched in dissolved nu t r i en t s as for silica, 

may also play a m a j o r rôle h e r e ( G o u l e a u , in p rep . ) . 

T w o Chemical processes have been q u o t e d fo r the phospha t e excess c o m m o n l y f o u n d in 

es tuar ies . T h e hydrolys is of h y d r o x y a p a t i t e has been described for the Miss iss ippi by Fox 

et al. (1986): the par t i cu la te h y d r o x y a p a t i t e is par t ia l ly hydro lysed to release H P O j and 

C a - * , the dissolved P b u d g e t to t h e G u l f of M e x i c o would be incrcascd by 40",,! T h i s 

excess is observed be tween 2 a n d 14%o, i.e. at salinit ies similar to those where a m a x i m u m 

p h o s p h a t e is f o u n d in the L o i r e e s tua ry . A l t h o u g h no t s tud ied , this process coulU be 

respons ib le for the p h o s p h a t e m a x i m u m o b s e r v e d he re in the Loi re , and in the G i r o n d e by 

Phi l ipps (1980). I n the W e s e r e s tua ry , R c h m (1985) f o u n d that par t icula te P was direct ly 

l inked to par t icu la te i ron . I n anox ie c o n d i t i o n s , a P release may be expectcd in the Loi re 

where it could occur in s é d i m e n t p o r e wa te r s . 

F inal ly , s h o r t - t e r m var ia t ions in the d isso lved concen t ra t ions of r iver nu t r i en t s are 

likely to p r o d u c e sca t ter ing and a r te fac t s of dep le t ion or excess, as in the T a m a r (Mor r i s et 

al., 1981). S u c h sca t ter ing has b e e n clearly s h o w n by van B e n n e k o m et al. (1978: F igu re 

11) in the p h o s p h a t e d i lu t ion c u r v e s d e t e r m i n e d five days apar t in the Zaire es tuary. In the 

Loi re r iver , the seasonal p a t t e r n of n u t r i e n t s based on m o n t h l y sampies (Gu i l l aud , 198 3J; 

C S E E L , 1984) is qu i t e c o n s t a n t , wh i l e t h e ave rage wa te r rés idence t ime in the estuary is of 

the o r d e r of one week. T h e r e f o r e , r iver var ia t ions are no t likely to be responsible lor the 

m a r k e d m a x i m a and m i n i m a o b s e r v e d in e s t u a r i n e profi les. 

River carbon budget 

By c o m b i n i n g the r ive r -wa te r d i s cha rge a n d t h e levels of the var ious f o r m s of organic 

c a r b o n f o u n d d u r i n g the 13 su rveys , a seasonal b u d g e t of the r iver i npu t of ca rbon 10 the 

es tuary can be p roposed ( T a b l e 2). A l t h o u g h the algal P O C level (in percen t of S M and in 

m g l~ ') is at its m a x i m u m in s u m m e r , its flux (in kg s " ' ) is h igher in spr ing . T h e non-algal 

P O C flux is m a x i m u m in w i n t e r . D O C is a lways the d o m i n a n t f o r m of organic c a i b o n 

i npu t into the es tuary . If it is a s s u m e d tha t t h e m i n i m u m 4"u conten t observed in win ter 

( M a n i c k a m et al., 1985) can b e a t t r i b u t e d to calcite par t ic les der ived f r o m land éros ion, the 

yearly average a u t o c h t h o n o u s calci te levels c o r r e s p o n d to 0 - 4 m g C l ' , i.e. twice the 

a l loch thonous calcite (0-17 m g C l " ' ) , a n d d o m i n â t e s t h r o u g h o u t s u m m e r . 

T h e i n p u t of h ighiy labile o r g a n i c c a r b o n f r o m the N a n t e s City sewcrs to the es tuary is 

es t imated to be abou t 3 x 10 ' g year " ' , i.e. on ly 5"„ of the r iver load of algal P O C . 

Actual nutrient input to the océan 

T h e n u t r i e n t i npu t to the océan p r e s e n t e d h e r e is based on only a dozen surveys over th ree 

years wh ich are , m o r e o v e r , s l ight iy b iased t o w a r d s h ighe r d ischarges ; it is only a first 
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TABLE 2. Seasonal budgets of the riverine inputs of carbon into the Loire estuary 

(1982-85)' 

Year 

Jan.-Mar. Apr.-Jun. Jul.-Sep. Oct . -Dec . m g l ' tyear ' 

Suspended inaltcr 
T o u l (mg 1 ' ') 28 44 41 41 35-5 1175 

(kg s ') 50 48 16 35 
960 Inorganic S M ' m g 1 ' 24 5 34 30 33 29 960 

Detr i ta lPIC'(nig l ') 0 1 5 0 20 0 18 0 2 0 0 175 5 8 

Autochthonous P I C 
( m g l ') 0 0-4 0-7 0-5 0-4 13 

Algal POC'' 
55 ( m g l ') 0 6 2 2 6 3 1 2 1 1 65 55 

( % S M ) 2 1 5 5-9 7 55 5 0 4 6 5 

(kg» ') 1 15 2 8 5 1 2 1 8 1 75 

Non-algal POC 
( m g l ') 0 8 4 1 3 1-5 1-5 1 05 38 

( % S M ) 3 0 3 0 3 0 3 0 

(kgs ') 1 5 1 45 0 58 1 3 1 2 

D O C 
( m g l ') 5-65 5 0 5 4 1 5-45 5 3 175 

(kgJ- ' ) 10-4 5 6 1 7 4-7 5 6 
268 T O C ( m g l ') 7 0 8 8 9 5 8-7 9 0 5 8 1 268 

River discharge* (m's ' ') 1840 1100 390 860 1050 

Algal P O C / T O C ( ° „ ) 8 8 29 36 24 21 

'Based on 13 surveys at ail seasons. 
'Mean seasonal discharge of the 13 surveys. 
'Based on the Manickam CaCO, survey (1982), sec text. 
'Assiuning POC = 30 x total pigments. 
T o u l S M - 2 5 total POC. 

a t t e m p t . D u e to the various non-conse rva t ive behav iour s of n u t r i c n t s , t h e ac tua l i n p u t s to 

the océan are calculated on the basis of n u t r i e n t s levels a n d chlor in i t ics m e a s u r e d no t at the 

F S I b u t at s tat ion A (Saint Naza i re ) , a s s u m i n g tha t n u t r i e n t s are genera l ly conse rva t ive in 

the o u t e r es tuary. T h e m a r i n e water p r o p o r t i o n at s ta t ion A is m o d e r a t e : average va lue 

2 0 " ô , ex t r ême values 1 ^"o ( M a r c h 1983) and 52"o ( M a y 1984) for 11 su rveys at low t ide. 

I t is also pos tu la ted that surface n u t r i e n t concen t ra t ions at a g iven sal ini ty a re no t m u c h 

d i f f é r en t f r o m those f o u n d in deeper wate rs of the e s tua ry ( w h e n a sal ine s t ra t i f ica t ion 

occurs ) at similar salinities. T h e actual con t inen ta l r é f é r ence va lue is based on c o n c e n -

t r a t ions observed at station A and c o m p u t e d as exp la ined in F i g u r e 3. W h e n c o m p a r i n g 

t h e average dissolved loads m e a s u r e d in the r iver to t h e ac tua l load to the océan fo r ail 

avai lable surveys , addi t ional f luxes of p h o s p h a t e s i + lQ^o) a n d a m m o n i a ( + 180"o) a re 

f o u n d , whi le silica and n i t ra te fluxes d o no t p r é s e n t any s igni f icant inc rease a n d the P O C 

flux is 60"/o deple ted ( T a b l e 3). 

Conclusions 

(1) I n the highly eu t roph ied Lo i r e R ive r , d issolved silica a n d p h o s p h a t e , a n d to a lesser 

ex ten t n i t ra te , are regulated by p h y t o p l a n k t o n up t ake . T h e pa r t i cu l a t e c a r b o n levels a re 

also closely l inked to th is season cycle: algal P O C is m a x i m u m in s u m m e r , t o g e t h e r w i th 
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TABLE 3. Actual inputs of Loire nutrients to the océan 

Nutrient 

POC D O C SiO, P-POJ N - N H N - N O , 

Average river flux ( x 10' g year ') 90 175 410 3 3 1-6 90 
Estimated continental flux to océan 

( x 10* g year ') 35 370 5 55 4 5 90 
No. of surveys considcred 13 11 11 11 9 
Actual flux—river flux ( x 10' g 

year ') - 5 5 ' N S ' NS + 2-25 + 2-9 0 

Total anthropic input ( x lO'g 
year ') 14- 1-4' 0 8 ' 0-5' 20* 

"Cauwet (pcrs. conun ). 
'Rincé et a/. (1985). 
'Nantes city only. 
''Assuming ail algal POC is degraded in the inner estuary. 
�CSEEL{1984). 

P I C d u e to C a C O j p r e c i p i u t i o n . Non-a lga l P O C is direct ly re la ted to inorganic detr i ta l 

mater ia l , bo th o r ig ina t ing f r o m soil é ros ion occu r r ing in win te r . 

(2) T h e behav iou r of dissolved n u t r i e n t s in the es tuary he re observed at low t ide is 

highly var iable f r o m one n u t r i e n t to a n o t h e r , f r o m one es tuar ine section to anothcr , and 

also f r o m one survey to ano the r . T h e m a j o r process involved is the dégradat ion of the 

e n o r m o u s a m o u n t of algal P O C inher i ted f r o m the r iver (yearly average 1 65 mg 1 ' o r 

5 5 0 0 0 1 y e a r ' ' ) wh ich régénérâ tes silica, p h o s p h a t e and a m m o n i a in the mos t curbid 

sect ion of the es tua ry , whi le n i t ra te is conserva t ive or d e p k t e d . In the outer es tuary, the 

n u t r i e n t s ' behav iou r is m u c h m o r e conservat ive . S u c h high variability in nu t r ien t pa tcems 

has se ldom been desc r ibed in es tuar ine Systems, a l though this is somet imes due to the 

pauci ty of surveys , par t icu la r ly d u r i n g o r a f t e r pecui iar hydrological and /o r biological 

events . 

(3) T h e non-conse rva t ive pa t t e rns are mos t ly obse rved in s u m m e r du r ing the low river 

wa te r stage. T h e addi t iona l fluxes (water d i scha rge -we igh ted) are es t imated to be of the 

o r d e r of + 7 0 " o for PO]' and + 180"o fo r a m m o n i a , on an annua l basis. T h è s e increases 

are m u c h less than those expec ted f r o m concen t ra t ion profi les in which the theoretical 

con t inen ta l e n d - m e m b e r can exceed, in s u m m e r , the measu red r iver conten ts by a l'actor 

of 2 (silica), 5 ( P O J " ) , o r 10 ( N H J ) . N i t r a t e , the least variable nu t r i en t , is o f t en depleted 

d u e to poss ible deni t r i f ica t ion . H o w e v e r , n i t r a t e and silica a imual budge t s to the océan are 

no t significantly affected by e s tua r ine processes . 

(4) Very ca re fu l a n e n t i o n m u s t be g iven to the u p p e r - i n n e r es tuary , ups t r eam of the 

F S I , h e r e def îned as a 100' 'a Cl~ increase: the p h y t o p l a n k t o n dégrada t ion may occur 

20 km u p s t r e a m of the F S I as soon as the s u s p e n d e d m a t t e r increases. Similar pa t te rns 

have been f o u n d in the A m a z o n by E d m o n d et a / . (1981) u p s t r e a m of the F S I . However , 

m a j o r n u t r i e n t excess a n d dissolved oxygen dep le t ion are f o u n d in the H T Z , generally 

at low t ide 10-15 k m d o w n s t r e a m of the F S I , in the lower - inne r estuary (0-3 < C l " 

< l ' 5 g l - ' ) . 

(5) S ince the m a j o r changes in water chemis t ry ( P O C con ten t of S M , nu t r ien t levels, 

p H , dissolved oxygen , etc.) a re obse rved in the lower salinity région which extends 

over a 50 -km s t re tch , the classical a p p r o a c h (L iss , 1976j As ton , 1979) based only on 
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t h e c o n c e n t r a t i o n s vs. s a l i n i t y r e l a t i o n s h i p c a n n o t b e a p p l i e d a n d m u s t b e r e p l a c e d b y 

l o n g i t u d i n a l i s o c h r o n o u s p r o f i l e s ( E d m o n d et al., 1 9 8 1 ; M o r r i s et al., 1 9 7 8 ) . 

( 6 ) T h e i n t e r p r é t a t i o n o f l o n g i t u d i n a l p r o f i l e s i s o f t e n d i f f i c u l t d u e t o v a r i o u s 

a n t h r o p o g e n i c i n p u t s f r o m u r b a n a n d i n d u s t r i a l ( f e r t i l i z e r p l a n t s ) o r i g i n s . A n u n e x p e c t e d 

s o u r c e o f a m m o n i a a n d C l " i s f o u n d a t C o r d e m a i s w h e r e a n i m p o r t a n t e l e c t r i c a l p o w e r 

p l a n t i s l o c a t e d . H o w e v e r , s o m e o f t h è s e a n t h r o p o g e n i c i n p u t s a r e p r o b a b l y o f s e c o n d a r y 

i m p o r t a n c e w h e n c o m p a r e d t o n a t u r a l p r o c e s s e s . 

( 7 ) U n u s u a l h y d r o l o g i c a l e v e n t s ( m a j o r floods i n s u m m e r , d r o u g h t i n D e c e m b e r ) m a y 

c a u s e m a r k e d d é v i a t i o n s f r o m t h e u s u a l s e a s o n a l o r l o n g i t u d i n a l p a t t e r n s . 

( 8 ) T h e b i o g e o c h e m i c a l c h a r a c t e r i z a t i o n o f t h e L o i r e e s t u a r y i s h i g h l y d é p e n d e n t o n 

R i v e r ' s h y d r o d y n a m i c f a c t o r s . I n w i n t e r , d u r i n g m a j o r floods, t h e i n n e r e s t u a r y m a y n o t b e 

c h a r a c t e r i z e d b y a H T Z s i n c e a i l s u s p e n d e d m a t t e r i s flushed i n t o t h e o u t e r e s t u a r y , a p a t t e r n 

s i m i l a r t o t h a t o f r i v e r d e l t a s , s u c h a s t h e R h ô n e r i v e r . A r a r e e v e n t o c c u r r e d o n e m o n t h a f t e r 
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K e y w o r d s : b iomass; estuaries; hcceroirophic aci ivi iy; E T S activicy; particulate 

organic carbon ( P O C ) i p i g m e n t s ; primary product ion 

Algal and bacteriai b iomass and activit ies have been studied in the Loire 

estuary (France) by m e a n s o f particulate organic mai icr pruteins and chlorophyl l 

p i g m e n t s dé terminat ion , é lec tron transport sys tem activity measuremcnt , " C -

bicarbonate incorporat ion and tritiated thymid ine incorporation déterminat ion. 

T h è s e data co l lected t h r o u g h o u t the estuary in various hydrological condi t ions 

a l low to characterize t w o o p p o s i t e typical situations: (i) O u r m g winter and early 

spr ing , w h e n discharge increases b c y o n d 1000 m ' s ', hetcrotrophic activity 

a iways d o m i n â t e s over primary product ion but remains moderatc because of low 

température and non-b iudegradable quality of organic carbon; (ii) at drought 

s i tuat ions , phytop lankton product ion deve lops in the river causing increases 

o f p H and o x y g e n concentrat ion . In thèse s i tuations, accumulat ion o f phyto -

p lanktonic material in the h igh iy turbid inner estuary resulis in very h igh 

bcterotrophic activit ies caus ing p H decrease and complè te depict ion o f d i sso lved 

o x y g e n . 

B u d g e t s o f P O C s h o w that the an ihropogen ic inpuis contribute only for less 

than 5"a to the organic load o f the inner estuary. 

Introduction 

E s c u a r i e s c o n s t i c u c e a m a j o r i n t e r f a c e b e t w e e n l a n d a n d o c é a n . B i o g e o c h e m i c a l p r o c e s s e s 

o c c u r r i n g i n s u c h e n v i r o n m e n t s g r e a t l y a lTec t t h e f a t e o f m a t e r i a l o n g i n a t i n g u p s t r e a m 

( H e a d , 1 9 7 6 ; R e u t e r , 1 9 8 1 ) . T h i s i n f l u e n c e i s p a r t i c u l a r l y i m p o r t a n t f o r o r g a n i c m a t e r i a l : 

d e p e n d i n g o n e s t u a r i n e c o n d i t i o n s , p r o d u c t i o n o f a u t o c h t h o n o u s m a t e r i a l o r d é g r a d a t i o n 

o f a l l o c h t h o n o u s m a t t e r w i l l d o m i n a t e . M a j o r c h e m i c a l c o n d i t i o n s ( p H , r c d u x c o n d i t i o n s ) 

a r e d i r e c t l y d é p e n d e n t o n t h i s a u t o t r o p h i c / h e t e r o t r o p h i c b a l a n c e . T h e r e f o r e , s t u d i e s o f 

p r i m a r y p r o d u c t i o n a n d h e t e r o t r o p h i c a c t i v i t i e s i n e s t u a r i e s a r e i m p o r t a n t f o r c o r r e c t i y 

a s s e s s i n g t h e r i v e r i n p u t s t o t h e o c é a n a s w e l l a s f o r u n d e r s t a n d i n g t h e c o n d i t i o n s 
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