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aerated sediment that was composed mainly of sand 
I 

high pore-water redox levels, but low sulfide, and ammonium a 

With age, these variables changed n a monotonic way, until the mature 

t50Y, demonstrated poorly oxidized sediments, composed mainly of fine grains, 

and low ponswater redox. wth high nutrient levels. Distinct physicu-chemical 

stages were described using mspondence analysis (CA). CA also s b h M  that 

temporal stab~l i  in physico-chemical characteristics of these marshes generally 

increased with marsh age. 

Spartlna altemiflom end of season biomass was QI 

intermediate age and 

Uca spp. a m p m i i n  changed with marsh #gW 

inhabited by U. pugihfor and older ma- b~ U. 

mash periwinkle, Liftorim inwata, also showed age 

dmd to $padha e b m m  stenr deMErltlr 
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THEORY WITH SPECIAL 
SALT MARSHES 



'8- fint used in l8OB by D e b  (6# by 

q@W) t~ d m  hybouww h Germany, research into embplosl 

k 1 W d y  a a" century enterprise, and one that has been dm- 

from kmstrial ecosystems, not wetlands. 

for a of succession and provided ammunition Wr 

that wold4 follow. Cowles (1899) studied the dynamics of sand duae 

at the snuthm end of Lake Michigan. He found that lang-&rm 

ware mnhlled mainly by large-scaie climatic events that d~~ 

but that community dynamics in the time between these watts 

a *mgu- by the biota. The Ckrnsntsian model (Clmenb, 146) 
as an autogenic process during which each pbnt 

Q-l -, dbrs the locat environment so that it is less harsh and 

', W stag- aQo pass fhfollgh a predictable s o r b  

@ a 'DUmpc mmrmnity'. The malogum that u t m m &  

wa# thmt of orqunismsl growth and maW@ 





Of CXmWity development, that is reasonably 
re. predictable. lt results hmn modification of the 

by the cummunib; that is, succession is 
ntrolled even though the physical ,em/ironment determines 

the rate of change, and offen wts ljrnits as to how far 
; f$dx%Ka , 

m, on to suggest that the praess  WI 

/f m(M to be called the Dlimax 

$an is increased system hommstasia, 
t&$L 

mental disturbance. In the process af 

.."., ,. 
C 1 
, .\ 

y b t e  increased organic matter stwage, spec@$ diversity, spatial E. ;;&&E>' 
Ity, stability, and nutrient ccmsmwtion. U c q  O$pm [1969), Wtousek . ,; 1. 4- 9% 46'" , 

< ; <f . #;:;<. 
nen (1975) predicted that mature 'emsy+ms are better able to 

I 

8 .  

e# nutrients than younger ones, Connell and Siatyer (1977) represented 

P, tpt major departure from facilitation as the only successional mechanism. 
b . ,  
!4!+t 

was termed a Type I madel of successian. The Type II rnadel, 

model, proposed that a successional sere constitutes a 

t&ic&bb sequenm of plant species based on different resourn utilization 
-2 

Patterns of individual species. Their 'inhibition' model (Type 111) predicted that 

early mloniam gmgr all the space in a system and are displaced only if 
'i 

I d i r t u m n ~  gaps in which pioneer species could be raptaceti. 





a m -  
- .  

, , . ,.: . 
. . '  .r - ;:.Q. .;, 

bp*nrm' vim 'tnat,z,Gbmb -: , . (YW6) 
, . ,:{. 

nho c u t l w  tke:chsngg k,mmpy . . k 
, , . .  .. ~ , 

ww in ~apslpl w , 'me arbap~a, 
, , . ,  

W two sittkBth8 aa end-points of a 
1 '  1 1 .  

g ~ n M  Ehat entropy production rises &A- 

levels oil in the intermediate phase (an assumption. since he had 

no ~ ~ i a t e  aged lake), and then drops duting the later phase of ecosystem 

mtqmmt. He found a similar pattern of entropy changes in the human life 

C m - c m  m d m .  a n i  modudd, like Clemsnts (1916) that 

mrd dam@mmt is a worthy model for ecosystem development. 
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as 

Drrclhna m e s  that are prevented han m n g  

W m w l  by wuent environmental disturbance. While it 

m-ly aver-wash marshes, experience 'clock- 

dich.bs- d aMPlimas LrOCjous intensities, them marshes persist 

dr of WCS, and are, in ecological time, permanent features. Tansley 

(tW1) agreed: 

' 
11 is tw that I have never found evidence in the British Isles that salt 

marsh passes normally into 'land vegetation', but it is a perfedy 
legitimate and indeed inevitable inference that, if fresh water replaces salt 
water, fresh-water marsh or reed swamp will supenrene, and that if the . 
surface of the land rises above the ground water-level, terrestrial 

rting in 
salt-marsh 

the climatic 
vegetation does 

climax, 
represent 

will be 
'in 

the conditions under which it exists'. - 
g., 

4 second reason for this tack of successional theory in satt marshes is the 

€macultural nature of what -1 refer to as the low marsh, the region of a marsh 

the water and dominated by Spertina aIfemifllora. Because succession " L&y& 
n described in almost all environments on the basis of changes in plant 

Imnmunities, haw does one describe s u m i o n  of a one-species plant 

zoological and physico-chemial tadon must be 

n of low marsh sera1 stages, and this is relatively 

A third reason is the understandable view that 

mercy of allogenic forces, such as 

Ily 'north-sasters' along the north 



Mrrier island rnamhm W r  

autogenic forces are impmhi4 3ab 

bbfa@tl l%S& ea€astrophic events. For instafla!, wmk3 

r!bkbW m-s (Bertness, 1984) and fiddter crabs 

hm in determining 

€an be MiWy WE have been discovered in coastal areas where 

inlh~lerlm has not dm ahred the tandsca 

Despite the prejudices that have slanted successianal research taward 

al systems, there are valid reasons fat thinking that succession proceeds 

ntly in coastal marshes than in forests and atd fields. Tidal pulsing has no 

idal community succession. Secondly, coastal marshes exist in sediments 

imim the efkds of these compounds, rather than maximize nutrient uptake 

tegieg common to terrestrial plant communities (Tilman, 
[ y?(g q. !: 

&ram, which is common in temperkfe 'to tropical 

(Dgw and Costa. 19921. demands osmotic enemv au~tuts 



i3#WMcm invades a mud flat and thaaby 

@W&h&i$ build from low marsh to high mamh a3 

kiIftSWkiiet3t surfbce. Once mean high water is reached. 

t3Ut~fnpeW by other macrophytes and a diffierent'flmt 

i - . At the same a m ,  a 'Shaler' marsh expands 

pf#am .in that diredim. Brookes-Knight (1 934) realized that the two 

&pes ~ight be -&dated. He proposed that young rnarsnes are 'Shakr' 

, $hd extend their range upland, wm me am or 

4 m k  & combined 'Shah-MWe' appm* 

thmugh pa'nr~e mamh stage 



mm (3tlmm rmJ&ml 

than hiih marsh. Phnt & 

. - 
, . f  L :s>ft*;*& ft8.:c:tr: " . . 

tbm MgM ZCwles. '@ i. a3 good, andr-an is m r  mn 

in young marshes. OM &re a majanty of a& in high mash, a nduesd 

in the taw marsh; tkid Ehapnds am f*rd. 

and &pWbn is w r y  sbwr. 

in patkm of marsh development 

Waquoit Bay, Mmchusetts, and concluded that marshes that are open to 

estuaries show a relatively slow, gradual change in plant communities. Moreaver, 

comp&ition is i m m M  in detmnining plant mrnmun@ strudum. In marshes 

mat are somewhat dosed to the adjacent estuary, succession is rapid, 
r,.*-, flT-#-rw 

pu-u, a d  & I WCM that allW hydmlq~y and pore-water 



(uruslly in the high marsh) should be p w  

in these Mt'Shes a n  so steep and zonation, 

has suggested otherwise: 

In a system which has offen 
unvarying in plant eoo)ogy, the va 
remarkable and &mam that, even in 
influences, predictions be made M y  
19701, 

?T b 

Using permanent plots for 30 years. Rmzen and ~&@&ff@85) described four 
* <  > g  f$. ( $22  

different successional outcomes for marshes In tti@%&kmds. Plant 
-q * , V 5 ? < ? f , i ( :  1, 

communities at higher elevations strowed 

poly-cfimax outcomes than did low mah' 
. . . . 

studied different Netherlands marshes fa abut;f5, 
;$&&ri'de that 

I < : + ;.'.' . 

the sams dimax can be aaieved t t m q ~  P v&, . ' . ~ i ( ? k @ i j # ; ~ ~ ~ ~  h~,,i.r3,,~il.,h.: + p0lh .  , I 

I 
analysis, radiometric pmcsdures, and m&ssif t e k h i l ' i ,  Clarli ' ? lrid . .a 

Patterson (I Q85) traced 1000 yeam of marsh h i m  b r  a tang Island salt marsh. 

Their record &- a series of dispntinuous plant mmmities with Iittb 

gradation W w e n  them. 

~ d o ~ y  Nay a d e  in succession of rnuKLpIant salt ma& 

m~ in a Rh&e lrlrnd marsh. Shwnway and Bertness ( I S M )  
L +  T#,$ :5 'It. 

plw -tion in the colonization of small bare 



; 

' lwewd  wmk mmp*&'W 

biological Oam arar hqmm n 

and older mars-. P fama 

r bat is, at lower elevations and in yam# 

ttW%mAd plant mmrnunity variables (because these 

h m t h t  'lllljfCI V ~ B ]  an@ include ~ ~ e m i c a l  factam. Using this approach, 

,' mwa1 authors have v a i h d  some of Odum's strategies for ecosystem 

bvebplvrmf (Odm, 196B). W d e m ,  et al. (1093) ronitwed nutrient fluxes b 

Bi Only relative ages wrra kn- for these marshes. The young manh irnpmtd 

. m& nutrient m e s ,  d organic and total suspended solids, whik the 

a r  rrElrsh eetpOrted ammonium, dissolved organic arbon, and some 

s&i&, bah ag*uc md *I. Dame and Gardner (1 993), working at 

found JrniEarly that their young marsh was a net 

estuary and the older marsh e n u w t  

m n  (I@=) deacribad an excuption to IMI 

m t  ffw. The Viqlnia barrier island sand Rat that they 

ant standing IW than a nearby 14-16 

* m (Y was undarlain by a burad mud flat that 



-b* rtwwttm of 

older marshes were 

accumulation of 

age. Porewater 







Young - 
Clmk md Patk#son multi-species sera stages disconliwws, 

salt marsh unp- 

CQ& multi-species allqpnir brw 
4-1 

. x K l t o g s n i c . ~  
salt marsh immnt 

-, 

CMdm, 91. al. Spadina 
(1-1 t m n ' l ~  
--Gardner marsh 

-and Spaiiina 
41-1 *m 

mEYSn 



RiOd@f in desuiblng suaessisi0n k m b  

(Fgm .t -1 )? Note the linear 

cy at all -1 stages to 'advance' 

to ' ~ r t '  to earlier stag-. Aithough each mat 

of m e ) ,  the s-m marches inexorably toward the d i m  

. TMB model is pwhaps mom representative of terrestrial e c a s m  

that -rimes physicat disturbances much less frequently than 

dymrnic &a~tal system5 (Hayden, et al., 1991). tow disturbance 

cy #w forest $uK~eient time to develop in a somewhat predictable 

&&Qu@~ m this ptmkbbit i  is mythical (H.H. Shugart, perspnal 

m w  a mom ndktic view of wer-wash marsh succession is shown in 

4 -2. we events, which am common aanertces on barrier islands 

sh event acts as the platfarm 

m h  & built, and exirting marshes sprud by the 

m, 1$78). Moreover, existiw marohm am 

of ww-wash s m s  (4. awn, 







- '@mhbbmh aiofig the mid4ht ic  mast (Odlan 

.Q" byr fWmhfh -1My. This level of disturbance 

-0fi uf me m&sh lo sand fiat H w v e r ,  a gradation d 

k a ~Mtiwm of levemion putential, eopeclaI1y in the 

of dsudopmmt whwi #e plant mrnrnunlty has not yat stabit'lred (he 

otlfkknt.!y b pevent emion of the piafform on which the marsh exists. 

geral ~Mgp mvmion a n  oewr at any time, especiMy early in a m. 
I' 
) ~ r s b n s  are portrayed in Figure 1.2 as armws pointing from sera1 stage C 

e 

stage 61, a sera1 stage that is intermediate in characteristics between 

B and stage C, or the smaller a m  that points back to stage B, suggesting 

plets rev-on backward in dewlopmentai stage. The major point is that 

b dPBr~wa$fl marsh sec(uence looks much more unpredictable than the temsb l  

br saal stage D in F i ~ u e  1.2 represents a transitim stage, that is, s wral 
c 2 
bw- is jump lWprd a'climd, rather than to mrt or even 

beyond this stage requires ever greater diaturbanca 

,a Je YJ. that mnl stap variety is an inverse function 
.d , -- k* dn(l @#me &(p M rnm ~8h8bb fhm 6irW ddn, $8- 

k ' 
8 

,.I. 
:.cz, , : 





1. l' ,< . 
lexbwne &f@nt #'m~ #bow mean high water, the upper rimits af 

&&Mba t3s-hlrrent (navy and Costa, 1992), than the multi- 

-85 high marsh cm!mtinSQ develops befare the Sparfina alternitbra low 

marsh d m .  Subsequent deweluprnent of low marsh then depends or;l the 

combination of depositional and erosional foms at the I a g m  end of Me marsh 

that bring the sand platlimn to a lewd between mean high and mean low water 

(personal mdusion) 

1.3.2 Hog Nand d m  

Effom b desdb s~timersh succession have been hampered partly by 

inadequate in#m@mm qp at sites that have been allowed to develop 

free of hmm 4n.WI no such Me has been reported until the 

ah marsh chronosequence. This unique 

nact &an, allows Ibr r 'apace b r  tim' 
,;.:7, . 

., . /< 

m n g  adjacent mamhm translates into a 



eitAer have! uwd ~nhm 

and lYhysial V ~ ~ ,  br 

-amity data only. Ma w been 

fllEh&lg fWivariate analyses are applied ta a of 

Wzlbb from the same marshes.  he mt 

afIWiBtkins d ;shl e b k  measured then w n ~ h  of - 
or using correspondence analysis, ar CA, in 

-1. HMng Mined n succewional 'stage' or sera1 stage using thw 

a chmnosequence can be 

?4mbmined sWi#iml!y. Then th@ fate and direction of stage change, among 

In this study, I define a physica4mical stage, or 

w, a d chronosequertce marshes that has a &gnfmMb 

mother sub& of these marshes, I consider the 

(O a (WS the wQht of biolagiul variables that 

wnrtitute a more mplsts  

%#son will W edded In ChrpBsr 3, r 
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uences far the intentional creation and 

Sen-, et al, 1976) at requisite 

planted S. attemiflora marshes look 

I, they lack normal marsh fauna (Cammen, 7976 and Zedter, 1988), and 

re not models of naturally developing 

inations of physk-chemical and 

ogical drive ~ a l t  marsh succession from stage to stage is of obvious 



UcMP-#3br ~ h ~ ~ h ~ m h I ~ O n ' ~ b l e s  within ovawash 

3. To determine appmirnale time lo maturity ibr eech 

variable in objectives I .  and 2. 

4. To compam the patterns of biological and p h y d  

chemkaI succession in each of the th 

altemiffora heght m s  {tall, medium, e 

the low marsh. 

5. To determine the relative importam o 

p h ~ e m k a I  factom in driving k w  man 

succession. 



L 
efly atrtlined the historical views of ecosystem 

the apptiiion of traditional succession theory to 

r-sh saft marshes. I suggested ways in which such marshes may differ in 

successional patterns from terrestrial systems and briefly introduced the 

que opportunity that the 'Hog Island marsh chronos~uence presents. I also 

described the type of statistical analysis that will atlow me to define sera! stage, 

and briefly discussed the usefulness of the information from this work to man- 

M e  marshes. 

Chapter Two is a more detailed introduction to the Hog island 

-nee via its recent history as chronicled by aerial photographs. l also 

my dab scheme, and describe the results of two field 

s data on physiwdemical comparisons among the five 

wed gmg ohm-uence. General variable trends and 
I' 9 '  'I > 

tke 150* yr d d  mature mash of the 

lb wilabls is tepoeed k r  each of the t h m  



ns artrong them 

variables ampared 

pmmt, and end of season bkmm 

. The density, steal bimas, and 

mf macro-invertebtate species we also 

W., Mmina inwata, IEyanassa obsoleta, and 

nvertebrate community are 

disc-, as am developmental trends in s p e w  composition and relative 

specks contributions to community biomass. Multivariate analysis is applied to 

these data to define biological stage in the absence of the physieaf variables 

analyzed in Chapter Two. In addition, the temporal patterns of biological trends 

noted in this Chapter are compared with temporal trends of physical variables 

a multirrariate approach to describing ecosystem 

Island chronosequence. 

e combined physical and 

m w  two W seasons to those mbinat ians 

amount of the variation in the data. I use 

mber d stam that exist 





CHAPTER TWO 

! LOW MARSH SEDIMENT AND PORE-WATER CHANGES ALONG 

I AN OVER-WASH SALT MARSH CHRONOSEQUENCE 
I 



ARhDUen ~ w ' & I & $ & I  succession originated in the late 1 9* 

and @ M"  nth {C-I it499 and Clamenfir, 1916,1936). applicaton of 

these eon- b coastal HWbWws has had to await a shfi in our view of these 

ecosystems. But k r  the tare hission of their permanence: 

'.... Satt marsh w - i  does represent a climax (community) in 
the conditions under which it exists ....' (Tansley, 1941, his 

mtt marshes have been cxmidersd ephemeral systems, simply sera1 stages in 

!he process of becoming e kue bmtia l  climax community. Compounding this 

reluctance to apply succwsh theory to salt marshes is the rnonocuPtural nature 

exdusively of Spertina 

m ~ o n .  T- &&r@ions of succession have been bared on changes 

h ~l - ~ r r i # =  m, . In-, the very n a m  of m l  stages originate 

. Does succession or a pmass similar to it 

view that sucassion is 

v k  that coastal intertidal 

-6, wctr es 8tQmW. While t b 



'aged accurately. have been reported 

~.ekmtttmpogenic disturbance. 

%at succession pmceeds diffemdy in 

%&I'M IIelds. For instance, the chemical and 

1W pulsing to coastal wetlands has no 

(&, (878). Secondly, coastal matshes exist in 

W ard high in toxic compounds (Pomeroy and 

&-1 marsh succession might therefore reflect 

substrate hypoxia and 

#@mim nutrient uptake and light availability, 

in @mestrial plant ammunitis8 (Tilman, 

c of t m p ~ a t e  to tmpicai 

mmotic-mhted energy 

.U. ' " 5 . ; , , 

. .d ;** -J*: 





a x i - m m .  

*a yms for -water c h r ~ n r i  to 

'1Perrrstr. Tyler (1997) hkwkg M 

-- organic matter, as well as powwater 

within marshes of varying age. 

: In this study, I describe a back-bamer over-wash manh ch-am 

m Hog Island, Viqinia and iflustrate the vegetative history af these fringing 

i m ~ ~ h e s  since 1962. 1 then =part the results from sediment and porewate data 

mbcbd between 1995-1996 within marshes of five different ages along this 

&mosequenee. Results am discussed especially in fight of the work of Osgaod 

and Dman in end-member marshes (young vs. old) along this chmsequenoe 

ind at nearby back-barrier and Iagoonal marshes (Osgood and Zieman, t 993 and 

1993a, and Osgood, Santos, and Zieman, 1995), as well as Tyler (1 997) whose 

w r k  induded p h y s i i w n i d  measurements taken at 

w~ suppleme b mark by supplying details of over-wash marsh 

i-rinediate stages of development, 

@ both biologiml and physical 

eummunity dub on&+ 

I.. -p+; r " ,,, : ":' ". . :. .<*."'.;; 
I..:. ' ' -  "1 



low marsh, what is needed is a 

are a@& to a set of phys- 

same matshes. The mt significant 

(CA) is the rnultivadate method I 

are called axes. Having Mined each 

the acturn1 number of sera1 stages in a 

sWkkaHy, and direction of seal stage 

& be estimated. In t ~ s  chapter, I ~ n e  e 

, tk a subset of chranosequence marshes 

CAfadorscwethananothsubsetaf  

the Kate to be a sera1 stage, minus the 

in that stage. Thus, adding b i i i d  

& debmined in this chapter would 

r b i Q l q b l  stage (community). A 

4, and mnl 8- of this 





( F i m  2.2 Bnd Figure 2.3). 

krent marshes a m  thb chrmcmq 

m i h e  1 yr marsh or plot (hereafter 

3, the 13 yr marsh (13Y), the 21 
. ", 2.' :, 

OY) that was not buried in the 1962 storm &d n&4 

a that a particular sectiin of marsh first a p p d  - 
a important to note that the actual ages of thew 

time interval between aerial photos that were used. F 
. ., . :  ,I.. 

between 7 years and I 3  years old. Tfiroughou- 

each marsh by the maximum age possible for that maM as deE 

I- 
P-reph interval. and relative to the yasr 1995. f h ~ s  ran 

hportant in -ring marsh 150Y whidr ~ 8 s  e ~ l l y  ! ,:,y anywhere 

YaM old 3180 yean old h 1095. AIMough marsh gram can m u  

m m i g  af h~ me ~ s ,  this ppnm oaum only at the 

.@: ,l(r @@ ngim io , which I worlced. Aeriul 
. ",.':',; , , ..$: , .,. 

$mwth from south to north, 





d m  mnhm aknq the Hog lslud 

I ,  





iq,.d# f 
L5 

4 A* 
0.' 

'. I sampling scham 

mpling of one squan meter were randomly established 

m wide plots within the iw marsh of each of the (bur older marshes; six 

in 1Y (Figure 2.4). Of these nine quadrats, three were p W  in 

each d the three S p ~ n a  @emiffarr, height zones of the faur oMer marsha. 
'p"'a: 

ad in^ a tribfcate sampling areas. only six quadrat. were wmin qy 

use h contained a medium and P short zone ody. Analysis of variank 

med on two year p l e d  mean height data (hw-way ANOVA, Tukey 

presence of three distinct height zones in the four oldel 

, and in 1 ~ :  mean = 89.2cm* 6.8, medium height zone = 

heigM zone mean = 30.2m f 2.4. Hereafta. references 

mamh of a particutat age will be as d b e d  above (1 Y fa the 1 

13T, the medium zone of 13Y 

ba ailed 13s. E.ch gybdw wps 

tardapmofl~&;andwnr 







A 

-HmmarnQfii!mkm 

#2th mortar and pestle. Samples 

were analyzed tising e 

~ ~ , u s i n g 5 c c s y ~ ~ r s  

to remove the top 3 a& quadrat The samples wrre 

m n ,  and then :~w$k& CFjd mmction method was fouaved by 

eblorirnetric analysis of k $ h ~ ~  (Cham- and Fourqurean, IWl). 

This method does not i mdws fmcbns of inorganic phosphate, and is 

I probably an underestirn~te M liqmganic phosphate (Osgaad, 1 996). 

I 
1L.i 

I , I  .. . 
2.2.4 Parewater sampling 

,, /( p.. ., 
I- * C .  

Porewater fp& a s m p h  wem collected monthly 

1 h ~ a y  anugh I-. N i i  gas was first blown into 

I 
mintsin anoldc conditions. A 

a d  than wahr was albmd to rrt- 

warn removed by syringe, and 

d erprd9) h t h ~  %Id. 



~ w l r o l s l r a ~ o a  

W k k J  from Ipimetera during June, 

t and ~~ 79W-IIRA extracting sam-, e&h [pi- 

Ammonium and PMpphte tun* ware collected fmm lystmaeni in 

and transferred t h w h  0.45 m i m  membrane filters ta test tubes 

N HCI. Smpieg -,kept on ice until they wem prepared fw 

s was then bubbled into t t ~  

,m pies for approximately 5 minutes move H2S. Ammonium sample pH was 

! . ~ j u s t e d  mVI 6N NaOH. Fnd mmplsa were measured wlorimetrhlly using the 
, 
\ 

a method of Parsane (4SHg 
I 

I 

w n f i W  into test tubes containing zinc 

fu the lab, and read eolorirnetncally 

in@ (1989) as modified by 
1 v ,,iP::~.&j~ 

a M M m ( 1 -  I + L * . : ~ \ A ~ X I  , l eolkbd during the months of 

n aIlecM from lyr imetm as aIlecM from lyr imetm as 

6864) was used b analyze 864) was used b analyze 



re#e reperlad herein 

used fBT ANOVA either exhibited homogeneity of variance 

ations. TukeyLa pDsMoc test was used in all rnuttiple comparisons of means 

found dgnificanily diknnt by immrsy ANOVA. Data that myld not be trsnsformed~, 
7 4. 

wen analyzed oy Kruskal-Wellis ANUVA (K-W ANWA) on m k s ,  a n~n-~a&metric 

Wt); Student-Newman-Wla; (SNK) pt-hoc test was performed on these data. AtL I I 
variations about the m n  s h m  in graphs and tables are standard errors of the mean. - 
Analysis of variance rwas perfomnd using Sigmastat toftware. and all regrd lm I 
analyses WE psrfamed using M i  Excel software. Comspondence rnatysysn was I 
Pekrmed using St&i@p 

qnd sow of a e h  of the 

;.. , : : . -'.,>,; 



sediment saw 

Sediment Nitrogen 

Phosphate Pare-water temperature 

Pore 
R 

A, 13 



(, r. '.> 
, i , .  

Pore-water ammonium 

T 

Pore-water sulfide Pore-water phosphate 

All 
agss 

Factor scores 



*ding. haafSh WhWB tWmWakd % pattern that was tao 

anly a single row and d i d W 3  d vmiartes that were analyzed by omway 

ANOVA, or by W Y  .'tW bcbd agezone interadion. In these 

:-Abnces, s W i  gm4@@@ kmW on#y be made by ovefdH age and height 

uns similarities. Refer@ Fkye ZS ealbr ihe gmupirg d each variable by age and 

height m e ,  along with the mmthned for each variable in the following 

'"9. 

2.3.1 Marsh tegmhh and general topography 
. . 





1-396). Thm mar$h W W  separated by ANOVA using sand 

ntly more sand than the Wplg mnsisting of 6Y, t3Y and 21Y, which had 

cantly more sand than 1SUY (Figure 2.8). Marshes IY, 6Y 't3Y and 21Y 

rmity of sand amtent across the height zones, while 150T had 

re sand than the other category of 150M-150s (pe0.001). Thus, 
7 

$& 6 -  ~ ras P 70". dltkytbtim in a u h  sand content wtth age. The time that&:: 
5 .  

kk td reach maturity, that is to possess as low a content of sand as that of 

y height m e .  It took only 6 years for the tall zone to 

fI&, wbile it took as much as 150 years for both the medium and shoc - - 

organic content generally increased with marsh age (Figure 2.9), 

aw of 0.51% in i Y  to a maximum in 150Y of 9.2%. Moreove 

Aarshes shewed age gmpings: lY ,  6Y, and 13Y possessed 

mrn overall measured 3.8%. Thus, 

1 r i ~ b  bganic matter zone' that 

(F0.001). Cl-r, 

u-ity of orpa* 

LA 





(a) tall wns 

1Y 6Y 13Y 21Y. 1 SOY 

(b) medium rn 



1 SOY 

lilWall 0 medium l short *marsh mean 

Figure 2.8 p- bl udlmnh marsh .Om and higM 
m M , w a h ~ m n h ~ * B l g n l l l M t ~ ~ ~ n k ~ . ~ r w ~ i n ~ ~ . r  
daanrlnedby~~~ll~~~kdklCabY-.-(h.b.h 





. ,  1 ' 1  . 2; 

isplayed the hw-zme 
I I 

ifferentiatim oecurrad Maxirnurn zonal Pgnlc cmterrt 

an age-related chanqe* h m  6f tb i3M b 1508, Tim tu 

I m e :  as much as 150 ym for tall and 21 yrs for the medium and shat 

I Although sediment nitrogen and total phosphate displayed whobmarsh 

I increases with age, and a maximum occurring in the medium mne, m g e  

were exhEbied (Figure 2.10). Time to maturity varied for sediment 

6 yrs for tall, 150 yrs for medium and 21 yrs for short; two-way ANOVA, 

0.015). Likewise, time to maturity for total phosphate varied zonally; 

hosphate maturation took only 6 yrs k r  all thme height zones. Some 

differentiation with was &served for sediment nitrogen, as both 

d 150Y demonst- only one zone among the three Sprtma aItemifloa 

211) ahowad no relationship with either 

8NK, p = 0.80). Mlnlmum ssesianal 





1Y 6Y 13Y 2tY 150Y 
marsh age 

% talt O medium . short 



"C). The September drop was probably due to heavy precipitation 

that wcurred around sample collection time during that month 
+ 

:~'~~~\Nholemarsh pore-water salinity varied significantly d h  age (K-W 
, . ' $ 4 .  
L' .;, <. , 

N Q Y ~  SNK p = 0.041, but only for the comparison betwaan 1Y (34.3 ppt 

and 21 f\3gr.8 ppt f 1.43). Zonal difference L k  
; rather than age (Figure 2.12a and 4). Hi9 

rt Spartina aIterniflom zones that we 

ce, maintained the madmum at 3i.6 

water pH (Figure 2.1 3a and b) 

me zonal differences. Marsh-wide age groupings placed the: 

&-+ 

a d  in&-* aged mrmhes into the lower pH group (mean pti = 6.67 

0.09; j .  ( h - w a y  AMOVA, Turn, p<O.001). A radient existed in four of 

I 

i lanm (k. ~m p~ (MI pH * 0.80 * 0.081, the medium wne pn 

mean (msm pN = 8.77 i 0.061, and the short  om mn 
l b 

I I . ' ,  ...C * . > 



As ex-, p o M & r  -b~-Wductian potential (redox) deweased 

~ l f h  marsh age for all mt -I fram a maximum at 6s (I01 mV + 12) 

a minimum of 43mV + 9 at 150s (Figure 2.14a and b). Marshes 21Y and 

i 50Y displayed ~ignifi=Itiy kmer &x potential than the three younger marshes 

( 4 m V  k 9 vs. +51mV f 21, two-way ANOVA, Tukey, p<O.OOl). Agezone 

interadis, however, showed a complicated pattern. Younger marshes 

demonstded a variety of pairings of zones, but by 21Y, and continuing into 

150Y. there existed a unifonn redox zone within the three Spartin% akm- 

height m e s  ( h w m y  ANOVA, Tukey, p<O.OOl). Time to maturity showed the 

fellouring m: 21 y~ss W $@I, 13 yrs for medium and 150 yts for short. 
' < 

-1y macstt-wide redga h & m@nurn in Oelober (mean = 9O.OmV) 
4 ,  

i and lowest in july {m *.QnlV), md marshem 21Y end 150Y demonshted 

~ n s h b m l o w w v s * r  of the season (Figure 2.14b). 



'2 1Y & 13Y 21Y 150Y 
marsh age 

tall t m e d i u m  s h o r t  --Q-.marsh mean 
, + . 



1Y 6Y 13Y 21Y 
mmh age 

t a l l  L_l medium short - - * -. marsh mean 





1Y 6Y 13Y 21Y 1 50Y 

marsh age 

-,tail l m e d i u m  s h o r t  --*-.- 

June Aras 
month 

onornbrlbn manh age and bight 
T g r o u p l n g r  am determind by ANWA am 

$ m r , e n d ( b ) ~ r V ~ ~ * m w m t a r  



mamh age 

tall I 1  medium s h o r t  - - + - . mean 

# 
I *  /--f ---.- --. 

800 - -  - . / =  - -- I-. 

/ 

&.#- ----a 

&-# -  I --a. 

400 -- C - 
---! 

- . - ,c- - - - - - - - . - - l . * _ _ _ . - - l  
. - - - =  

*.-- --a- 
* - - -  *--- 

_ I . -  -_--------- - - I---$ 
I 1+ 



~ ~ m a n h  d k IW IIP IY for bath ammonium a d  a u ~ a  

(~igum 2-1 5 ma, 2.111). P o r r m n  did not vary ronally m r a H  

(-way ANW& Tukw, p $n: ~ I S ~ M  k 7.3 br tall, 26.4pM f 4.4 f h ~  
9 .  ? <  

medium, and 37.9pIW f 9.8 (we&drt. However, agezone interactions indicated 

that by 21Y (and into 150'0, two ammonium tones existed (two-wgy ANOVA, 

Tukey, p<0.001), a tail-medium m e  and a short zone. The combined 21T-21M 

(50.6pM + 10.8) had significantly more, ammonium than 21s (13.0pM f 2.7). 

Time to rndurat'i fw m i u r n  cmcentratran also had a zonal pattern (he 

w y  ANOVA, Tukey. m.OD1): @f@ fw tall, 13 p for medium and 150 yrs for 

sulfide  om across the ctrronosequence marshes . . ' * *  -">,..,* . * 
'i 

(tall = 337pM, medium = Wq,d Short = W P M ;  K-W ANOVA, SNK, p = 

I r 

age and zone autdu@ 

Rtmtwo, and 3t buk 150 yn beibre 



1Y 6Y 13Y 21Y 150Y 

marsh age 

t a l l  -medium s h o r t  --+--mean 



tRm any Of the Wtar madwe 

2 1 7 e ) .  , n Figure a co~sisterit monthly madmum 

throughout the .-&$q@- 
.. * - .  . . 

2,5,4 Correspondence analysis results 

Results of Correspondem analysis (CA) on these physi&emical data 

indicated that approximately 93% af the variation in the data was explained by 

three vectors, or axes. I have ChoSen to limit the resub to the first axis, which 

its& accoum for 79% af the variation in the data. Table 2.1 lists the loadings 

br  =a& variaMe on -r. These v a l w  are similar to loadings on the 

vedam of principal amp- analysis (PCA), and as in PCA, the greater the 

ahlute of a w, .mrr, important that variable is in explaining the 

nature of rn w. In m g n e d  to era* variable describes its 

variables of like sign -vary in the 

sign mmry in opposite 

is pmbw8kr redox 

. ._ 



sediment and porewater variaMes 
analysis. Bold-faced term rep- 

@i@ mfiabk th.L W olpmn to Mine the vector. Egemalue for 
,* = 0.3% and ddii -n explained = 79%. 

Variable Loading 

sediment sand % 60 

elevation 

pore-water temperature 40 

porewater salinity 40 



b*SCOmfrwnUleCAoutplPt 

~ih WOT ~ 0 -  of WAS values Apeant  the position of any sampling 

qrJadM along the m r .  For instance, a positive factor 
' ,v';; 

ts a gad&! @@ h&h p u w t e r  redox and tow poreWgter 
9:; 

wda;values. Meen mnal ehd wMe p a n h  factor scores an then be used b. 
,' 

desdkt the developmental 6 6 r  each zone and each whole marsh in a 

m u d a t e  manner. Fiim 2.16 akDwr the development of marshes of the 
14 

ch uence by SpWIw a AeQM zone. Distinguishing statistically 

I sigfltmt zones or who10 mmkm was Wemined by perfuming two-way 

1 ANO\IA on mesn fador & ib a%ne or whole marsh, then applying Tukey's 

I P@%dxoc test to detmina signillcant gmpings. Zones or marshes were 

I ebrnicai' stag-, if Wir - -refs wem found to be significantly 

W,*  tQ), and mamh 6Y 



pur e h  qa~iur kq wooi 

ACZ AEL A9 



, I , z  , 
2.2). The MI zone showed twa 

ages: a Mgn Of (r 

apair of 21T and 150T (mean factor scwa = 63) .  The medium zone also 

two stages. but in a-nt age combination: a low score group made 
j,: .m.,. 

J(.xc 1 ; 
!IM. 13M. 21M. and 1SOM (meern sco and a high score grouping of 

[y*; ;!Ja;: -. 
I B Y , b  c I tRtih '* ' ".l...da'" , 

I alone (mean score = 162). The short zone bem&strated three stages, a low 

'eWQmeanscvrre=-5)andlS,6S,13S 

e high score group (mean score = 180). 



2 Mean factor by Sprehe i W m b  height zone and physico- 
gmuping of marshes a$ -d by W a y  ANOVA, p 0.05. 

8 ~~~~~ Phw-cherniut Mean factor score 
pght zone grouping for gmuping 

tall ma 13T 106 3: 37 

sdium 6M 1 62 

short IS, 6S, 13s 180 k 18 



regrowth and topographic changes with age 

&I marsh plants are capable of rapid coknkation of suitable 

ud flat areas. In his dassic marsh development peper,  adf field' 
I 

1 .  - $ 4  

the extension of back-banier marsh on Broadway bland, . , 
! 2 

A > '  i.l;Lcf,-;,.;! 
from 1959 to 1967. Fmm hi Figure 18, 1 have ,estimated? f b ,  

' 

, abut 0.1 ha per year. Deteem, (It. al. (I 993) 're&& - #,  $&I; 

&'?~;,'&" uhrcatin, I have cslculated a gmwth rate of appmkii?i&~y~3!1 , * .  
,. I .  

. , , % j  5, t d  

rmow, a one hundred-fold increase in Spad~rsq: ,$pp :t a 

&sting mud flat was reported by Hubbard (1965) h P'&IC& *I - 

r$st a four year period. The Hog lrJond marshes of 

*' Pfs,: 
h t  6 ha of marsh establishment was observed on south H a g  Ifind,f:t 
8) 

'marsh is an often-cecorded phenomenon that is USWII~ mocicltd ytC 
m w s  (Redfield, I972 and Hubbad, 1965). It is likefy, t h ~ ~ [  ' 

# t -6 ha of Hog !$land marsh a m  betwen 1985 and 1990 (Figure 2.3) 

& mmn low weter, the minimum 
,;:; i+:&iib1. * J 



. Over-wash marshes, like the Hog 

klt'i phtlbnns that were anee above mean 

marsh genesis depends on a M g  of the over-wash pbffarm to elevations 

C - - ?  Lr establishment of Sp&m akmiflom. Evidence for this type of 

ment would indude a folly developed high marsh that existed prior to low 

0 development The 1 year old marsh (1Y) on H o g  Island showed this 

cam. High marsh extended far hundreds of meters in an upland 

,.. .ed a full complement of typical high marsh plants: Spartina patens, 

'Ml is  spicata, Limbniurn spp., m i a  spp., etc., while the low marsh 

ed of s n a m  (approximately 4 m wide) strip of Spartina altemiflam. 

northeast storms have been recognized as impartant marsh builders, 
. b 
p3@alntaineTS, a d  dartmyem in the midAtlantic region (Oodfrey and Godhey. 

, the pattern of mr-wash mmh development that I have outlined above 

ges& that may function in the mid-Atlantic region to. 

e and Mrk pLilstforms to levels suitable for low marsh 

The elevatim prgAls xme M b s d .  in Figurn 2.6 



. 75 

increased g-11~ f t ~ ~  w;rdcts edge to short Spertina aftemNora 

rial obse~am) .  These oider marshes thw displayed a 

se in Spartin8 afternillma height with elevation. Any wate 

rough 27Y and f50Y crossed Eall, then rn 

iRm. Accumulation of sediment trapped by spartina 

account for this smoothing with age. Thus these Hog Nand 

st 21 yrs to reach topographic maturity, that is to 

Spartina aCtemiffora zonation pattern that is 

rences in sediment and po-ter physico-chemistry 

2.3 and 2.4 compare sediment and pone-- results 

previously r e p M  in the literature: There i 

-nit& in most -see. The values that I reported are whole 

~ ~ r ~ g  m h  being 1Y and the old one 1SOY in both 

usually ww is , but when a single figure is given, it - of en -ly ~ W M  r a m  a f  value8. The Hlorks of 

~yts r  d qp@d to this d ~ d y  h u m  their 

-*my Jlm Wood and t i m a n  (I=) 

- a  1 4 - 1 ~ 1 ~ ~ 0 n l i ~ ~ ~ h ~ t r t P d ~ ~ ~ ~ ~ l ~ ~ r ~ h d  

:'"1:* 
; . d , ,  



T@Z 
ma- 

20mwson of d i m h  chankal values in young and oM n u m l  
Fadified fmm Osgood and Zieman, 1993). 

Variables 

sand O w n i t  ( pnoklg ) (pmolelg ) 
content 

.. - 
>, 

old 5 - 39 4.1 -6.4 



-, el. young 26 - 38 6.7 - 7.0 +4 - +207 1-25  m 
a .  5 old 
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and Tyler (1Q97) 
P 

p $ e q u e n c e m ~ o f ~  

SedimntPrV chago= h liW nwsh succession (Table 2.3). In fad, 

,969) be&sit'g organic storage was a characteristic of 

kveloprnent in gene- His prediction is borne out in these marshes. 
5 :  
$ ' of porwmter ammonium in chronosequence marshes also 

t Wum, along with Vibousek and Rein- (1975), were correct about 

abil a mature ecosystems b sequester nutrients. Hawever, as Chgmd 

95) has shown, standing stock is related to nutrient flux through hydmbgii 

I am unaMe to say, the&mZ if nutrients are more efficiently sequestered in 

ic measurements wre taken. 

blistrmeart is responsible for these 

-)- A w c k  loop ensues: inwbaaed above- 

&.- Demur nut- 





11 - 
m 

rqwted therein, sediment nutrients 

with am P O W  m%m~&rn mncentration. But thii 

&anges commonly described in marsh 

mental studies. BIJfiChW d fine particles reduces sediment hydraulic 

( P O M Y  and -@, 3 9811, and creates an anaerobic substrate 

ent that is charactem by low oxidation-reduction potential and 

sulfide concentration. Table 2.4 confirms the ubiqurty of agerelated 

se with marsh age, and both Tyler (1997) and this study establish 

er sums increases with marsh age; in fact, I found that suwde 

from 6.7tpM in 1S b 1330 pM in 150s. Sediment &em 

. phvsieal maturation therefore likely precedes parewater maturation, and bath - .  

nt and pore-water tx3.m W-back to Spadina alfemMom production in 

marsh in ways that are described in Figure 2.19. The role of biota in low 

h succession and biological-physid interactions in Hog Island 

' Wh ma& ~y ) &@'a mPdmum in AM. Only s thin veneer of 

b&ed marsh beneath 1 M compared 

mmw e l m a n  a m  the 



and 

81 

fiat with cansiderabk porewater nutrients. P o w t e r  s u m  

s, however, are b at I M. 

s it take for a sediment I pore-wafer veriabb to resemble that 

0- and Zieman (1993) found that Hog lsiand marshes 

exhibit- pnysieochemical values of matuw marshes by 10 - 13 

2.5 demonstrates a great deal of difference in maturation 

time by ~ & & 3 . ~ d  heiaht zone. but it demonstrates an overall bend ma( 
' 7  ..,.Jl .& *?i 

first d&&w il i by Tyler (1997) for creek-bank substrate variables; marsh 
*9 > ,  I 

-L..A- -?am$ 'mm&l~dinn ie - m n ~ m  nmmmr Trim w=m+c m i d  Ann ,, 

I , i4; +' 
iqle variable at a time. ' Tha multivariate view &Scribed bdb$ ,: 

! '. Ji ' 

i 

emicat stages in chmnosequence rrw~hes 

mb m a p o m c e  analysis outlined in Table 2.1 verify that a 

of ~e in the phy*cochemkal dab tran drrm~equenca 

~~ v-r can b rum- @ a Jngk ~aWle,  pmbwater oxidation- 

w w  -(-. pcrrwlr n(lac 1on0 m n  wggeatad as. 

* ~ ~ d * n l n d d r n U l Y ~  IDMI W l h r k ,  1888), md irs link to 



time in years ik sediment and pore-water variables b$ - 7 
r' Height zones 



- ,  . 

under anaerobic sulfPatie is pmfwed es an eleebron 

, plant mmunity1 me amspondence analysis results indicated 

um of the significant stati 

~ p ~ ~ t i n a  a b m m  heigM zone, zone's development must be 



A 
mne. &@ium zone 0roupif4Js showed a decrease in mean factor sme 

l l W  
,I' 

d h  me emupines placed the young& and oldeat medium mneo 

together d'$tatistically indistinguishable. A possible -son for mir unuwal rn $ 1 ,  I ijimflay &y be that is underlain by mature marsh that was buried in the 
:b 

, 1M appean more matum than it would appetar 
wqi$$y@ 

ce. Hawever, even without t M, the merrltud zo 

two zones. Using Table 2.2, maturation time far the mediyq ,.* 
. '>i) 

3 , J'< 

WM from 6 to 13 years, as compared to 13 to 21 years for tqe 
T .  

' ' f s ? $  ' 
150 years for the short ran& Thus, wood and Ziernan'sl, 

, ~" ~L:f,jx*,, 
of 10-1 3 years for marsh physirnemical maturatim. iq # wp& 8 

* (<*-,.*k.. , > , ,  

itude for t\Ala of the th 

discuss marsh development by height zone. 

d that the tall Spartina a#emiflora area a 

ernically faster than areas that I wo 

difference in my findings ma 

marsh that was induded in 

k of uwk-bank areas. 

I thesis of this work is the need to view ecoSyStems, of in this 

b l  rm h (I multi~ariate, nther thm a univariate way. 

pan* in'- w n  ufiivafhtm and multivariate analyses s h m  

t ~ a m d m m .  m t , ~ m t o ~ m t h n a g e o t  mam~wy 



'n 

ddi 1 

to the value of e~ch 

ssion analysis on 

ctar scores f ~ ~ m  m-ndemCe analysis however, I obtained an age 

of 170 yean, clearly a more appropriate age. Secondly, estimated time 

ty for the three height zones varied between univariate and multivariate 

m. By using individual variables, it appeared that the tall zone matured 

r than the other two zones. However, using factor scores of CA, it was 

that the medium zone rnatud faster than either the tall or short zones. It 

-re crucial in describing a system of interacting variables, to recognize 

ivariate methods, 

axis one allowed 

timation af phpico-chemical maturation times by height zone (see the 

paragraph). A M p t i s n  of system dynamics, that is, the change in 

rice m a m a  martjimci* One way to accomplish this is to 

te annual mmn WgtOr s m  difbmnea betwgerr marshes d 'adjacent' age. 

which differ in age by 7 

nce by Wen. 



'7 
.## 

e. 
. ,  I d  ' 

in question, and smell a relative tmpmd stability in 

e chmosequenoe, 1Y lo 6Y, BY k, 13Y, 13Y to 21Y, and 21Y to 150Y. L""S 
BPh disP18p - dynamics. The medium zone showed 

[ inter-snnual tedor scam d i b  up u i l  abwt 13 year. of age. when 

I Factor scare d%bmm deemed,  and continued to do so, until very 

P r-annual difference o m a d  after about 21 years of age. In other words, 

e medium zone marsh, the greater the inter-annual stability in pore 

4 
ion characteristics. The tall and short zones showed maximum int~ 

!k&/@ctor score differenas between 13 and 21 yean of age, an4 then 

.'MI- the pattern of reduced inter-annual differences as seen in the medium 

m e .  In ail t h ~  zones, themre, inter-annual difkmnces in mean factor score 

sed aRer 13-21 of me. This sugge&ts that temporal physim 

I stability in all thrw in- with marsh age from a teen-aged 

to a mature one af fr#rr Am- yearn dd. A mature mmh, 150Y of the 

ehronquence far in*-, @d k mpect8d t6 *mbnStde little inter- 

m t b .  This 'channeling' effect 

to 21 m of wew rugaests a 

rity in a rn Ph~siwrnmical 

@mrd rn 'dm o o m m ~ b  

- r n ~ ~ w o o ~  - r  

. A  
, .,A" 



, -%- I 
I ------ I 

6Y-13Y t3Y-2tY 21Y-1 

marsh age interval 

t a l l  -r- medium --+-.short 



mintheabseme 

# m#rsh sediment and porrewrJaer 

marshes beGwne 'entrained' on a 

d displays (ess %mparal witation with age, that indeed leads to a type 

&$memica1 climax system #wt is distinctive in its anaerobic condition 

Wnger marshes. AMQVA p&med on factor score data surnmrked in 

,: shows that by 21Y bath taU and medium zones have mean factm 

tinguishable hm the saom af 150T and 150M, mspectively. So, far 

tones, age induced bQfh a temporal stability in physieochemical 

a funneling of thw mdabJes inta the 'dimax' configuration. 

$7; 
P 



I 
(1Y to 13V) -zed by sediments that were sandy, 

- -  at 
.&&~tions: , ,  high EH, MFhts, and low sumde levels. The mature 

& .  
Y, contained sediment with fine partides predominating, greater 
8 ;. 
A 

nic matter, and low pore-water En, end a buildup'of nutrients and 

of the homogeneity of plant communities along the 
I / 

I /  

. ..,I, 
, statistically distinct physiuxhernic91 stages were iddntiiigd ,a. 

i .<.Ld 
, %  b $ c  

statistical a~nmach that exdained a lame owtian of UI@.'~,G 

(79%) by just a f&w varhbk.  However, p-hysica&&i~%$f~' .. 2,.?yi HL +!;: : < 

. ,.<. !;'' ? b >  , , . . 
,-( .;$,$& 23 

be &bed zonally, and correspondence analysis: r&gi~@31~d7;;$: 

, age imposed a temporall stability on these marshes. 

a, vanability with resped LO fXXew8t8r 

k aqe, and by 13 to 21 years of age, 
t 

ical sere that resulted in a PC-stage that can best be described es , 3 ' .  

L 
# 

applmbte am findings to salt marshes in general? The r arl trends noted hewn are p r ~ k b l y .  ubiquitous to all salt marshes, 
$9 

Q those to and maintenance of anaerobic sediments 

i! -PO- c - - ~ U W Q ~  or fine p m t i i  with am; m 
wueed €+, and nd 8mmm mnWmti~n8. Rmmnr (br 



#tI 

tWgCt8ny ifiatwekh UWdopment over a b s  sandy piatform, for 

finer sediments then the w e r a s h  sands of south Hog Island, and, 

b o u g h  thif~wmrnl & v d f W W t *  pidurn is pmbably similar for these marshes, 

be less. Differences in tidal range are also likely to affect the 
.+@$ 
+gab of rather than the direction. Finally, -1 landscape fa- 

of ground-water flow from upland vegetated areas (Tyler1. 

f; 
ucbon in wkys that may alter the rate, but not ULrely, the d W m  of subat~&i[ 

it, 
. . amn 

8 
' 

f I 

,f. ,y. 
" ', 7 

' . .. . . ,,> r. ,, ' :' 



CHAPTER THREE 

ESSION IN LOW MARSH BIOLOGICAL COMMUNITIES 
NG AN OVER-WASH SALT MARSH CHRONOSEQUENCE 



3. J Introduction 

Ecosystem succession has long been the terfitory of plant ecologists. One 

result of this imbalance has been the use of plant community characteristics to 

characterire sera1 stages of an entire biological eommunrty. However, as early as 

1935, Shelford and Olson recognized the importance of animals in stnrcturing 

successional stages. In fact, they preferred the term 'sprucepine-moose' 

comrnun~ty to describe a boreal forest sera1 stage, thereby acknowledging the 

crucial role of at least one mammal in determining community characteristics. 

Shelford and Olson (1935), in Fad, cited other major 'influents' in boreal h a b i :  

caribou, wolves, bears and wohrerim. They stated that these large animals: 

'....leave profound &&& upon succession which have been all too 
little studied, due W Wt plant eCdagi~t~ have rarely taken 
animals into considemtion.' 

Animal cornmum &&? &f&ns to 8uccessionrl changes. Bird 
A i#, 'r t)k &'u&#t ~mplexity of old-field 





nic lanrae and W d   fib^^^^ 

. , 

this Chapter, I d& the bblogical characteristics of salt marshes of 

rent developmental ages, with respect to the major primary producer, 

' eftemiflorat and the five most common epifaunal madnvertebrates: 

spp., Liltorina i m t a ,  Geukmsia demissa, and llyanassa obsdeta. 

rth of species throughwt the chronmuenee marshes begs another 

130 such s p e c & - p ~  camunities undergo a process that one could 

Organism density a d  biomass b examined by marsh age and 

d Y S _ , n ,  a~emmom W M  -. I du, pm8M m W n a l  evidence fo 

roles of mm-  in madiing the speed and direction of 

ity su--m through their h&mction with physicochemicel variables 

2). in ~trapter 2, 1 a muW8riab ~tatistticat method, 

m PC, or phyrrbchemical 

.orrtnmunbR V"lhbktN 

maumth,- 
* , .  t.!.. 



application of a few successional theories in these 

marshes. Bamann and Likens (1979) and Wwn (1989) 

ged ecosystems are more productive than younger 

logic, we would therefore exped 6Y or 13Y of the 

uence to be the most productive marshes, and 1Y and 

productive. 1 also evaluate the evidence for a 'climax 

b, 19161. That is. an assemblage of macrophyte and. 

which yaunier mar 

msh 
Ti! 
also evaluate Odum's 11989) , "  

bl communities become more stable with community age. I use . , 

5;- ' I  , 

factor saxe changes from year to year as pmxy ' 

3 s'af inter-annual stability of these Hog Island marsh communities. 

Sy site 

ampliq was m n d u ~  on tire mmrshm of the Hog laland, Virginia over- 

&.manh m-mo, w k ' i  wu d u c r l w  in dobit in Chaptmr 2. 



vailable aerial ~ b n h ,  ,,, . --=--rlru, PIIU 1narSnes am w w  the 
Possible given meae ~ n a .  

brewer, m m m  tirne 

as in Chapter 2. That is, r?Ialufati~ time for any variable, a &!. 6 
6ablea is the minimum time that it takes ta a vaMble to be 
I 

n value to the Same variable in 1SOY, the m&ue marsh of the 

D & " % ~ A  maturation time estimated by this method to be 8 yean, is 

Rally in the i 13$" cbval2 to 6 years, based on the dates of aerial pnaography. This 
w9;i 

&'~~mtia~as whose maturation time is 150 -- since maturntiion 
**a U 

m m ~ ~ m m m ;  these were done in SeptemPe - 
", Spadina altemiflom height, dmslty, am1 bomurcl, and pemnt 

m n t  m a n  values of pm1.d dll. fW 
YmB ~ l l ~ n -  

P. 

. - a b m m  hdght detetminatiu W m  a*d old on 12 
'r: f ;.,#*; & 

chosen piants p r  q d m t  (om 
m* r) that wem found along a 

??: 
d l l n a n w n - r ~ m  r d ma gud- T ~ w .  ~ p l l  ~ l r m  p r  height 

" A a r n w r h o f s P S ~ ( l ~ .  a p@tt$. H d g h t  wa8 m M 8 ~ d  

-ring wm elso noted at Uliu time. 



q 
c i .  

by counting plarrl sdsms wahm 
a o-Qs25 m d q  -n a m  within qwm. 

sampling Quadfat were dipped at sediment level, cleaned 

red. end dried at 80 OC for 24 hours. and then wighsd. The 

pM regression equations showed a dose relationship bshveen 

(see Table 3.1 for overall equations fw each height m e ) .  

t $ ~ &  for each height zone was then u 

maw using 12 randomty sel 

:comparison). The equations that were derived in 1995 were 

* 

I 

afljm &emiffom height to weight regre- equetions and 
ondeientsbyWM-* 





warm only, am that the three youngest marshes had o !  

ab8; inspection of Figure 3.9 oormboratas this assumption 6.: " 
I& a u r r w  were measured per quadrat, end the appmpriatc 

~pening for 98 crabs (Table 3.2 anq 

rs, I assumed that the hvo oldest marshes 

. - 

tsulting in estimates of b a s s  of fid 

mer crab mass was estimated using the areal biomass and density of 

k biomass was estimated for the other invertebrate species using 
Mi 

Jength measurements: for Littodna immta and llyenasse obsoleta, 

9;1 shell apex to tip af the issa, 
$. 

Cmth along a valve (Figure 3.1). To detmim shell hngth to shell- 

ma- for ea& --, appmirnaWly f00 oQanfsm of each w i g s  
I 

.., , _ r , ,  
along th. chmnoseqmw, cleaned of apibimts, dried at 

', 5 day. ( ~ ~ k m a  dunism nquind 7 dap to m c t ~  r constant 

I 
lieatinn\ shd i h ~  d f ~ ~  4 crlwlatd try pm md wt- 



k p a c e  width in (this study) (Krebs and Valiela, 1978) 

&apace I< width in 
Y = 0.00007W 3.27, 

cm Y = 0.00067X "16. 

r = 0.98 r = 0.91 
ary. weight in P "rg (Cdby and Fm-. (Cammen, et. a!. , 1-0) 

t 984, average values far 
both m s )  



2 : ? 4 "  
o o o a  

(6) w kg Wy.lWS 



A 
Imgth-weigM regmian equations 

I- d q i n d .  ~a the ~ + U O  species. 12 organisms m mmtom~y I :26 
quadrat (adjacent amas for Geukensia d e m i w )  and biomass 

area biomass wen calculated using these regression 
p. 

used for ANOVA either exhibited homogeneity of variance nd 
m 

t was used in all multiple cornparisms of means faund signikantty 

ANOVA. Data that ooutd not be transfomed to suit the 
- 

I 

I 

I 
3m Data a d ~ ~ i s  

w@$ used . ; r ~ h r d e d  or were bansformed using square root and logarithm t r a m  

two-way ANOVA wem analyserd by hskal-Wallis ANOVA on ranks, a 

test (K-W ANWA); Studant-Newman-Keulo post-hoc test 

I 

of ths mom. Analysis of variance 

m, and d mmmbn amlyra - - 



3.2 summarizes the age and zone groupings of each of the 

bles of ChKmXequences marshes. Age groupings are indi i ted 

Its along the ~ o w s  af an age-zone matrix . Marshes that are 

r a variable within a height zone show identical letters. 

s are indicated by shading of cells in a particular column 

stically similar zones of a marsh have identical shading. 

T" three Might zones demonstrated a pattern that was taa 

wtxab by this methad are shaded in black. Matrices that include 

and column represent variables that were analyzed by one-way 

ANOVA that lacked age-zone interactions. In these 

pings could only be made by over-all age and height 

Refer to Figure 3.2 for the grouping of each variable by age and 

=long with the figures mentioned for each variable in the foIIdng 

,m ab,,,~m &wad a statistical zomtian but failed to 

Rtrate age dependem. height maasuremnts dltlbnrntiatsd the 

1 
marsh into the tbr;~n 1 had di8tingukhd visuaUy (F iun  





All 
ages 

mmta ind. biomass 

All 
apr - 

wv & demissa biomass 

zon 

7' 

massa obsoleta density 



,.-' - 4,. 

. . . . &gnasse obsokt8 ind. b'ims 
Mean invertebrate density 

1Y 6Y 13Y 2tY 150Y 

ages 

'. Mean invertebrate biomass Factor scores 

1Y 6Y t3Y 21Y l5OY 

All 
ag= 



marsh mean 



,.2, and the 1 

- .  

short 

though there were d b n c e s  in average plant height of marshes 

?nosequence. these ditlaMcas wen, not quite significant (Figure 
t 
&4remes, 1Y = 30.5cm & 2.8 and 150Y = 56.72 5.3 (two-way 

y: p=0.0/4). Time to maturity for this variabb, that is the in"C?%%m t" 

% ~ s v e  ihe mean plant heigM in Me matwe marsh, 150Y, is only 6 
,I . L .  

of Figure 3.30 sham that 1501 contained the tallest plant. of : j: 
I . J ; :  ",<. .. ,><+ . 

he season, and 1Y consistentfy had the shortest G~ in" . -, 

? +  

, $,.." ! 
$,I:. 

' 

eight of &ha atterniflorn plants demonstrated a monotonic height in~&k&-.i>i. , 

. ~. :,.;..;?:,5,'>~,<t ?it. 

&!v&emiffoa'stm .. ..>. density varied greatIy by marsh age (Ftgurey;?,. & 
&:,, . 8 , ,, , L,.. d;;'x . , 

tnsities were fount and 

, and the highest were in 21 Y (499 plants/ sq m f 54); thekr"': ..' . 
igniflcsnt (K-W ANOVA, SNK, ps0.001). Gmuping of wholq, 

mamhw (BY, 13Y and 21Y). T h e m ,  time to maturity 6 his 

only o n  yrer. Th& is, if we wish to deline marsh mmdty solely by 
, .. 
.LP 

ta a&gmiffom st- and-, @en this nascent marsh appears more 

(has 1- dgnaty) om d intermediate age (that has a higher 



medium s h o r t  - - e - -marsh mea 
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ueau queur* p o y s  l un ipeur  IIW 
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mean individuat BM = 2.56 

mean individual BM = 1.29 g 

0 1 2 3 4 5 6 7 0 9 1 0  



nvertebrate results 

ition of fiddler crabs changed dramatically 

8 three younger marshes were composed almost, 

pugilator, while the two older ones contained 

, Uca pugnax. In addition, the transition from one 

abrupt within the chronosequence rnaf~hes. A m 
_ I ,  . .  . 

v . 
21 yeam might $how a more evenly mixed fiddlw m b  Sped8S ' ',i 

413 

fdlbd to demonstrate an age dependency 

Overall average kt all five marshes was 

&-red significantly in flowering of Spsrtina 

pO.001). Tali zone flowering rate (51.1% 

' medium-short zone Rowering rate (43.95% 

\ I  

ler crab bunow densities of both species combined (Figurn 3.9a) were 

6Y (127.0 bu- sq m i 13.2) and 1- at 1 SOY (22.1 b u m  sq 

-dll There 45- W%fU SNK, p<O.OOt). Whole 



I '  

I Y  6Y 13Y 21Y 1 50Y 

marsh age 

tall U medium D short - - * - . marsh mean 





fiv t3Y 21Y 

marsh age 

----.----- 

. - . - e m  

- = - - - - - - - . - - * - -  

A%-. 



and 1; 

' constlMed a Iow-der'My gmup (26.2 burrows/ sqm + 4-51, while 

intermediate ~ U W  density marsh (54 b u m  sq m k 6.6) and 
m. 
made up the high density group (121.3 b u W  sq rn + 14.1). 

& was oniy 1 year, since 1Y and 150Y posses& equally low 

ndicated thviindty ranking among the five marshes remained constant during i,; ; 

mon ng burrows (May, July and September), and that maximum, -:"'"py 
3 

- licalty found in May and July, white the seasonal 

R ' .  - T I ; j i y ' p  

m. diameter to crab carapace width thal was used in estimabng$a ~ Y.,z- 24 

I 

;ka puguaror. Other mathematical relationships necessary for 

imum b i w  (93.7 rp m i 3.2), and th. $muping ofey and 1 5 0 ~ m  

rrmed* tm 2 d m t Tknr Co mlltu* for this vafiable is 

1 ~ ~ ~ f i c a t e d b y ~ e p r w n a , ~ ~ u O ~  the chrono6aquenee.  he only 



1 SOY 

I mean 

mumh aw 

bil 1-1 - short - * - marsh mean 



-3 fiddler mb. 3 an02IV 1Yn,  the two marshes that were 
8 

1 inkbited almost e x e ~ u ~ ~ ~  b mud fiddler crabs. Among the three younger 
T ?  

- 
j*?' 3 f 

, fY  showed significantly ihan 69 . ,c 

m k 2.2) which showed significantly less than 13Y (31 g/sq m * 3.2). 
$#he dder (m msraka. 21'f shmed Sigmflcsntly smaller areal biomass (8.4 gl 
.y 

rn 0.8) than 1 SOY (15.7 g/ sq rn k 2.3). Some zonal differentiation with age 

y ANOVA, Tukey, p ~0 .002) .  That is, with respect to Uca spp. 

kre  existed one 'zone' among the three Spartin8 alternilbra height 

tall zone (28-1 g Isq m f 4.1). 

lob (mean individual 

Tukejc, p<O.OOl) isolated 150Y 

crab wight fhan any of the other 

rr &,41# indlvaW f 8.19. The nibomst 

?SOY m b  (0. t9 !w n widuaf 

Y ',hi 

I I 



13Y 

maan individual BM = tBg nm 



crab biomass Mt differ signifcanfly airtong the S p n ~ n ~  

t zones mwM in 1 soy. where three zones can be distinguished. 

(1.34 gfindjvidual * 0- 13), an intermediate weight medium 

* 0.15) and a low Wgnt short nme (0.37 gl individual:+ . 1- 1 
. , ,  . , s t  ... 

' -.:+ .,? 

!; 
. , 

r Wtiina h m t a  by marsh 

a. Significant age groudnos (K-W' 

duster comprised of 1Y (4.8 indi\i 
':f;jy 

: Ac,,.)~+jD 
sing densities: 150Y (16.6 indi 

1 '-6)f hen* 13Y (26.5 individuaW sq rn k 5.0). and finally 71y (wd , : ?-.?A 

rn + 6.52). Time to maturity far this variable w,, wm@i 
,- 

e shape af the agdsnslty curve of Figure 3.12a, but was betwleen I 
Y different a o t i i , ~  im,nt~ densities (K-W ANOVA, SNK, pO.00 

s- a -R d 18.1 individuals/ s9 m * 4.33, the medium height 

indwidmld m 5.01, and the short zones averaged 21.6 I 
Ualsj sq m 3 . ~ ) .  krorrtC dWVdm hi9h-t in September 

' ' m t  in May (Rpun 3. lW . 





1; 1980). Similar to the pattern found for marsh periwi- 

low mussel densities occurred at 1Y and 1SOY. Plant 

etween plant 

#&hias almost lackina fm 21T and lSOT, where elemtian was 

,": I 

bska densitim and mmah summ el~valbn. failed to 
;7; - 

Basipnifianca, 6 % ~  as it did fipr U&tf8 i m h 9  ( r = 0.07, p>0.1). Bimodal 



layer in 

and individual biumesll was invadant in 21Y and 1 5 0 ~  

bight zones. No evidenat of bimodal s b  fqwncy diibulpn r{ 
3.20) in 21Y or 15QY for (hi8 species, as m. wen ~DI  

4 )  . 
b Geukensia demissa. If llyanassa obmlsfs is mmuned 
&, 
$& does not seem to be a size preference. Moreovr. 
WtC 

1- 11 I 

~*SMIS are know to be 2-3 timas more d m t t  for blue crabs 
I 1  

shells (B, Sillirnan, con 

I invertebfate density and areal biomass shad agerelated 

we, both variables peaked at marshes of intermediate age, at 

;,at 13Y for biomass. Moreover, both density and biomass were p: 
emphasizing how biologically depauperate this nascent 
F 

K , U B I ~  are that is only a few years alder. Both Suhhmnyam, ef d 

[?$ 

North Fbrida salt marsh and Levin, et d. (1W) in a Nod 
v ' 

' .nund vaJws for tqtal invertebrala density and bCoM8ss that 
I - 

rrsar than va1-s found in thii study (TabM 3.5 and 3.6). 
Avewe . 

C: 



wer, the F K L ~  ~m - ----a- ..a 1fJ g m  mgsnd 
75 g/ 

C h Submhmm~am, *. al., (1976) and I found g m  i- 

biomass cbser t~ the water. In lheae Hog 1- m ~ h m ,  this 

~ m w l a t i o n  densitii ,ban, m t a  and urn -. 

I 3.22 illlustrate9 

to total bi irna~ k 

- .  

I the bur invertebrates 

nrJ helght m. T M  

cases mre fiddler crabs (66% overall), so it is no 

, spp. biomass curve (Figure 3.10) so dosdy para& the 

curve. Geukensia dmissd was next in overall 

II) and Ilyanassa obsobta inmsed in importance J!' 
le only (fmm 0% in 

%fed that Littun'na i-ta amounted fw abut 80% of totat 11- - - - -- - -. - - 

aps in trapped samples. This is a 

marshes, esfdally considering that many s 

-- --,,,,A :, ha Q#LIh than in this om. jmb 

-,, mr, 
~~ biumam CUM (Figure 

'f8htionship beWaWl mnh d 
end the in-ntS Omnunl(y P" 

4 .  F- m- 
& d b e  tkw in*nctlons. 

- ..-* - from GaumM &&m 



~ W ' I  to significanty higher wim 
in- 

, but their densities increase sharply in the preaence af this 

ship between Littorim i m a  and Spertna a t t e r n h  

obligate for the snail, since the periwinkle quires 

q ,W food as well as protection from predmm. 

aturntion i$ the estif?'tated time that it takw for a marsh 

.-, 
of a single variable (multivariate definition will be given in $emgnsbte I ,*, 

- q <  Jf'c 
t?g@;section) compand to levels found in a mature marsh. In the a 
the Hog Island chmosequence marshes, the mature marsh is 1WY. Mamh 

I maturation with m$p&$ b physicochmiml variables was zone s m c  ( ". 
I Chapter 2). ~a V' 3.8 l i a  time to maturation the bioi 

. Keep in mind that 'l50Y rep-ntr, tho intend22 years 

use m e  of these biological vablso could only be m@cd 

d mw va&bfas, only u limltd qualWivr ShtsteMt can 

ut ova~l patterns. fn fwk 

,% 
ina@on of the three d u m n r  d Table 



1 

ta 

time in yea? &- v a r i a b b l m r a h ~ m  
denote vambb & w h i  only m a w  mm 
ned. 



aged marsha mt adegw leMb of 

nce of interadions whereby invertebratm create a 

r plant growth, and S ~ r t i n a  altsmiffora provides a 

$qr the animals. Some invertebrate activity accelerates 

mh u&io and other adivites inhibit it. Predation by tidal invertebrates, 
Y" 

mW Stmure invertebrate communities along thi 

specially in areas of !ow marsh elevations, where in- 

urtgs prey expure  time. Since important feedbacks exis 

,these prey organisms and production in the marsh, s w s i o  

-dent on such predation pressure. Momom, since thi 1 t d ,  then the level of importan- of p d i  is u1ti-l~ 



gvpiable interaction can be assessed thmgh techniques of uni- 

~ qclr)aly$is, as I used in the preceding sedm t~ ibntifv 

wg.ihe b i o e b l  community and between Vie biota and 

nouever, defining statistica~y distinct mrnun i t i i  among , . 

mhm artd discussing their dynqmics requires a broader view k" 
t 

&using the results of multivariate 
d-- ' 

analysis performed on these data explained 49% of 

ity structure of chronosequsnm. 

the two most important variables 
. , 

can k described on the basis of 

ANOVA performed on mean factor scms for each mng; , " . 

ndiaed that w&One i n t ~ ~ ~ ~  were not quite signiftcant (p = 0.07). In otherp 
4.. 

w, &pQf age on snail biomass of each Spartina ahrnitbm height zone 
4 

WW e o n ~ . p m U l t .  ~ ~ p o n d e ~ e .  analysis indicat9 that within these five 

m w  mMhm them ~ l l y  di$tinct biohiclll communities 
w 

bud an @ v a & ~  I -d (Fl(lue 3.23). ~a I m p o ~  in Chapter 2 

-+: m w w a l  vr-, nunbar of s.Mia l iy  aignifbant 

w&Upingl (didm maMm) I# W hUI the numkr of adtul m n h a  

el. ,,,- L 0-1 that w m  idmnlifkd using 



80bn14d: 1Y ard 21Y bm a dim p.t. 

150Y corWitubd the low L M m  i m t e  biomass 

ofSoleta biomass marshes. The 

variables does not necessarily indicate di 

es. It is likely that W n a  i m t a  

a a h a  density), whereas I&anassa 

, preferred areas of loww Spartin8 8 

benthic food sources wre more plentiful 
E; -., 
mat uca spp. demissa 

an this vedor (Table 3.3), sin- 

a m * p  w n  the dOflriW8 d - of th- 

em. However, n I will show in the 1 



& a m  h 

u @ d i ~ h r ~  .a was t b  
tb physico- 

'Pomm@r hmt'in'  th.t I d m m  in ~ b p t e r  

ph~i-emi-1 data. Because the relationship  bet^^ I score and age is curvilinear, the biological community of 

appeared similar to a mature one. 
&:, . Y g,L.:,-j bland over-wash marshes, the time to maturity, that is, the "3 

:;r 

f asi marsh 150Y, was only six years (Figure 3.23). That is W-$! 
M a snail community much more similar to 1Y than to 150Y. It 

$@, since a m n u n ~ t y  variable relationsh~ps are no 

community' sensu Clements (191 

!% illustrates the inter-ennual changes in mean factor score ~y 

height zone for the four mash age intelvals along the Hog 

muenee, d <- ~ h m  velum ~ e m  obtained by dividing the mean hcloi 

n a t  fw each rg. ~NMI &.the number of yean in that interval. For 

TL imwat W-lSM, tm Aotor - d m m  
lm dm- was 





= 8.9. Tllcrro yrr *ta -yeer 
SCQm d i  a,, be 

t- of inkrannusl change. The g r w  me g d ~  - 
nca, & bder the mte at ~rnrnunit'i bm hesctor 

instability over that time p e w .  However. r i m  kctor 

ity movement toward a climax community, that is to estimate 

Rather, these fador score d i m c e s  are better thought of 

~l rm#psures &;ePannd p., gtatabim 

:"~igure $P&. shows that aBhough changes in mean inter-annual fador 

d d i f f e m a ,  are variable in young marshes, all thna tones become mare 

the interval 13Y-21Y. That is, the average inter-annual m 
re dmps fmm an all-raw, value of 5.9 for the interval 13Y- 

rvat 21Y-150Y. After about 20 yeus of me, these tow 

i m i n g b  -&in( to cham. UMunatdy, I auld find no 

21 150 to (Ill in the details d mmmunit~ s.biliW 
. - 

OHl mi8 w i d e a b l y  long peFSod o( m9 H-, ham nwltl indicai. that ' 

Numb i- (h.t -yl~n , baar* mot* 
with age ie appmpri.te 

ct@mam* 



ry and mclusions 

am P ~ ~ o n  PBtlem WW age supporn me thory af 

of fiaaler crabs tended tc lainbin the marsh su 

juvenile state, whereas ribbed r n d  faca~ ma(tsr (as 

have accelerated marsh succession by increasing n w n t s  thet 

ments. These invertebratemacrophy& relationships WWQ 

a&mg the Hog Island chromuenm.  

of the chmnOSegwnce marshes showed a variety cC 

relaw marsh age. U c a  spp. comDosition for instanca 

a m *  manh epr. The ds&y of fie m m h  ~ f ~ n ~ ~  

*I= .g@ *t.d chmm that - *pnd-t on 



9M)l and in turn, m b  b u m  
po-ter i. 

p d  the accUmuIation of Po- toxins (suliide) mat stunt plant 
b11: 
$bed mussels and marsh paiwinkk were also related to Spartina 
...( 8 I 
~IQVI&, and were pmided in tum with protection from pmdath by 
8: 

kriate analysis of these biblogical communities d e p i i  two distinct 
1 1 .  

g, not five in the five Chmnosequeme marshes. Community structun 
f? 

,&faderired , . by its snail poprlatiorur. Agerelated patterns vnth nrpct 
kt 
itwas complex and non-linear, thus snail variables, alVlowh the best 
F ' : dercripto~~ of these mrnrnunities, w m  not as reliable a psdldcr of 

e as were mmin p h p w e r n i a l  vMabbls (m C h a F  2)- Y ~ n g @ r  

iis chronosequence r& gmter interannual variability in 
- -  I, h& & h&M mne becarng 
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in these ow-wash marshes of tP og n ills 

ssbn is a procass that involver the ~ C O S ~  

not just plant community. Thetefwe, a system-wide 

process must u t i b  a multivariate statistbl a~~roach that . . 

defining variables (biological and physical) as distinct sera1 

with time (van der Mural and Wwga, 1970). Indeed. a 

the Virginia Cast R-, ths * 0f ih* Work, 

"-8sion were dircwued. In t h  chapla, 
-b b;? 6 ,  

.-? Fable 4.1) are analyzed m r  in Q ~ Q  to fumltL . - -  
a. r, 



versus peat)). Durn and Shank (1887) studied m v w r n n  

n~dear  m*. Using OCA, they found that species 

so dkuveml that re-vegetation pattern depended on 

ssion in aquatic macmphyte communities in Indiana dune 

[using DCA) to be associated with changes in sediment 

driven by age-related hydrologic regimes (Wileox and 

$:,'simin, 1987). )Ordination tlechnigu@S revealed that hyddogic disturbance was 

a driving force in succession in English valley mires (Fojt and ' 

[ - "  Hading, lQ95). Finally, anonicsl compondence enetysis was used to identify c .  

I 
peat nutrie [,and pH as the irnpodant variables in succession in Finnish pine ' , 

- 

mires fdlowi >&er level d r a w d m  (Jukaine and Laiho, 1995). 

Thi A; constitutes the first description of salt marsh succession that 
-m ttjj 

indudes tr@liiionally pertinent physical and biological variables combined into a 

w d e w ~ ~ n  t$ &sYstern -4 stage, as d l  as desmptions of the drangea that $.I "$4 I-;. - $1.1 

t m r  W w g e s  during succcssim. Invertebrate variables must be "'i) 
I-,, . .& 

such a comprehensive view, since some organisms have been shown 

tely relaw to Ppoduction, It is this mawphyte 

hat is the &is d and b cmW to its development 

v - t m w w 0  4W-m- 
* >  -. 1 . r d .  .. . 



0 

2s. The mmbin 
... that best define separate mal 

, . 
2; L!$$$~i.t ', ed. TW d s-ion, thet is, the Manpa -1 

f 
I! 
' 

then d w  . I f~ sach of the three Spartina altmdbm 
Yr: _ -  

,{ ;, + 
to each height zone is =*mated, .anyi,:& v . '> , >, 

&each stage aver time is calculated. * %:% 

,1 reviews the list of variables that were measured 
I 
marshes in the course of this work, and Table 4.2 lists the 

variables. I. have chosen to describe these marsh ecosystems 

3r one because of the large variation explained by it (51 %) and to 
Fr ;I : 
htency with analytical methods used in Chapters 2 and 3. 

variebtes on this vector were: p o W e r  sulfidl 

ox, sediment phosphate, mud snail biomass, and fiddler cra 

'he title of this vector, 'BieAeration', recognizes tl 

FM :afler crab bumwing- to sediment and pon-water oxidation- 

tial and to m a ; t s c J  variables also p m n t  on this vector. The 

spp. densky (loading = -SO) and pore- 

(loading = 42), - tlrat m Uco spp. dmsity inmsear, so d- 

~ ~ W O X .  ~ h & ~ ~ ~ ~ g w n l e n ~ ~ ~ e s n p r o m m  

W W ~  Qm-, 19861, - Irp 
, I x .  

!&I *;: 



j maturation !Omhfd mnr, anaembic sediments (0- and 

hapter 2 of this work). 

i"  s , ,  measured at the Hog Island chrcuxwequence marshes. 

I 

, . i  

olagical variables , C. 
' r 

, . f' .. . 

pore-water Spar61na epifaunal ,, : ' 

variables alterniflora ',*..# ( macro-, v ? , . ,  

I I 

varie blea inverkbrabe ' ":,:, 2 - 

aboveground organism areal 
biomass biomass 

m~ ~ g l ~  I . oxjdation-dutiion individual plant individual 
potential biomass organism 

biomass 

* - 
sulfide total invertabrate 

biomass 



loadings fw all variables on first axis of Comgpondence 

L 





pertnesPV r But Bf)rmm (I-) fOmd no effect of ribbed m a  pnsence 

y (r = 0.15, ~ 0 . 0 5 ) .  

vector, a positive factor scorn is associated with a marsh that is 

redox, Uca spp. density, and Gmkensia demissa bcmass, but 

suffide and ammonium and sediment phosphate concenttation. 

Conversely, yh that has a negative factor score is one with a low density of 

mussels and pore-wter redox, and high pore-water sulfide 

and also high sediment phosphate content. 

'describes the distribution of mean CA fadw scores by marsh 

We and & h$ ahmiffom height zone for vedw om. The general tnnd in 
$4 

F~uule 4.1 @&ear: megn mf decreased with m m h  ape. That is. 

lfiddk mb ( m ~ ,  198~). Pore-water oxidation deweased with 

in-w dporition of gminad sediments and duad fiddler 

lamnd w n d o l r  -JbsbY whole mom indicated that 
I !  ' 

kted bur rrd -.low- .-, with 



I 
~l~ fadailme = -104 f 15). 

~ w ~ w r i y  ANOVA ~ r f c l m  on mean bctor scores across 
3; 

Chmnoseq~db indicated significant in(srPdims ~ I I  mush h e i g ~  
>- 
$', 

, (v 0 . ~ ) :  f h w m I  dh3~ssiof1 of sera1 stages must mnsider Spartin8 

'! , e # ~ m i f l a ~  he@M Zone. and d~S~~ssion of mnes must be done by marsh age. 
I 1 - L. -1 

wral stages in the talt m e :  marshes 6T and 13T (mean factor 

A .  

: +  
88 k.18) and 21T and t50T (mean fPdor score = -43 f 8). For the 

I ,  

height zone, there existed two sera1 stages: f MI 13M, 21M and 150M 
I 

umhtuted #ki mean fador score of -44 f 30, while 6M constituted me hjlh 

fad:'# &h [mean faktor acae = 11 1 t 6). Thne m l  stages were found 

: a high factor score group consisting of IS, 6s and 13S (mean 

= 119 2 6), an intermediate scare group of 21s alone (mean factor 

roorn(mranW-= r**21)andr 





dt the h w m y  ANOVA p e m  on 

the %urn U5M Zn Chapters 2 and 3, letters are used to 
2. 4 

timlb' s~~ hreta Smrss by height mne, and shadiogs .'. 3 
? !-\, 

$9 

$ I  
4 

age and negnr zone. 
that am stdstically 
manh ttwt am 



a s ~ d e s - P m  -m, e m  8s these low marshes that are 

single spedes of maaophyte and a taw spades of macmfauna. 

I CA confirm that sets of variables do indeed exist. and (w the most 

snw ecological sense. Vector one, entitled 'BiAemtion' combines 

+he p h y s i ~ e m i c 8 1  CA vector (see Chapter 2), plus Uca spp. 

miable that has been shown to affect pote-water redox (krtness, 

spp. density did not appear as an important variable on biological 

from Chapter 3. The important variables on that vector were 

vim snails of the low rn&i, m i r i g  that snails are important in 

nt in interadng trc(afS t0 S W U ~  me edin 

The inclusion of i(r*iv an influem.ng variabk on this 

$ not on t b  
app. with interaEtSons 



Om " tm MWW rtiviliea whim rignifimnuy a((a 

Nmn$w m m  man f~ bophi interactions onb it k m  ', 

Y ~ W  a h  aemb U* M.mte purnpiq m e n  hmupn 
B" 

J f i~  Q-r. (8861, but his seems b be mu* I- ' ' 87: ; . . ' a  ; r ,  

;Wde sense than the  eft&^ of ~ d l a  m b  bu-ng, fi&'%yk; 
"f": >p z , ,.\ ' :. . .$ @sity had a small loadirg on vector one (bading = -10). . . 

I . , <  :i l r  > f i i  1 
i r t r  fbnsb dernissa biomass on this vedor is qeadatim I<!#! p, ;i, $,$$ 8 ,  

@ filter Wing results in produd'mn of p o e ~ d * h ~ a b  
8..  

rate. Moreover, their atta 
. ' - '., .q 

prevents emsim (~srtness, 1984). K ~ ~ w & ~ ' ( I Q ~ €  
I < . . 3  

I 1 I ' p 

$&a demissa, the most abundant filter W e r  in a &mi# tC 

le for remwing 549 g/m2/yr 

it on the mamh surface 

k ~ k 1 o n  by increasing sediment deposition from the warn " r  

,,&iIizing sediment, thus encouragi~ anaerobic aubstratdfl - . , .\&$ 

e Gwkensia a 5 8  biomass cevaies in the same: 

whWl is oppo*1. d the above prediction. 

the 



sulfide and sedi- 
~ ~ - m t b n s ,  wivl neducsd 

4 Mia crebs and lMbsd R*aMc wlh m h  spa 
m I C B c  '4 , 

y,nims of t M  t m  w&M in C h p l .  3 (Figurn 

kbturation by height zone 

wtirnsted time to maturity by Spartina a l t e r n h  height zone, 
wr" gcra, Mat these estimates are subject to the age intewak of 

k the Chmnosequence. A marsh height mn, is mature when R 

Wlym . . fador sare that is statistically similar to the same height zone in 

EFm~ned using two-way ANOVA. To say, for example that it takes 

maturation of this system mans that it takes between 21 and 150 . 

interval between available aerial photogmphs of this area of the 



q 
* V! 

,M 
a m f a c t o r  

b b 7 ~ 8 R m r d e d  11SOM. q 

fTliWah wm appearam o( -Med 

burad & m m  muld 
rate of 

w s  fa 8Ugg- by O w ,  Sen&, and 

a mud flat. Interwngfy, the bu"d 

apparent development of I S  located just 

three mder by. Even after removing IM fmn capideration, the medium 

ure, that is, to appear statistically similar 

atfemiflora zone took -e*em 

imating time to 

I 
per&med 00 zone basis, since these mnes mature at different r a m  

'h 

w $ h t  the short zone take so much longer tnan me Othc* Iwo r o ~ ~  

Fkddler a a ~  den$itia are higher in t k  medium and short m e s  

0.05) than in the tall an. It wwld ba w e d  that 

rg~'siowIy, given the Wdiw rdkd of fiddler 

~ ~ v e r ,  the d b m  cone a0.d 
thm 

the short mm. hwy wrnbidon ol rmthn, 1-1 
dlr)l~) m nrpodbla. Vector M, which 

ha h621vily hadad 

J 
"U 



4m 
- - ~ l o a a ~ p * ~  a m m h  

mr ahomty related *m to -a 

at h i g k  !#le,"ld high *veh pore 

water aeration and short zone quacinta 
anffimntfy highs in eleve than 

th other %FneS: mean .kMtion = 27.4 an a h  m ~ ,  mspn 

medium wh ion 8-5 an abwe MSL. and taY zone 
ekvmn = 28.7 

cm below ME (Figure 2.6). Not surprioingb then, m n  - w  mm tor all 

I 

the short (mmn ~ O X  = 27.5 mV), was significantly higher than for all 

other zones bemuse of reduced inundation time mt 

ted pore-water &OX and h r  sedimentation rate, both 

ounger marshes. Local topography may slso have been a 

rt zones along the chronosequence had a 'bumpier' surface 

an older rvRjnhes (-nil obwfvati~n). TIMSW m~topognph ic  -turn 
F 4 

hat studid 'hum-' t h . ~  are found in OW a l ~ g  

~ r c n ~ , , m a .  T ) I ~  m~di hit18 (~PP&W~ 2w0 an 

st pmbebty md P" 
-r+mtl -am. The wrtim 

iccyrd dm-@ dong th@8@ 

farSprrtEnrr-. 

?Jlaroulgw--- c2 

1 



r i d l e d  1-1 dminaga 
F r*, 

d n b i n  6;e short mm in r j- 
' L M u M y r n a . a r m e ~ 1 1 ~ ~  

were leveled 
by ~~~ngng l i  ". Pe-ps Ih. mat h p o r ( a ~  

wr, though is that short mnes ham a gn*br wr - ddlrtnml to - 
m bemd matun- usiw Ute Wlomg.at -h that contains 

sp.nm 
-iflorn hdght zones, that is BY, thediffecena, 

m a n  t ~ a  saxe f s ,  tl' ' 
~r 0T and I mT is 92 unb. the dilferenca bWeen 6M and 150M is 187 units, 

~ffemiflom height zones reconsidered 

I separated these marshes initially into three height zones based 

@brvation. the presence of thne SpaRia eMMiflon height zones 

statistically (Figue 3.2). M o m m ,  I have mnsi&d the 

distind rcor@m variable 

B H h ?  PC 
That is, d m  m m  fadot fb hei~M mfle u @ n l ~  

r slgnfi~ntly at mfl Fiiun 4.2 a- m height wners did not 
+PP; 
I'L 

individual ecm- 
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MW BB&. afiemiflom heigM ~ W S .  Thenfae, the Spartina a m -  

' @ purely bwo~icsl meaning in that they d ~ d  t h m  

unal communities. 

,$wcession and the 'climax' eeosystm 
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namh intends :i , that existed along the chronosequence. I have already 
.I I 

the &ad of calculating these mean values in Chapten 2 and 3. 

curve in Figure 4.3 repmsents the rabe of succession for that 

the time interval ind'katgd an the a W .  Each haqM mne % 

nt poirt (mean bctor smre) and dewlopad 0-r i m  toward 
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and short am-. RML is, them was an accelerakm torwrd the 
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I* 3, 
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age, when this m e  was indistinguishable fiom t WM 

d i  can atso be used to estimate year-bmr 

. that is resistance to change from the variable configuration of - 

I ~ r .  Large.SC818 changas in factor scares fram year to year 

y , and small changes suggest a more stable ecosystem. It is 

gum 4.3 that these yrwng marshes are much mom variable on 

s than older mu3hecr of the That is. age 

Odum (1969) suggmted. 
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Indeed, amer Wednesday stom would demonstrate the ultimate bib of 
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CHAPTER FIVE 

SUMMARY AND CONCLUSIONS 



-wash marshes Of the South Hog Island &mmsequence 

sandyl in organic matter, we11 drained, and whose pore 

high organic mailer mtent and the WlMng 

eristics: low porewater EH, and a buildup of nutrients and 

f the monocu~ure that existed along the choronoseque-. 

physi&emical stages were identified using a multivahte 

that explaind a large m i o n  of the in the dab 

inhrafimj &abYty V r  
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alternhta end uf 
--n pgttWm IlippWed Me 

('969) and Bomun M ~ i l ~ g n s  (1979) i- 

have higher W W  FHadudh than young& a older smbm. 

P*uMO* was to epiraunal invmtebrate 

f fiddler crabs which pmbably maintained the marsh s u b  in 

 he iIrteb&t= of the chmnosequsnce marshes showed a variety of 
l.9 

related to marsh age. Young, sandy marshes were populated 

sand fiddler crabs, whereas older marshes whose sediments 

mtained fir@brtides, were mp i sed  of mud fiddler crabs exclusively. In 

addlion, rn*, ind greatly with marsh age. 
J .  

!t 

&W!d mussel decreased with age, and the mud mail, llyanassa 

solely to the two older marshes of the chmnorepuence. 

I stem density, whm pa-s were 

1 ;:b- f iated (in a no"-Iin-r WW) lo n*m We- 
:%,' ::< ! -, 

likely the rewH d cdmm 
Iwpw i- mt *P tb 
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: I . .  afiables in pmdiidislg marsh age. Younger marshes of thls 
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m-wide appmoch was taken by anr))mng ail 22 variables in a 



r factor score d i  bbmm young and nmtm short 

P rt 7 ~ l e ' s  lagging dmbpmak 

emsystem of this ahmmqueme were mom v a r W  in 
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about 21 yearn uf age, ~~ demansWW 

I stability as they egg,Z acliRlawemeys&m. Thistrend 
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d a m n t a d  hemin mly be lear m b .  nmh to be 

that I * marsh age, such as invertebrate 

SS, and individual organism barnas ar. r e p r i  in ~ e r "  

or indeed in d i r e n t  salt marsh types. H-r, the biotic- 

interactions that I alluded to in this work, and that haw 

mentally elsewhere, can be q e c W  to be mdespmd in 

ear from this work that ecosystems, not just 

h the sera1 stages of ecological s u ~ i O " .  Thus, 

for any eamystern must be system-wide to be 

e classes of variables (biotic versus abiotic) may provide 

on successional pmcwes. Had this description includ 

variables only, or even biological variables in isolation "I 
radon$ would have been missed, and succession in 

' ' yi: 

would have appmmd to be solely drhm by physics1 foW.'= ' 

-- ma*, clewfj 0 n Intamdons tretrrrawn the 



in this mxlt. The title of his infiuent'mi paper ,The 

Devekpment' suggests that ecosystems, not simply plant 

&itier ,, .. , successional p m .  
5 "  

m, 1969). The , - .  -- 

.:. , . 
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of Hog Island demonstrated such a directionallty, as 

well as tempo%$abiri + X. with age. 

My appmach has difFered from OdumJs construd in an important way. In 

his 1969 paper, he makes assumptions about which variables are important in 

ecasYstm development, then predids changes in those variables with 

BcoSYstem age. in this work, I collected data on a wide variety of variables and 

my statistical analysis to define which variable set M i c  and abioticl best 

defined a Wral Wge. Using this ststistitel method for definhg sera1 stae. I was 

"en a& to -nw the ~ ~ r g ~ ~  d ~ n c t  stages in the P-S of 

W ~ ~ i ; ~ ~ i ~ ,  
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